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INTRODUCTION

GENERAL PROCESSES OVERVIEW

Manufacturing is the procedure by which materials are transformed into desired shapes. Materials are
first formed into preliminary shapes, and then refined into more precise shapes, after which the final
shaping and finishing operations are performed. The shaping process is one broad category of manufac-
turing processes. In the shaping process, a component or product can be created from a solid, granular,
particle state, or liquid state, meaning the state of the work material in the shaping phase. In the design
of a shaping process, the only factors that are known at the outset are the final product shape and the
material with which it is to be made. It is the engineer who must design a process to make a defect-free
product; the engineer always operates under constraints due to the shape of the desired object, the mate-
rial’s properties, the cost of production, the time available, and many other factors. Shaping processes
influence the vast majority of products bought or used by consumers. This is the reason why in this book
so much space will be devoted to discussing particular shaping processes. These are processes that you,
as a designer or manufacturing engineer, will most likely use or encounter while engaged in the prac-
tice of mechanical or industrial engineering.

CLASSIFICATION OF SHAPING PROCESSES
Classification of technological shaping processes may be based on many different criteria, depending on
the purpose of the processes. In general, shaping process can be classified into two main categories: pri-
mary and secondary shaping processes. The primary shaping processes form the overall shape of the
product or the component that will, with other parts make up the final product’s shape. The purpose of
secondary processes is to provide the final, precisely shaped surfaces that will meet product requirements,
such as surface or dimensional tolerances.

The classification used in this book refers to primary shaping processes and is based on the state
of the starting material. There are four broad categories of primary shaping processes for metals
(Fig. LI.1):

xvii
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Fig. 1.1 Classification of primary metal shaping processes.

1. Casting, molding, and other processes, in which the starting material is in the form of a heated
liquid.

2. Particulate processing (powder metallurgy), in which the starting material is a powder.

3. Deformation processes, in which the starting material is a solid that is deformed to shape
the components.

4. Metal removal processes, in which the starting material is a solid whose size is sufficiently large
for the final geometry of parts to be circumscribed by it; in these processes, the unwanted mate-
rial is removed as chips, particles, and so on.

Casting and molding. In this category starting material is heated to transform it into a liquid state; after
that, the material is poured or in some other way forced to flow into a die cavity and allowed there to
solidify, thus taking the shape of the cavity, which is nearly the shape, or the “net” shape, of the part.
This type of primary shaping process is called casting. Casting processes use two types of mold: expand-
able mold (sand casting, shell mold casting, investment casting, and ceramic mold casting); and perma-
nent mold (permanent-mold casting, die casting, centrifugal casting, and squeeze casting).

Farticulate processing. In this category the starting materials are metals or ceramics in powder form.
In this process, metal powders are compressed into desired shapes (often complex) and sintered (heated
without melting) to form a solid component. This type of primary shaping process is called powder
metallurgy.

Deformation processes. In this category the starting material is in a solid state. The initial shaping of
the workpiece is accomplished through the application of external forces to the solid work material,
with these forces being in equilibrium. Wit the application of load to the workpiece, internal stress
and displacements are generated, causing shape distortions. This type of shaping process is called
“deformation”.

Deformation processes can be conveniently classified into bulk deformation processes (rolling, extru-
sion, and forging) and sheet metal processes (shearing, bending and drawing, and forming). In both cases
the surfaces of the deforming material and of the tools are usually in contact, and the friction between
them has a major influence. In bulk forming the input material is in billet, rod, or slab form, and a con-
siderable increase in the surface-to-volume ratio occurs in the formed part. In sheet metal processes a
sheet blank is plastically deformed into a complex three-dimensional configuration, usually without any
significant change in sheet thickness and surface characteristics.
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Bulk deformation processes have the following characteristics:

» The workpiece undergoes large plastic deformation, resulting in an appreciable change in shape
or cross section.

* The portion of the workpiece undergoing permanent plastic deformation is generally much
larger than the portion undergoing elastic deformation. Therefore, elastic recovery or spring-
back after deformation is negligible.

The characteristics of sheet metal processes are as follows:

* The workpiece is a sheet or a part fabricated from a sheet. The deformation usually causes sig-
nificant changes in shape but not in the cross-section of the sheet.

* In some cases the magnitudes of permanent plastic and recoverable elastic deformations are com-
parable; therefore, elastic recovery or springback may be significant.

Material removal processes. Machining processes are frequently used as primary or secondary processes.
In these processes the size of the original workpiece is large enough so that the final geometry of the
finished piece can be achieved by employing one or more removal operations. The chips or scrap are
necessary to obtain the desired geometry, tolerance, and surface finish. The amount of scrap may vary
from a few percent to more than 70% of the volume of the starting workpiece material. Machining as a
primary process used for low-production volume parts, for the production of prototypes, and for produc-
tion of the tooling used in processes such as stamping, injection molding, and other processes, generates
a part’s shape by changing the volume of the workpiece through the removal of material.

Machining is also used as a secondary process. Thus, machining is used to improve a basic shape
that has been produced by casting or deformation processing, as well as to produce the basic shape
itself.

PRODUCTION EQUIPMENT AND TOOLING

Equipment. The type of equipment and especially the tools used in manufacturing depends on the man-
ufacturing process. Machine tools are among the most versatile of all production equipment. They are
used not only for producing tools and dies, but also for producing components for other products and
production equipment, such as presses and hammers for deformation processes, rolling mills for rolling
sheet metal, and so on.

The name of the equipment usually follows from the name of the process. The productivity, relia-
bility, and cost of equipment used for shaping processes are extremely important factors, since they deter-
mine the economics and practical application of a given process. For example, in both sheet and bulk
forming the stroking rate of forming machines continues to get faster. Because of this machine dynam-
ics and machine rigidity and strength are of increasing concern. As in other unit processes, the use of
sensors for process monitoring and control is essential and continues to increase. Sensors are also being
increasingly used to monitor the condition of the tooling during operations. Such monitoring systems
cannot only improve part quality but can also enable longer tool life.

Tooling. The design and manufacture of tooling are essential factors determining the performance of
shaping processes. The key to a successful shaping process lies in the tool design, which generally, to a
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very large extent, is based on the experience of the designer(s). Innovative multi-action tool designs have
recently been developed that are capable of near-net shaping of increasingly complex parts, such as gears
and universal joint components. These tooling approaches can be expanded. Many companies are already
using computer-aided engineering and computer-aided manufacturing to design and fabricate process
tooling. Advanced heat treatment and coating techniques can extend tool life. Based on a developing
understanding of the mechanisms of erosive tool wear, studies are being conducted to measure and pre-
dict lubricant behevior and heat transfer at the tool material interface. This is an extremely important area,
since tool life directly influences the economics of deformation processes.
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PREFACE

The study of manufacturing engineering is an important discipline in any industrial society, and within
that discipline one of the more important subjects is manufacturing processes. This book is intended to
treat one broad and challenging part of this subject—metal shaping processes. It is a comprehensive text
written mainly for students in mechanical, industrial, and manufacturing engineering programs at both
the associate and bachelor degree levels. The fundamentals of metal shaping processes and their relevant
applications are presented step-by-step so that the reader can clearly assess the capabilities, limitations,
and potentialities of these processes and their competitive aspects. The text, as well as the numerous for-
mulas and illustrations in each chapter, clearly shows that shaping processes, as a part of manufacturing
engineering, constitute a complex and interdisciplinary subject. The topics are organized and presented
in such a manner that they motivate and challenge students to develop technically and economically
viable solutions to a wide variety of questions and problems, including product design.

The field of mechanical engineering and manufacturing technology continues to advance rapidly,
transcending disciplines and driving economic growth. This challenging field continues to incorporate
new concepts at an increasing rate, making manufacturing a dynamic and exciting field of study. In
preparing this book my most important goal was to provide a comprehensive state-of-the-art textbook
on the most common metal shaping processes; an equally important aim was to motivate and challenge
students to understand and later, perhaps, to work with this common manufacturing process.

The book is organized into four parts with thirteen chapters. The first part of the book covers cast-
ing, molding, and other processes in which the starting material is a heated liquid. The discussion is
divided into three chapters: The fundamentals of metal casting processes, metal casting processes, and
metal casting design and materials.

The second part of the book deals with basic particulate processing, these in which the starting mate-
rials are metal powders. The powder metallurgy of the various metals is discussed as one unit.

The third part discusses the most commonly used metal deformation processes, in which the start-
ing materials are solid. This section is divided into five chapters: The fundamentals of metal forming,
rolling, forging, extrusion and drawing, and sheet metal working.

The fourth part of the book discusses the most commonly used metal removal processes, those in
which the starting materials are likewise solid. This part of the book is divided into four chapters: The
fundamentals of metal machining, machining processes, abrasive machining processes, and nontraditional
machining processes.

Although the book provides many calculations, illustrations, and tables, it should be evident that
detailed analytical mathematical transformations are not included; however, the final formulas derived
from them (which are necessary in practical applications) are included.

Measurements are given in both ISO and U.S. unit systems. At the end of each chapter, review ques-
tions are given that allow students to review chapter contents in a quick and enjoyable fashion.

By reading and studying this book, my hope is that students will be introduced to an academic sub-
ject that is as exciting, challenging, and as important as any other engineering and technology discipline;
professionals will also find this book a very effective tool and reference.

The author owes much to many people. I am grateful to my son Sasha, who labored countless hours
at converting AutoCAD drawings into a format compatible with commercial printing. In addition, I would
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like to acknowledge John F. Carleo, editorial director at Industrial Press, who worked with me during
the manuscript preparation and persuaded me of the continuing interest of Industrial Press in publishing
my fourth book. Finally, I wish to thank Em Turner Chitty for her help.

Vukota Boljanovic
Knoxville, Tennessee
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PART I

CASTING AND MOLDING

In this part we discuss casting, molding, and other processes in which the starting material is a heated
liquid. The three chapters deal with the fundamentals of metal casting, metal casting processes, and metal
casting design and materials (Fig. P.1). Special attention is given to the heating of metals, an analysis of
the processes from an engineering perspective, solidification and cooling of metals, defects in casting,
sand casting, permanent mold casting, and other important factors in casting processes.

Casting and molding

Fundamentals of Metal casting Metal casting:
metal casting processes design and materials

Fig. P.1 An outline of the casting and molding processes described in Part 1.



1.1 Introduction

1.2 Heating the Metal

1.3 Pouring the Molten Metal
1.4 Fluidity

1.5 Solidification and Cooling of
Metals

1.6 Defects in Casting

FUNDAMENTALS OF METAL CASTING

1.1 INTRODUTION

Metal casting is a process whereby molten metal is poured into a mold the shape of the desired fin-
ished product. Casting is one of the oldest metal shaping processes; according to Biblical records,
casting technology reaches back almost 5500 years BCE, or 7500 years ago. Gold was the first metal
to be discovered and shaped according to prehistoric people’s fancy. The Chinese made iron castings
around 1000 BCE, and steel was fabricated in India about 500 BCE.

Four main elements are required in the process of casting: a pattern, a mold, cores, and the work-
piece. The pattern, the original template from which the mold is prepared, creates a corresponding
cavity in the casting material. Cores are used to produce tunnels or holes in the finished mold, and
the workpiece is the final output of the process.

The cast metal remains in the mold until it has solidified, and it is then ejected or revealed to show
the fabricated part or casting.

The casting process is divided into two broad types of casting:

* expendable-mold casting processes, and
* nonexpendable-mold casting processes.

Expendable-mold casting is a general classification that includes sand, plastic, shell, and investment
(lost wax technique) moldings. All of these involve the use of temporary and nonreusable molds, and they
all need gravity to help force the molten fluid into the casting cavities. In this process, the mold in which
the molten metal solidifies must be destroyed in order to remove the casting. It is used only once.
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4 Fundamentals of Metal Casting

Nonexpendable mold casting differs from expendable processes in that the mold need not be
destroyed after each production cycle. This technique includes at least four different methods: perma-
nent, die, centrifugal, and continuous casting.

Steel cavities of molds are coated with some refractory wash layer like acetylene soot before pro-
cessing to allow for easy removal of the workpiece and to promote longer tool life. The useful lifetime
of permanent molds varies depending on maintenance: when the useful life is over, such molds require
refinishing or replacement. Cast parts from a permanent mold generally show a 20% increase in ten-
sile strength and a 30% increase in elongation as compared to the products of sand casting. Typically,
permanent mold castings are used in forming iron, aluminum, magnesium, and copper-based alloys.
The process is highly automated.

There are many different factors and variables that go into metal casting; each one can change the final
product. That is why it is important that each one be considered in order to get a successful casting process.

Because different types of metal casting processes are available, it is one of the most used manu-
facturing processes. Casting technology is used to fabricate a large number of the metal components in
designs we use every day. The reasons for this include the following advantages:

 Casting can produce very complex part geometries with internal and external shapes.

* It can be used to produce very small workpieces (a few hundred grams) to workpieces of very
large size (over 100 tons).

* With some casting processes it is possible to manufacture final shapes that require no further
manufacturing operations to achieve the required dimensions and tolerances of the parts.

* Casting is economical, with very little wastage. The extra metal in each casting is remelted and
reused.

 Casting metal is isotropic: It has the same physical and mechanical properties in all directions.

» Some types of metal casting are very suitable for mass production.

There are also some disadvantages for different types of castings. These include the following:

* poor finish, wide tolerance (sand casting);

* limited workpiece size (shell molds and ceramic molds);
* patterns have low strength (expendable pattern casting);
* expensive, limited shapes (centrifugal casting);

* porosity (all types);

* environmental problems (all types).

1.2 HEATING THE METAL

To accomplish a casting process the worker must heat metal to the desired temperature for pouring. Heat
is the energy that flows spontaneously from a higher temperature object to a lower temperature object
through random interactions between their atoms. The heat energy required for heating metal to a pouring
temperature is the sum of:

* the heat needed to raise the temperature to the melting point;
* the heat of fusion needed to convert it from a solid to a liquid;
* the heat needed to raise the molten metal to the desired temperature for pouring.
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This energy can be expressed as a sum of phase energy by the following formula:

Q=0+ 0rt O (1.1)
Q= pV[eTy — T) + Ly + (T, — Ty)] (1.1a)

where

Q = total heat energy, J (Btu)

O, = heat energy for solid metal, J (Btu)

¢ = heat energy for fusion, J (Btu)

0, = heat energy for liquid metal, J (Btu)

p = density, kg/m’
= volume of metal being heated, m® (in®)
= specific heat for solid metal, J/kg°C (Btu/lbm°F)
specific heat for liquid metal, J/kg®C (Btu/Ibm°F)
starting temperature,’C (°F)
melting temperature of the metal,°C (°F)
= pouring temperature,°C (°F)
L¢ = heat of fusion of the metal, J/kg (Btu/Ibm).
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The heat of fusion is the amount of heat required to convert a unit mass of a solid at its melting
point into a liquid without an increase in temperature.

Equation (1.1a) can be used for the approximate calculation of the total heat energy because val-
ues c,, and ¢ vary with the temperature; in addition, significant heat losses to the environment during
heating are not implied by this equation.

Figure 1.1 shows a phase-change diagram of the process of heating for metal casting.
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Fig. 1.1 Phase change diagram of the process of heating metal to a molten temperature
sufficient for casting.

1.3 POURING THE MOLTEN METAL

After the metal is heated to pouring temperature 7, the metal is ready for pouring. As the introduction
of the molten metal into the mold includes the fluid flow in casting, we will describe a basic gravity
casting system as shown in Fig. 1.2.
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Fig. 1.2 Cross-section of a typical two-part sand mold.

Figure 1.2 presents a cross-section of a typical two-part sand mold and incorporates many features
of the casting process. These are:

Drag. The drag is the bottom half of any of these features.

Core. A core is a sand shape that is inserted into the mold to produce internal features of a casting, such
as holes or passages for water cooling.

Flask. The flask is the box that contains the molding aggregate.
Cope. In a two-part mold, the cope is the top half of the pattern, flask, mold, or core.

Core print. A core print is the region added to the pattern, core, or mold; the core print is used to place
and support the core within the mold.

Riser. Risers serve as reservoirs of molten metal to supply any molten metal necessary to prevent shrink-
ing during solidification.

Gating system. The gating system is the network of channels used to deliver the molten metal from
outside the mold into the mold cavity.

Pouring basin. The pouring basin or cup is the portion of the gating system that initially receives the
molten metal from the pouring vessel and controls its delivery to the rest of the mold. From the pouring
basin the metal travels down the sprue (the vertical portion of the gating system), then along horizontal
channels (called runners), and finally through controlled entrances, or gates, into the mold cavity.

One of the key elements to making a metal casting of high quality is the design of a good gating
system. This is even more important if a casting is produced by a gravitational process.

The process of pouring the molten metal has to be performed carefully; if not, there will be various
casting defects directly traceable to pouring the molten metal incorrectly in the stage of mold filling. For
example, too rigorous a stream could cause mold erosion; highly turbulent flows could result in air and
inclusion entrapments; and finally, relatively slow filling might generate cold shuts. Thus, the design of
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the gating and venting overflow systems has to take into consideration the proper control of the liquid
metal as it fills the mold.

An optimum gating system design can reduce the turbulence of the molten material’s flow, mini-
mizing gas, inclusions, and dross. If poor gating techniques are used, invariably, lower casting quality
is the result because of damage to the molten metal received during its flow through the gating system.
It could be even worse if the molten material is a material sensitive damage (dross and slag formation)
during mold filling. Aluminum and its casting alloys are such materials.

Aluminum alloys are very reactive to oxygen, and they form an oxide, Al,O5;. When flow is smooth,
this oxide tends to form and remain on the surface of the steam. However, when flow is turbulent, the
oxide goes into the molten metal and may carry gas or bubbles with it. Then, to avoid damage to the
molten metal, the gating system must be designed to eliminate the air problems by avoiding conditions
that permit aspiration due to the formation of lowpressure areas.

1.3.1 Engineering Analysis
In order to achieve an adequate gating system design it is necessary to follow basic principles. Molten
metal behaves according to fundamental hydraulic principles. Applying those fundamentals to the design
of the gating system can be an advantage.

Several mathematical and theoretical factors affect the flow of molten metal through the gating sys-
tem and into the mold, and it is a good idea to have an understanding of their effect on the process. They
are Bernoulli’s theorem, law of continuity, the effects of the force of friction, and Raymond’s number.

a) Bernoulli’s Theorem

The Bernoulli effect is simply a result of the conservation of energy in the steady flow of an incom-
pressible fluid; Bernoulli’s theorem states that the sum of the energies in a flowing liquid is constant at
any two points. This can be written in the following form:

2 2
[ A R A - L A (1.2)
pg  2g P8  2g

where
h = elevation above a certain reference plane, m (in.)
p = pressure at that elevation, Pa (psi)
v = velocity of the liquid at that elevation, m/s (in./s)
p = density of the fluid, kg/m? (Ibm/in.%)
g = gravitation constant, m/s? (in./s?)
f = frictional loss in the liquid as it travels downward through the system

Subscripts 1 and 2 indicate two different elevations in the liquid flow.

Let us simplify equation (1.2). If we ignore friction losses we can assume that the system remains
at atmospheric pressure throughout. Point 1 is defined as being at the top of the sprue and point 2 at its
base; if point 2 is used as the reference plane (4, = 0) and the metal is poured into the pouring basin,
then the initial velocity at the top is zero (v; = 0). Hence, equation (1.2) further simplifies to

2

V2
hl_i

=2 (1.3)
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The velocity of the liquid metal flow at the base of the sprue is
vy, = V2gh, (1.4)

where
h, = height (length) of the sprue, m (in.)
v, = velocity of the liquid metal at the base of the sprue, m/s (in./s)
g = gravitation constant, m/s? (in./s?).

b) Mass Continuity
The law of mass continuity states that for incompressible liquids and in a system with impermeable walls,
the volume rate of flow remains constant throughout the liquid. Thus,

Q=Apy = Ay, (1.5)

where
Q = volume rate of flow, m*/s (in.%/s)
A = cross-section area of the liquid stream, m? (in.%)
v = velocity of the liquid in the system, m/s (in./s)

Subscripts 1 and 2 indicate two different locations in the liquid flow.
As the liquid metal accelerates during its descent into the sprue opening, equation (1.5) indicates
that the cross-sectional area of the channel must be reduced. Hence, the sprue should be tapered.

¢) Flow Characteristics

A molten metal’s flow characteristics constitute very a important consideration in the gating system
because of the possible consequences of turbulence. However, there are two different types of real fluid
flow: laminar and turbulent. In laminar flow the fluid moves in layers called laminas. Laminar flow need
not be in a straight line. For laminar flow, the flow follows the curved surface smoothly, in layers. More-
over, the fluid layers slide over one another without fluid being exchanged between the layers.

In turbulent flow, secondary random motions are superimposed on the principal flow and there is an
exchange of fluid from one adjacent sector to another. More important, there is an exchange of momen-
tum such that slow-moving fluid particles speed up and fast-moving particles give up their momentum
to the slower moving particles and themselves slow down.

The factor that determines which type of flow is present is the ratio of the inertial forces to the vis-
cous forces within the fluid. This ratio is expressed by the dimensionless Reynolds number as

_ pvL
7

Re (1.6)

where
Re = Reynolds number
v = mean fluid velocity, m/s (in./s)
L = characteristic length (equal to diameter if a cross-section is circle), m (in.)
w = dynamic fluid viscosity, Ns/m* (Ibm/in.?)
p = density of the fluid, kg/m® (Ibm/in.’)
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Fluid flows are laminar for Reynolds numbers up to 2100. A transition between laminar and turbu-
lent flow occurs for Reynolds numbers between 2100 and 40,000, depending upon how smooth the tube
junction is and how carefully the flow is introduced into the tube. Above Re = 40,000, the flow is always
turbulent. Hence,

Re < 2100 — laminar flow
Re = 2100 < 40,000 — transition flow

Re < 40,000 — always turbulent

The Reynolds number may be viewed another way:

inertia force
Re =—""—""""
viscosity force

The viscous forces arise because of the internal friction of the fluid. The inertia forces represent the fluid’s
natural resistance to acceleration. In a flow with a low Reynolds number the inertia forces are negligible
compared with the viscous forces, whereas in a flow that has a high Reynolds number the viscous forces
are small relative to the inertia forces.

1.4 FLUIDITY
In foundry science fluidity is defined as the ability of the molten metal to flow easily before being stopped
by solidification. Factors that affect the fluidity of molten metal are given in Table 1.1.

Table 1.1 Factors affecting molten metal fluidity

FACTORS DESCRIPTION

Viscosity Viscosity is an internal property of a fluid that offers resistance to flow. If the temperature
of liquid increases, the viscosity tends to decrease and the fluidity increases.

Surface tension Surface tension is an effect within the surface layer of the molten metal that causes that
layer to behave as an elastic sheet. Surface tension is caused by the attraction between
the molecules of the liquid as a result of various intermolecular forces. A high surface
tension of the molten metal decreases fluidity.

Oxide films on the surface of the molten metal have a significant negative effect on
fluidity. Fluxing processes in the heating of materials are used to reduce or eliminate
oxidation and to improve the fluidity of surface metal layers.

Inclusions Inclusions are slag or other foreign matter entrapped during molten metal casting.
Metallic and nonmetallic inclusions have long been recognized as one of the most
important quality issues for metal casting. The presence of inclusions is often the cause
of decreased fluidity.

Composition Composition is one of the main factors influencing fluidity. Small amounts of alloy
additions to pure metals reduce fluidity. For example, among elements that decrease the
casting fluidity of pure aluminum are Ti, Fe, Zr, and others.

(continued)
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Table 1.1 Continued

FACTORS DESCRIPTION

Superheat The difference between the melting temperature and the liquid temperature is also a
very important factor influencing fluidity. Fluidity increases with increasing melt
temperatures for given alloy compositions. The pouring temperature is often specified,
rather than the superheat temperature, because it is easier to do so.

Rate of pouring The slower the rate at which molten metal is poured, the lower the fluidity will be.

Mold material Studies of the influence of the mold material have found that fluidity in fine grain sand
is lower than in coarse sand. Significant metal penetration was observed in the coarse
sand spiral, which resulted in an increase of the length of the spiral.

Heat transfer rate | If the heat transfer rate between the molting metal and the mold is reduced, fluidity
increases.

Coating An important function of mold coatings is to reduce the heating transfer rate between
the flowing metal and the mold.

1.4.1 Test for Fluidity
The two tests commonly used to measure fluidity of the molten metal are the following:

* the spiral fluidity test, and
* the vacuum fluidity test.

Spiral test. The spiral test has been traditionally used in the foundry because it includes the effect of the
mold material. The spiral test measures the length the metal flows inside a spiral-shaped mold.

Vacuum test. The vacuum test measures the length the metal flows inside a narrow channel when sucked
from a crucible by a vacuum pump. Those tests are shown schematically in Fig. 1.3:

Pouring cup

Fluidity index

To vacuum

T

Fluidity index

Liquid metal

()

(a)

Fig. 1.3 A scheme of two fluidity tests: a) spiral test b) vacuum test.
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The length of such casting, under standardized conditions, is taken as the fluidity index of that metal.
The greater the length of the solidified metal, the greater is its fluidity.

1.5 SOLIDIFICATION AND COOLING OF METALS
After being poured into the mold, molten metal cools and solidifies. This section is primarily concerned
about what happens after the metal actually is poured into a mold. A series of events and transitions
takes place during the process of the solidification of the molten metal and its cooling to ambient tem-
perature. These events greatly influence the size, shape, and chemical composition of the grains formed
throughout the casting. The type of metal, the thermal properties of the molten metal and molds, the
relationship between the volume and the surface area of the casting, and the shape of the mold are all
significant factors that affect these transitions.

The cooling rate of a casting affects its microstructure, quality, and properties. The cooling curve
illustrates the way in which molten metals solidify. There is a fundamental difference between the
cooling curve observed during the solidification of a pure metal and that of an alloy.

a) Pure Metal
The temperature of metal at its pouring point is higher than its solidification temperature. The solidification
temperature stays constant throught the period of time until all the liquid metal become solid.

The actual freezing of metal takes time, the local solidification time in casting during which the
metal’s latent heat of fusion is released into the surrounding mold. The total solidification time is the time
taken between pouring temperature and complete solidification. After complete solidification, the solidified
metal, called the casting, is taken out of the mold and allowed to cool to ambient temperature. Figure 1.4
shows the cooling curve for a poured metal during casting.

Liquid cooling

Pouring temperature
Solidification begins
Solidification ends

g
=
‘C-é . g .
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Total solidification
time

-

Time

Fig. 1.4 Cooling curve for a poured metal during casting.

The solidification process begins at the interface of mold and metal and over the entire outer skin
of the casting. This rapidly cooling action causes the grains in the skin to become fine and randomly
oriented. As cooling continues and the energy transfer continues through the solid thin layer of metal
toward the mold material, energy travels in one direction while the energy of the solidification process
travels in the opposite direction. Since the heat transfer is through the skin wall, the grains continually
grow as dendritic growth until complete solidification has been achieved. The grains resulting from this
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dendritic growth are coarse and columnarly oriented toward the center of the casting. Schematic illus-
tration of grain formation is shown in Fig. 1.5.

Fig. 1.5 Schematic illustration of grain structure
in a casting of a pure metal.

b) Alloys

Solidification in the case of an alloy begins when the temperature of the molten metal drops below the
liquidus and is completed when the solid form is reached. A phase diagram and cooling curve for alloys
during casting is shown in Fig.1.6.
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Fig. 1.6 Phase diagram and cooling curve for alloy composition during casting.

While pure metals have a well-defined melting point temperature, for alloys there is a melting tem-
perature range, over which liquid and solid co-exist. The melting range can be quite large, which is the
case for cobalt—chromium alloys, resulting in a phenomenon known as coring. Coring means that indi-
vidual grains do not have the same chemical composition from the center to the outer edge of the grain.
The importance of coring is that it produces a microstructure that is in general more likely to be attacked
by galvanic corrosion. However, in the case of cobalt—-chromium, the metal is protected from corrosion
by the formation of a very thin metal oxide on the surface, so signs of corrosion are rarely observed.

Solidification begins with the formation of solid nuclei and the growth of these nuclei into the
liquid by the addition of atoms at the advancing interface. If the latent heat that evolves during solidifica-
tion is not removed, the solid nuclei will heat back up to the melting temperature and solidification will
stop. Consequently, the rate of solidification is determined primarily by the rate of the latent heat of
melting.

On a macroscopic scale, the structure of casting depends on the rate of nucleation and the rate of
heat removal from the casting, e.g., on the temperature of the molten liquid when it is poured into the
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mold and on the temperature of the mold walls. If the wall is cold and the casting is large, solidifica-

tion will begin in the chill zone at the mold wall and proceed inward, parallel to the flow of heat out
from the melt, shown in Fig.1.7 as zone a.
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Fig. 1.7 Grain structure in a casting: (a) chill zone,
(b) columnar zone, (¢) equiaxial grain structure.
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The grains so formed are therefore elongated, or columnar, in shape. In Fig.1.7, this is shown as
zone b. If zone b can reach the center of the casting before the temperature there drops low enough for
nucleation to occur, the entire casting structure will be composed of columnar grains. Usually this is
not the case, since the center part of the casting begins to solidify before the columnar grains arrive
there. Because the grains in the center of the casting are not forced to grow in any particular macro-
scopic direction, heat being removed isotropically, they are more equiaxial in shape. In Fig.1.7 this is
shown as zone c.

The relative amount of columnar versus equiaxial grains depends on such macroscopic factors as
the rate of heat removal and the uniformity of cooling, as well as the presence of solid nuclei in the lig-
uid region. A uniform but slow cooling rate, accompanied by a quiescent liquid pool, leads to a coarse
grain structure in the interior of the casting, whereas a fast cooling rate and turbulent pool produce a
fine grain structure, which is more desirable for good mechanical properties. In fact, a general rule about
any solidification process is this: the faster the cooling rate, the finer the microstructure.

1.5.1 Solidification Time
The total solidification time is the time required for the casting to solidify from molten metal after pour-
ing. This time is a function of the volume of a casting and the surface area that is in contact with the
mold.

According to Chvorinov’s rule, the mathematical relationship can be written as

=e(Y) .
=l (1.7

where
t = solidification time, s (min)
V = volume of the casting, m>(in.%)
A = surface area of the casting, mz(in.z)
¢ = mold constant
n = exponent (1.5 < n = 2, but usually taken as 2).
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The mold constant ¢ depends on the properties of the cast metal (heat of fusion, specific heat,
and thermal conductivity), the mold material, and the pouring temperature. The value of ¢ for a given
casting operation can be based on experimental data from previous operations carried out using the
same mold material, metal, and pouring temperature, even though the shape of the workpiece might
be very complex.

The rule simply states that under the same conditions, a casting with a large surface area and small
volume will cool more rapidly than a casting with a small surface area and large volume.

1.5.2 Shrinkage

Like most materials, molten metals typically have a lower density than solid ones, so there is an
expectation that the casting will be proportionally smaller (i.e., it will shrink) than the pattern from
which it was cast. Shrinkage is result of the following factors:

* contraction of the liquid as it cools prior to its solidification
* contraction during phase change from a liquid to solid
* contraction of the solid as it continues to cool to ambient temperature.

These natural phenomena are manifest as either volumetric or linear shrinkage.

a) Volumetric Shrinkage

Volumetric, or liquid-to-solid shrinkage is the shrinkage of the metal as it goes from a state of discon-
nected atoms and molecules (liquid) to the formed crystals of atoms and chemical compounds, the build-
ing blocks of solid metal. The amount of solidification shrinkage varies a great deal from alloy to alloy.
In the treatment of some alloys, disregard for this type of shrinkage may result in voids in the casting.
Both the design engineer and the foundry engineer have the tools to combat this problem, but the designer
has the most cost-effective tool, which is geometry. For some alloys finding that geometry can be very
simple. For other alloys finding that geometry is the real essence of good casting design.

The shrinkage caused by solidification can leave cavities in a casting, weakening it. Risers provide
additional material to the casting as it solidifies. The riser is designed to solidify later than the part of the
casting to which it is attached. Thus, the liquid metal in the riser will flow into the solidifying casting
and feed it until the casting is completely solid. In the riser itself, there will be a cavity showing where
the metal was fed. Risers are often necessary to produce parts that are free of internal shrinkage voids.

Sometimes, to promote directional shrinking, chills must be used in the mold. A chill is any material
that will conduct heat away from the casting more rapidly then the material used for molding. Thus, if
silica sand is used for molding, a chill may be made of copper, aluminum, or graphite.

Table 1.2 presents some typical values of volumetric contraction during the solidification and
cooling of various casting metals.

b) Linear Shrinkage

Shrinkage after solidification can be dealt with by using an oversized pattern designed for the rele-
vant alloy. Pattern makers use special shrink rulers to make the patterns used by the foundry to make
castings to the design size required. These rulers are 2—6% oversized, depending on the material to
be cast. Using such a ruler during pattern-making will ensures an oversize pattern. Thus, the mold
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Table 1.2 Solidification and cooling/shrinking of various metals

Volumetric contraction due to:
Metals
Solidification shrinkage, % Cooling shrinkage, % Solidus temperature, °C

Al 7.1 5.1 660
Al-4.5% Cu 6.3 53 570
Al-12% Si 3.8 4.8 580
Au 5.1 5.2 1063
Bi —3.3 (expansion) 1.0 271
Cu 5.1 6.4 1083
Fe, pure 3.1 6.0to 7.5 1535
Steel 251t 3.0 4.2 to 6.0 1500
Gray cast iron with 2%C 4.0 3.0 1155
Gray cast iron with 5%C —2.5 (expansion) 3.0 1148
White cast iron with 5%C 5.0 3.0 1148
Ge —5.1 (expansion) 1.6 937
Mg 4.2 54 649
Ni 5.1 7.0 1453
Pb 2.7 2.8 327
Sn 23 1.5 232
Zn 4.7 4.0 420

is larger also, so when the molten metal solidifies, it will shrink and the casting will be the size
required by the design.

1.6 DEFECTS IN CASTING

Various defects can occur in manufacturing processes, depending on factors such as materials, part design,
and processing techniques. While some defects affect only the appearance of parts, others can have major
adverse effects on the structural integrity of the parts made. According to the International Committee
of Foundry Technical Association, several basic categories of defects can develop in castings. For each
basic category, only one typical defect is being presented here.
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a) Metallic Projections
Consists of fins, flash, or massive projections.

Example: Joint flash or fins.

A flat projection of irregular thickness, often with lacy edges, perpendicular to one of the faces of the cast-
ing. It occurs along the joint or parting line of the mold, at a core print, or wherever two elements of the
mold intersect.

Possible causes:

Clearance between two elements of the mold or between the mold and the core
Poorly fitting mold joint

Flasks not being held at low burnout temperature long enough

Speed being set too high on centrifugal casting machine.

Remedies:

Care in pattern making, molding and core-making
Control of dimensions

Care in core setting and mold assembly

Sealing of joints where possible.

b) Cavities
Cavities consist of rounded or rough internal or exposed cavities, including blowholes, pinholes, and
shrinkage cavities.

Example: Blowholes, pinholes.

These formations are smooth-walled cavities, essentially spherical, often not contacting the external
casting surface (blowholes). The largest cavities are most often isolated; the smallest, pinholes, appear
in groups of varying dimensions. In specific cases the casting section can be strewn with blowholes
or pinholes. The interior walls of blowholes and pinholes can be shiny, more or less oxidized, or, in
the case of cast iron, covered with a thin layer of graphite. The defect can appear in all regions of the
casting.

Possible causes:

Excessive gas content in metal bath (charge materials, melting method, atmosphere, etc.). Dissolved
gases are released during solidification.

In the case of steel and cast irons, formation of carbon monoxide by the reaction of carbon and
oxygen present as a gas or in oxide form. Blowholes from carbon monoxide may be increased
in size by the diffusion of hydrogen or, less often, nitrogen.

Excessive moisture in molds or cores.

High level of aluminum or titanium in the base iron.

Core binders that liberate large amounts of gas.

Excessive amounts of additives containing hydrocarbons.

Blacking and washes, which tend to liberate too much gas.

Insufficient evacuation of air and gas from the mold cavity.
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* Insufficient mold and core permeability.

* Entrainment of air due to turbulence in the runner system.

* Investment not mixed properly or long enough.

* Invested flasks not having been vibrated during vacuum cycle.
* Vacuum extended past working time.

Remedies:
* Making adequate provision for evacuation of air and gas from the mold cavity.
* Increasing permeability of mold and cores.
* Avoiding improper gating systems.
* Assuring adequate baking of dry sand molds.
* Controlling moisture levels in green sand molding.
* Reducing the aluminum content of the base iron metal.
* Increasing metal pouring temperature.
* Reducing amounts of binders and additives used or changing to other types.
» Using blackings and washes, which provide a reducing atmosphere.
» Keeping the sprue filled and reducing pouring height.
* Increasing static pressure by lengthening the runner height.

¢) Discontinuities

Discontinuities include cracks, cold or hot tearing, and cold shuts. If the solidifying metal is con-
strained from shrinking freely, cracking and tearing can occur. Although many factors are involved in
tearing, coarse grain size and the presence of low-melting segregates along the grain boundaries (inter-
granular areas) increase the tendency for hot tearing. Incomplete castings result from the molten metal
being at too low a temperature or from the metal being poured too slowly. Cold shut is an interface
in a casting that lacks complete fusion because of the meeting of two streams of liquid metal from
different gates.

Example: Hot cracking.

Hot cracking is a crack that is often scarcely visible because the casting in general has not separated
into fragments. The fracture surfaces may be discolored because of oxidation. The design of the casting
is such that the crack would not be expected to result from constraints during cooling.

Possible causes:
* Damage to the casting while hot, due to rough handling or excessive temperature at shakeout.

Remedies:
 Care in shakeout and in handling the casting while it is still hot.
* Sufficient cooling of the casting in the mold.
» For metallic molds; delay of knockout, assuring mold alignment, using ejector pins.

d) Defective Surface
Defective surfaces are ones that have folds, laps, scars, adhering sand layers, or oxide scale.
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Example: Flow marks.
On the surfaces of otherwise sound castings, the defect appears as lines that trace the flow of the
streams of liquid metal.

Possible causes:
* Oxide films that lodge at the surface, partially marking the paths of metal flow through the mold.
* Metal, flask or both being too hot.

Remedies:
* Increasing mold temperature.
* Lowering the pouring temperature.
* Modifying gate size and location (for permanent molding by gravity or low pressure).
* Tilting the mold during pouring.
* In die casting, vaporblast or sand blast mold surfaces that are perpendicular, or nearly perpendi-
cular, to the mold parting line.

e) Incomplete Casting
Incomplete casting, such as misruns (due to premature solidification), insufficient volume of metal
poured, and runout (due to loss of metal from mold after pouring).

Example: Poured shot.

The upper portion of the casting is missing. The edges adjacent to the missing section are slightly
rounded, but all other contours conform to the pattern. The sprue, risers, and lateral vents are filled only
to the same height above the parting line as is the casting (contrary to what is observed in the case of
defect).

Possible causes:
* Insufficient quantity of liquid metal in the ladle.
* Premature interruption of pouring due to workman’s error.
* Metal too cold when cast.
* Mold too cold when cast.

Remedies:
» Having sufficient metal in the ladle to fill the mold.
* Checking the gating system.
* Instructing pouring crew and supervising pouring practice.

f) Incorrect Dimensions or Shape
Owing to factors such as improper shrinkage allowance, pattern mounting error, irregular contraction,
deformed pattern, or warped casting.

Example: Distorted casting.
Inadequate thickness, extending over large areas of the cope or drag surfaces at the time the mold is
rammed.
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Possible causes:
 Rigidity of the pattern or pattern plate is not sufficient to withstand the ramming pressure applied
to the sand.

Remedies:
* Assuring adequate rigidity of patterns and pattern plates, especially when squeeze pressures are
being increased.

g) Inclusions

Inclusions form during melting, solidification, and molding. Generally nonmetallic, they are regarded as
harmful because they act as stress raisers and reduce the strength of the casting. They can be filtered out
during processing of the molten metal. Inclusions may form during melting because of reaction of the
molten metal with the environment (usually oxygen) or the crucible material. Chemical reactions among
components in the molten metal may produce inclusions; slags and other foreign material entrapped in
the molten metal also become inclusions. Reactions between the metal and the mold material may pro-
duce inclusions. Spalling of the mold and core surfaces also produces inclusions, indicating the impor-
tance of the quality and maintenance of molds.

Example: Metallic inclusions.

Metallic or intermetallic inclusions can be of various sizes; they are distinctly different in structure and
color from the base material and most especially different in properties. These defects most often appear
after machining.

Possible causes:
* Combinations formed as intermetallics between the melt and metallic impurities (foreign impurities).
* Charge materials or alloy additions that have not completely dissolved in the melt.
* Molten metal containing excess flux or foreign oxides.
* During solidification, the formation and segregation of insoluble intermetallic compounds concen-
trating in the residual liquid.
* Contaminants in wax pattern.

Remedies:
* Assuring that charge materials are clean and eliminating foreign metals.
* Using small pieces of alloying material and master alloys in making up the charge.
* Being sure that the bath is hot enough when making the additions.
* Not making additions too near to the time of pouring.
* For nonferrous alloys, protecting cast iron crucibles with a suitable wash coating.

Examples of seven basic categories of defects are shown in Fig. 1.8.

h) Porosity

Porosity is the presence of holes, spaces, or gaps inside a solid. Two main sources of porosity during
casting are shrinkage and gas porosity. The first of these occurs due to the volume contraction between
solid and liquid during solidification; if additional liquid is not supplied to compensate, then porosity
will appear in the casting.
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Fig. 1.8 Schematic illustration of seven basic categories of casting defects: a) joint flash,
b) blowholes, ¢) hot-cracks, d) flow marks, e) poured shot, f) distorted casting,
g) metallic inclusion.

The most obvious porosity defects are caused by the entrapment of gases within the molten solu-
tion. Typically, hydrogen precipitates into melt by contact with the atmosphere or when there is too
much moisture in the flux. Since hydrogen is highly soluble in molten metal, it is best to avoid super-
heating metals beyond their melting temperature and to avoid holding the material in a molten state
any longer than is required. Gases can be scavenged from the molten metal by introducing an inert
gas such as argon or nitrogen and bubbling it through the metal. To reduce the absorption of gases
from the atmosphere, leaving any slag or dross, cover the molten metal until just prior to pouring it
into the mold. Porosity is detrimental to the ductility of a casting and its surface finish, making it
permeable and thus affecting the pressure tightness of a cast pressure vessel.

The loss in casting properties measured by a tensile test may reflect the amount of porosity in a
casting. Because imperfections become areas of higher stress concentration, the percentage of property
loss becomes greater when the strength requirement is higher. A metallographic examination can deter-
mine whether porosity exists in a casting. X-ray techniques are also used for nondestructive evaluations
of porosity in castings.

REVIEW QUESTIONS
1.1 Identify some of the important advantages of shape casting processes.
1.2 What are some limitations and disadvantages of casting?
1.3 Name the two basic mold types that distinguish casting processes.
1.4 How can heat energy be expressed?
1.5 What does “heat of fusion” mean in casting?
1.6 Explain the phase diagram of heating metal to melting temperature.
1.7 What is gravity sand casting?
1.8 What is the difference between a pattern and a core in a sand casting?
1.9 What is the law of mass continuity?

1.10 Why should turbulent flow of molten metal into a mold be avoided?
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1.11 Identify factors that affect molten metal fluidity.

1.12 How is solidification of pure metals different from solidification of alloys?

1.13 What is “chill” in casting?

1.14 What is Chvorinov’s rule in casting, and how can it be mathematically expressed?
1.15 Why does shrinkage occur, and how can it be compensated for?

1.16 Identify the most common defects in casting.
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METAL CASTING PROCESSES

2.1 INTRODUCTION
Metal casting processes are among the oldest methods for manufacturing metal goods. In most early
casting processes the mold or form used had to be destroyed in order to remove the product after
solidification. This type of mold is called an expendable mold. Since a new mold is required for each
new casting, production rates in expendable mold processes are often limited by the time required to
make the mold, rather than by the time needed to make the casting itself. The second type of mold
is the permanent mold; permanent molds are used to produce components in endless quantities.
Casting has significant advantages compared with other methods of component manufacture. Cast-
ings are generally cheaper than components made in other ways. The casting process in one or another
of its forms provides the designer with an unrestricted choice of shape that can be made in a single
stage. A casting can usually be made much closer to the chosen design, which provides savings in both
material and finishing processes compared with other methods of manufacture. In addition, the cast
structure has the highest resistance to deformation at elevated temperatures, so that castings have higher
creep strengths than wrought and fabricated components. Cast metal may also have superior wear resist-
ance than the equivalent forged metal. These advantages combine to ensure that casting has become the
most important process for the manufacture of components in metals (and in some other materials). In
2004 the total worldwide casting production was 75 million tons/year. Major applications of casting
include the following:

» Transport: automobile, airspace, railways, shipping
* Heavy equipment: machining
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 Plant machinery: chemical, petroleum, paper, sugar, textile, steel and thermoplastic
* Defense: vehicles, artillery, munitions, storage and supporting equipment

* Electrical machines: motors, generators, pumps, COmpressors

* Household: appliances, kitchen and gardening equipment, furniture, and fitting

* Art objects: sculptures, idols, furniture, lamp stands, and decorative items.

The advantages of casting have, in the past, been offset by significant disadvantages compared with
wrought products. Castings are considered to be less ductile than the equivalent wrought product, and
they have a less consistent performance in fatigue; they also have inferior integrity. The difference in
ductility may be more apparent than real, however. A forged or rolled component may have a higher
ductility than a casting in the direction of forging or rolling but a significantly lower transverse ductil-
ity. This is a distinct advantage if the longitudinal direction has to resist the principal stress, but it is not
necessarily a sign of inferiority of the casting process.

Metal casting processes may be classified in several different ways:

* According to the mold type: (1) expendable mold (destroyed after each casting) and (2) perma-
nent mold (reused many times);

* According to the type of pattern used for making a sand mold: (1) expendable pattern (melted
for each mold), the pattern material being wax; and (2) permanent pattern (reused for many
molds), the pattern material being wood or metal.

* According to the type of core used for producing a hole in casting: (1) expendable core (used in
both sand and metal molds), the core material being sand; and (2) a permanent core (used with
a permanent mold only), the core material being metal.

* According to the method by which the mold is filled: (1) gravity (sand casting, gravity die
casting); (2) pressure (low and high pressure die casting); and (3) vacuum (vacuum investment
casting).

2.2 SAND CASTING
Sand casting is a metal-forming process in which a molten metal compound is poured into a sand mold
to produce a workpiece’s desired shape.

Sand casting has historically been the most popular casting method, producing by far the greatest
tonnage of castings used in any country. Today, however, with the widespread conversion of automotive
components from ferrous metals to aluminum, sand casting’s position as the dominant molding method
is threatened. It is usually the least expensive way of making a component; its inherent cost advantage
over other methods continues to make it an attractive molding method.

Basically, sand casting consists of six production steps:

Pattern. Preparing and placing a pattern having the shape of the desired workpiece.
Molding. Making a mold and incorporating a gating system using a molding machine.
Pouring. Pouring the molten compound metal into the mold.

Cooling. Cooling and solidifying the metal in the mold to form a desired shape.
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Sand removal. Removing sand and scales from the surface of a separated workpiece, and removal of
risers and gates.

Inspection. Performing in-process and preshipment inspection in accordance with standards.

2.2.1 Foundry Sands

Silica sand (SO,) is the molding aggregate most widely used by the foundry industry. Silica’s high fusion
point, 1760°C (3200°F) and low rate of thermal expansion produce stable cores and molds compatible
with all pouring temperatures and alloy systems. Its chemical purity also helps prevent it from interact-
ing with catalysts or with the curing rate of chemical binders. There are two basic types of silica sand
that are commercially available as a mold material. The first type is a round-grain silica sand contain-
ing roughly 99% or higher silica with minimal amounts of trace materials. The second type is lake sand.
This sand contains approximately 94% silica, with the balance containing iron oxide, lime, magnesia,
and alumina. Since impurities are removed, round-grain sands possess higher refractoriness than the lake
sands. However, because of this much higher refractoriness, round-grain sands may have a higher propen-
sity for veining and metal penetration defects. Lake sand has lower refractoriness but also has a lower
tendency for casting defects. For proper functioning, molding sand must be able to withstand the high
temperatures of molten metals, hold the shape of the mold when moist (usually with the aid of a bond-
ing agent such as clay), be permeable enough to release gases, have sufficient strength to support the
weight of the metal, and be of a fine enough texture to result in a smooth casting.

2.2.2 Patterns
A pattern is used to make a cavity in the sand mold into which molten metal is poured. The pattern
is a full-size model of the part, enlarged to account for shrinking and machining allowances in the
final casting. The selection of the material used to make the pattern depends on the size and shape of
the casting, the dimensional accutance and the quantity of castings required, and the molding process.
Generally, material used to make patterns include wood, plastics, and metals. Patterns may be made
of a combination of materials to reduce wear in critical regions, and they usually are coated with a
patting agent — a liquid used over a patterns that leaves a slick film—to facilitate the removal of the
casting from the molds.

There are four types of patterns: solid patterns, split patterns, match-plate patterns, and cope-and-
drag patterns.

a) Solid Patterns

Figure 2.1 shows a solid pattern, also called loose pattern, made of one piece, used for simple shape
and low-quantity production; its geometry is the same as the casting, adjusted in dimensions for
shrinking and machining. Generally, it is made from wood and is inexpensive. However, determin-
ing the location of the parting line between two halves of the mold and positioning the gate system

can be a problem.
Fig. 2.1 Solid pattern. ; Pattern
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b) Split Patterns

A more complex pattern (Fig. 2.2) for round or irregular-shaped workpieces made in two or more parts
is called split pattern. The two pattern halves usually predetermine the parting line of the mold. Split
patterns are used for complex shape of the workpieces and moderate production quantities.

Fig. 2.2 Split pattern. ﬁ
c¢) Match Plate Patterns

Match plate patterns are split patterns assembled on opposite sides of wooden or metal plates known as
match plates (Fig. 2.3). Holes in the plate allow the top (core) and bottom (drag) sections of the mold to be
aligned accurately. For long runs and top quality, match plate patterns, or cope-and-drag plate, are used. The
major advantage to this is that a single machine can make both cope and drag molds from one pattern.

®@®

Fig. 2.3 Match plate pattern. Plate

Early match plate molding required operators to assemble a pair of removable snap-flasks together with
the pattern, and then fill each side of the mold with sand, followed by a simple machine squeeze cycle
to make the mold. Those early mold machines were generically called squeezer machines. After strip-
ping the mold, the snap flasks remained at the machine for reuse, and flockless molds were delivered
onto a mold handling system for pour-off and cooling prior to shakeout.

d) Cope-and-Drag Patterns
Cope-and-drag patterns (Fig. 2.4) are similar to match plate patterns except that each half of the split

pattern is assembled to a separate plate so separate patterns, and possibly separate machines, are used to
make the mold halves. Cope-and-drag patterns include a gating and riser system.

Drawing of part Sprue base Riser base Gating system

5o (g

Drag pattern plate

Cope pattern plate

Fig. 2.4 Cope-and-drag pattern.
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The first step in match-plate design for both match plate patterns and cope-and-drag patterns is to
modify the cast part’s geometry for the sand casting process. The part is scaled to accommodate metal
shrinkage during the casting and machining in finishing operations. Shrink rate varies with alloy and part
geometry. After the parting line is defined, draft is applied to the part. Typically two degrees, the draft
allows the pattern to be removed from the cope and the drag.

As mentioned above, match plates use split patterns. The part file is separated along the parting line
and the two halves are attached to the match plate base. The half that forms the cope side of the mold
is assembled to the top face of the match plate, and drag side is placed on the bottom face. Next, runners,
gates, risers, and wells are added. To align the cope and drag, locations are also added to the match
plate. For storage purpose this type of patterns uses a removable sprue; a mounting pad is placed where
the sprue will be attached.

2.2.3 Cores

To define the internal shape of the casting, a core is required. A core is a full-scale model of the inter-
nal surface of the casting part, which is placed in the mold cavity to form the internal surface and removed
from the finished part during shakeout and further processing. The actual size of the core must include
allowance for shrinking and machining. Sand cores are made of special sands, which are mixed with
binders and rammed into a core box that has been made to produce cores of the proper dimensions.
Cores must be baked at carefully controlled temperatures to make them hard enough to withstand the
pressure exerted by the molten material. Cores of complex shapes may be made in several sections and
cemented together. Depending on the geometry of the casting, the cores may require structural supports
to hold them in the proper position in the mold cavity during the pouring of the molten metal. These
supports are called chaplets. On pouring and solidification, the chaplets are integrated into the casting.
The portions of the chaplets protruding from the castings are cut off. Figure 2.5 schematically illustrates
how a core is held in the mold cavity with and without chaplets.

Parting line
Cope  Pouring basin Riser ~ Chaplet  Flask _artme e Core

Sprue \ Drag Runner\ Gate Mold cavity
@ ®

Fig. 2.5 Core held in place in the mold cavity: a) core held in with chaplets;
b) core held without chaplets.

2.2.4 Types of Sand Molds
Sand molds are characterized by the types of sand that compose them and by the methods used to make
the molds. They are often classified as greensand, dry sand, skin-dried, and no-bake molds.
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Greensand molds. Clay-bonded sands have provided the principal medium from which molds for cast-
ings have been produced for centuries. In essence, the mold material consists of sand, usually silica in
a quartz form, clay, and water. The water develops the bonding characteristics of the clay, which binds
the sand grains together. Under the application of pressure, the mold material can be compacted around
a pattern to produce a mold having sufficient rigidity to enable the metal to be poured into it to produce
a casting. When the mold is used in its moist condition, it is referred to as green and the method of pro-
ducing the molds is referred to as the greensand molding process. The term greensand does not refer to
color but to the fact that the raw sand and binder mixture in the mold is moist or damp while the metal
is being poured into it. Greensand molding is the least expensive method of making a mold, and the
sand is easily recycled for subsequent use.
The sand used for greensand molding must fulfill a number of requirements:

1. It must pack tightly around the pattern, which means that it must have flowability.

2. It should be capable of being deformed slightly without cracking, so that the pattern can be
withdrawn. In other words, it must exhibit plastic deformation.

3. It must have sufficient strength to strip from the pattern and support its own weight without
deforming, and to withstand the pressure of the molten metal when the mold is cast. It must
therefore have green strength.

4. It must be permeable, so that gases and steam can escape from the mold during casting.

5. It must have dry strength, to prevent erosion of the mold surface by liquid metal during
pouring as the surface of the mold cavity dries out.

6. It must have refractoriness, to withstand the high temperature involved in pouring without
melting or fusing to the casting.

7. With the exception of refractoriness, all of these requirements are dependent on the amount of
active clay present and on the water content of the mixture.

Dry sand molds. If the mold is made using oily or plastic binder and dried at a temperature just above
180°C (356°F) the majority of the free moisture will be removed. This is the principal of the dry-sand
molding process. Removal of the free moisture is accompanied by a significant increase in the strength
and rigidity of the mold. This enables the mold to withstand much greater pressures and so, tradition-
ally; the dry-sand process has been used in the manufacture of large, heavy castings. A dry sand molds
provides better dimensional control in the cast product compared to greensand mold.

Skin-dried molds. Skin-dried mold is made in the same way as a greensand mold, but after it is made,
the inside cavity surfaces need to be sprayed with a mixture of 10% water to one part molasses or lignin
sulphite. The sprayed areas are dried using torches, heating lamps, or other means to a depth of about
10 to 15 mm, (0.4 to 0.6 in.), leaving a smooth hard skin.

No-bake molds. In the no-bake mold process, a synthetic liquid resin is mixed with the sand to form
a filled mold that hardens at room temperature. This type of mold has a good dimensional control in
high-production applications.

2.2.5 Sand Molding Techniques
Molding material is a mixture of sand and other components that serve as binders. In industry the ingre-
dients are blended together in mulling machines. To form the mold cavity, the traditional method is to
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pack the molding sand in a box called a flask, around a pattern, and with a gate system (pouring basin,
sprue, sprue base—wall, runner, riser, and gate). Hand ramming of sand around a pattern is rarely used
today except under special circumstances for simple casting.

To allow for easy removal of the pattern, the flask is made to separate horizontally at a parting line.
When the pattern is drawn from the mold, if holes and cavities are required inside, they are made by
inserts of sand (cores) before the two mold halves (the cope and drag) are reassembled; a cavity remains
in the sand.

To increase production rate and improve quality of casting, a sand mixture is compacted around the
pattern by a molding machine.

There are a number of techniques for doing this.

Squeeze molding machines. Squeeze-molding machines automatically insert and compact sand in a mold.
The processes used are designed to produce a uniform compaction. Jolting is sometimes used to help
settle the sand in a mold. These molds are made in flasks.

Sandslingers. High-speed streams of sand fill the flask uniformly and tend to pack the material effectively.
Sandslingers are used to fill large flasks and are typically operated by machine.

Impact molding. A controlled explosive impulse is used to compact the sand. The mold quality with this
technique is quite good.

An alternative to the traditional flask for each sand mold is flaskless molding, which refers to the
use of one master flask in a mechanized system of mold production. Each sand mold is produced using
the same master flask. The most frequently used include the following:

Vertical flaskless molding. In flaskless molding, the master flask is contained as an integral unit of the totally
mechanized mold-producing system. Once the mold has been stripped from the integral mold-producing
unit, it is held against the other half of the mold with enough pressure to allow the metal to be poured.

In the vertical flaskless systems the completely contained molding unit blows and squeezes sand
against a pattern (or multiple patterns), which has been designed for a vertical gating system. Molds of
this type can be produced in very high quantities per hour, and they are of high density with excellent
dimensional reproducibility.

Among the disadvantage of flaskless molding are those restrictions that apply to the size of casting,
the use of complicated cores and core assemblies, and the number of castings per mold. Mold handling
may be more difficult.

2.2.6 The Sand Casting Operation
In order to produce a sand casting, a typical outline of the manufacturing steps that need to be followed
in the sand casting operation is shown in Fig. 2.6.

1. A mechanical drawing of the part is used to generate a design of the pattern and core (if nec-
essary). Decisions about such issues as part shrinkage, material to be used for the pattern, and
draft must be built into the drawing. Core drawings need to define how to hold the core in place.

2. Patterns are made and mounted on plates equipped with pins for alignment. Core boxes produce
core halves, which are pasted together.
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Fig. 2.6 Outline of production steps in sand casting operation.

3. The cope half of the mold is assembled by securing the cope pattern plate to the flask with
aligning pins and attaching inserts to form the gate system (sprue and risers). The flask is
rammed with sand. Sand is packed about the pattern and gate systems. The half pattern
and other inserts are removed. The drag half is made in the same manner with the pattern
inserted. A bottom board is placed below the drag and aligned with pins. The pattern, flask,
and bottom board are inverted; and the pattern is withdrawn leaving the appropriate cav-
ity. The core is set in place with drag cavity to make concave or internal features for the
cast part.

4. The cope is placed on top of the drag and the assembly is secured with pins mating the mold
halves. The flasks are then subjected to pressure to counteract the force of buoyancy. (Buoyancy
results from the weight of the liquid metal being displaced by the core, according to Archimedes’
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law.) The force tending to lift the cope is equal to the weight of the displaced liquid less the
weight of the core. A mathematical expression of this situation is

Fy =Wy — W (2.1)
where
F, = force of buoyancy N, (Ib)
W, = weight of molten metal displaced N, (Ib)
W, = weight of the core N, (Ib)

5. Molten metal is preheated in a furnace or crucible to pouring temperature. The exact temper-
ature may be closely controlled depending upon application. Degassing and other treatment
procedures, such as removal of impurities (i.e., slag) may be done at this time.

6. The molten metal is poured slowly but continuously into the mold until the mold is full. As
the molten metal solidifies and cools, the metal will shrink. As the molten metal cools, the
volume will decrease. During this time, molten metal may backflow from the risers to feed
the casting cavity and maintain the same shape.

7. After the metal solidifies below the eutectic point, the casting is removed from the mold with
no concern for final metal properties. At this point, the sand mold is broken up and the casting
removed. The bulk of the remaining sand and cores can be removed by using a vibrating table,
a sand/shot blaster, hand labor, etc.

8. The sprue and risers are cut off and recycled. The casting is cleaned, finished, and heat treated
(when necessary).

9. The casting is inspected using nondestructive testing (NDT) and destructive methods in
accordance with standards.

2.2.7 Rammed Graphite Molding

The rammed graphite mold is typically used for large industrial casting for reactive metals such as tita-
nium and zirconium. It uses graphite instead of sand in a process similar to sand casting. Traditionally, a
mixture of properly size-fractioned graphite powder, pitch, corn syrup, and water is rammed against a
wooden or fiberglass pattern to form a mold section. The mold sections are air-dried, baked at 175°C
(350°F) and then fired in furnace for 24 hours at 1025°C (1877°F). This causes the mold to carbonize
and harden. Mold ramming is a labor-intensive process that cannot be easily mechanized. The graphite
mold is so hard that it must be chiseled off the cast parts. The castings are generally cleaned in an acid
bath, followed if necessary by chemical milling, to remove any reaction zone, and weld-repaired, then
sand-blasted for a good surface appearance.

Rammed-graphite molds need to be stored under controlled humidity and temperature.

2.3 OTHER EXPENDABLE MOLD CASTING PROCESSES

After sand-casting, the oldest expendable mold casting technology, was developed, several other expend-
able mold casting processes were invented to meet special needs. The differences among these methods
are in the composition of the mold material, the methods by which the mold is made, or in the way the
pattern is made.
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An expandable mold is formed of refractory materials. The thermal conductivity of the mold is a
property of the material selected. It is also a function of particle size and distribution. The thermal con-
ductivity influences the rate of transfer through the mold and therefore the rate of solidification which,
in turn, influences the metallurgical integrity of the casting.

When choosing the mold material, one should be chosen that is sufficiently refractory to withstand
the pouring temperature of the particular metal being cast without melting or softening. As long as the
material is pure, the melting point value is a good guide to refractoriness. However, the melting point
can be reduced dramatically by adding very small amounts of alkali metal salts or iron oxide.

All of these involve the use of temporary and not reusable molds, and they need gravity to help
force the molten fluid into the casting cavities. In this process the mold is used only once.

2.3.1 Shell Molding
Shell molding is a foundry process in which the molds are made in the form of thin shells. This tech-
nique is also called the “C” process or Croning; the Croning process was developed in Germany after
World War II and patented by Johannes C. A. Croning.

Shell molds are made in the following sequence of operations:

1. Initially preparing a match-plate pattern or cope-and-drag pattern. In this process, the pattern
is made of ferrous metal or aluminum.

2. Mixing fine silica sand with 3 to 6 % thermosetting resin binder. Common shell molding binders
include phenol formaldehyde resins, furan, or phenolic resins and baking oils similar to those used
in cores.

3. Heating the pattern, usually to between 230 and 280°C (446 to 536°F) and placing it over a
dump box containing sand mixed with binder.

4. Inverting the damp box (the sand is at one end of a box and the pattern at the other) so that
sand and resin binder fall onto the hot pattern and form a shell of the mixture to partially cure
on the surface to form a hard shell. The box is inverted for a time determined by the desired
thickness of the shell. In this way, the shell mold can be formed with the required strength and
rigidity to hold the weight of the molten metal. The shells are light and thin, usually 6 to 10 mm
(0.2 to 0.4 in.) in thickness.

. Repositioning the drag box and pattern so that loose uncured particles drop away.

. Heating the shell with the pattern in an oven for several minutes to complete curing.

. Removing the shell mold from the pattern.

. Repeating for the other half of the shell.

. Joining the two mold halves together and supporting shell mold by sand or metal shot in the
flask, and pouring the molten metal.

10. Removing the casting, cleaning, and trimming.

O 00 ~J O\ W

The steps in shell molding are illustrated in Fig. 2.7.
There are many advantages to the shell-mold process:

* Rigidly bonded sand provides great reproducibility and produces castings nearer to net shape with
intricate detail and high dimensional accuracy of +£0.25 mm (£0.010 in).
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Fig. 2.7 Steps in shell molding: a) pattern heated and clamped over a box; b) inverted box;
¢) repositioned box; d) shell with pattern is heated in oven; e) half shell is stripped from
the pattern; f) shell mold supported by metal shot in flask and poured melted metal;

g) finished casting.

* Castings can range from 30 g to 12 kg (1 oz to 25 Ib).

* There is a virtual absence of moisture, resulting in a lack of moisture-related defects. In fact, the
burning resin provides a favorable anti-oxidizing atmosphere in the casting surface.

* Because mold shells are thin, permeability for gas escape is excellent, allowing the use of finer
sands. Finer sand and excellent flowability produce dense mold surfaces and contribute to pro-
ducing complex casting with high-quality surface finish 1.25 pm (50 win.) RMS (root mean
squere).

* Heat from burning slows the casting-cooling rate, yielding a more machinable structure.

* Resin-bond strength allows smaller draft angles, deep draws, and built-in mold locators that
prevent mold shift mismatch.

Disadvantages to the shell-mold process are:

* Since the tooling requires heat to cure the mold, pattern costs and pattern wear can be
higher.

* Energy costs are higher than for other processes.

* Material costs are higher than those for greensand molding.

Tooling for shell molds is generally more expensive than for other processes because it is more pre-
cise and must resist heat and abrasion. Also, heat and resin binders are necessary. For these reasons,
shell molding is most suitable for medium-to high-volume parts, where the manufacturer utilizes
added value.
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Tooling for shell molds is generally more expensive than for other processes because it is more pre-
cise and must resist heat and abrasion. Also, heat and resin binders are necessary. For these reasons, shell
molding is most suitable for medium-to high-volume parts where the manufacturer utilizes added value.

2.3.2 V-Process

The V-process, or vacuum molding, is one of the newest casting processes; in it, unbonded sand is
held in place in the mold by a vacuum. In this process, a thin plastic film of 0.7 to 2.0 mm (0.03 to
0.08 in.) is heated and placed over a pattern. The softened film drops over the pattern with 26 to
52 kPa, (3.8 to 7.6 psi) and the vacuum tightly draws the film around the pattern. The flask is placed
over the plastic-coated pattern and is filled with dry, unbonded, extremely fine sand and vibrated so
that the sand tightly packs the pattern. The flask walls also create a vacuum chamber with the outlet
shown in Fig. 2.8 at the right side of each illustration.

Another unheated sheet of plastic film is placed over the top of the sand in the flask, and the
vacuum is applied to the flask. The vacuum hardens the sand so the pattern can be withdrawn. The
other half of the mold is made the same way. After cores are put in place (if needed), the mold is
closed. During pouring the mold is still under vacuum but the casting cavity is not. When the metal

Vent holes to
Plastic f1lm draw plasric
Pattern carrier J film

© Second plastic film

Finished
part

T L ‘ : -
@ J © ()
Pattern Sand Casting with gate
system \
()

Vacuum is
released

Fig. 2.8 Steps in V-process: a) the pattern is placed on a hollow carrier plate; b) a heater
softens the plastic film; c) the vacuum draws the plastic film tightly around pattern; d) the
flask is placed on the film-coated pattern; e) the flask is filled with dry sand; f) the back of the
mold is covered with unheated plastic film; g) the vacuum is released and the mold is stripped;
h) the cope and drag assembly form a plastic-lined cavity; during pouring, molds are kept
under vacuum; i) the vacuum is released and as the sand flows freely, the casting is freed;

j) finished part.

(2) (h) ()
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has solidified, the vacuum is turned off and the unbonded sand runs out freely, releasing a clean cast-
ing with zero draft, high-dimensional accuracy and with a 125 to 150 RMS surface finish.

This process is economical, environmentally and ecologically acceptable, energy thrifty, versatile,
and clean. A disadvantage of the V-process is the necessity of plated pattern equipment. The steps of
the process are shown in Fig. 2.8.

2.3.3 Evaporative Pattern Casting Process

This process is also referred to as any of the following: expanded polystyrene (EPS) process, lostfoam
process, expendable pattern casting, and lost pattern process. It is unique in that a mold and pattern must
be produced for every casting. Evaporative-pattern casting is a manufacturing technique in which an
expanded pattern is used during the casting process. Preforms of the parts to be cast are molded in
expanded polystyrene; an aluminum master mold is used to create the pattern. Pre-expanded polystyrene
beads are injected into the pattern mold. Steam expands the bead to bond the beads together and fill most
of the space. As expandable polymers are steamed, the beads continue to bond and create a solid pattern.
The mold is then cooled and opened, and the polystyrene pattern is removed. Bonding various individual
segments of the mold together, using hot-melt adhesive, allows a complex shape of the pattern to be
formed.

The individual patterns are assembled into a cluster around a sprue and then coated with a refractory
compound. After the coating has dried, the foam pattern assembly is positioned on several inches of loose
dry sand in a vented flask. Additional sand is then added while the flask is vibrated until the pattern assem-
bly is completely compacted and embedded in sand. Finally, molten metal is poured into the pattern, the
pattern vaporizes upon contact with the molten metal, which replaces it to form the casting. Gas formed
from the vaporized pattern permeates through the coating on the pattern, the sand, and finally through the
flask vents. The sequence in this casting process is illustrated in Fig. 2.9.

sprue of foam

Flask "
Pouring cup and Q

Molten metal
displaces and
vaporizes foam
pattern

e

Spraying
refractory
compound

Foam pattern

(a) (b) (©

( Pattern coated with

refractory compound

Fig. 2.9 Evaporative-pattern process: a) foam pattern of polystyrene is coated with refractory
compound; b) coated foam pattern is placed in flask and sand is compacted around pattern;
¢) molten metal vaporizing the pattern and replacing it to form the casting.

A significant characteristic of the evaporative-pattern casting process is that the pattern need not
be removed from the mold, no cores are needed, inexpensive flasks are satisfactory for the process,
complex shapes can be cast, no binders or other additives are required for the sand, and machining can
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be eliminated. However, expensive tooling (i.e., a new pattern is needed for every casting) restricts the
process to long-run casting.

2.3.4 Investment Casting

Investment or lost-wax casting is primarily a precision method of casting metals to fabricate near-
net-shaped metal parts from almost any alloy. Intricate shapes can be made with high accuracy. In
addition, metals that are hard to machine or fabricate are good candidates for this process. This
process is one of the oldest manufacturing processes and was developed by the ancient Egyptians
some 4000 years ago.

Investment casting got its name from the fact that the pattern is invested (covered completely)
with the refractory material. It can be used to make parts that cannot be easily produced by other
manufacturing processes, such as turbine blades, and other components requiring complex, often thin-
wall castings, for example aluminum structural parts having a wall dimension of less than 0.75 mm
(0.03 in.).

The sequences involved in investment casting are shown in Fig. 2.10. A mechanical drawing of the
part is the starting point of the process; the drawing illustrates an injection die in the desired shape. This

Pattern assembly

Wax pattern

Mold to
make patterm

(@) (®)
Pouring

Pattern meltout molten

Casting

(e) ) (® ()

Fig. 2.10 Steps in investment casting: a) wax patterns are produced by injection molding;
b) the patterns are attached to sprue to form a pattern assembly (tree); c) pattern assembly
is coated with a thin layer of refractory material; d) the mold is completed by covering coated
tree with sufficient refractory material to make it rigid; e) the mold is held in an inverted
position and dried in, the wax is melted out of the cavity; f) preheated mold is poured with
molten metal; g) the mold is shaken out; h) casting is separated from the sprue.



Metal Casting Processes 37

die will be used to inject wax or a plastic such as polystyrene to create the pattern needed for invest-
ment casting. The patterns are attached to a central wax sprue, creating an assembly, or mold. The sprue
contains the pouring cup from which the molten metal will be poured into the assembly.

The pattern assembly (tree) is then dipped into a slurry of very fine-grained silica and binders includ-
ing water, ethyl silicate, or other refractory material, and allowed to dry. After this initial coating has
dried, the final mold is achieved by repeatedly dipping the pattern tree into the refractory slurry until a
shell of 6 to 8 mm (0.24 to 0.31 in.) has been applied.

The mold is allowed to air dry in an inverted position for about 8 to 10 hours to melt out the wax.
The mold is then pre-heated to 800 to 1000°C (1474 to 1832°F) for 3 to 4 hours (depending on the metal
to be cast) to drive off water, remove any residues of wax, and harden the binder.

Pouring into the preheated mold also ensures that the mold will fill completely. Pouring can be done
using gravity or vacuum conditions. After the metal has solidified, the mold is broken up and the cast-
ing is removed. Most investment castings need some degree of post-casting machining to remove the
sprue and runners and to improve the surface finish. The gate is ground off. Parts are also inspected to
make sure they were cast properly, and if not, are either fixed or scrapped.

Investment casting produces exceedingly fine quality products made of all types of metals. It has
special applications in fabricating very high-temperature metals such as superalloys for making gas
turbine engine blades and nozzle guide vanes.

The variety of steels used and of parts cast has increased dramatically as designers and engineers
have realized the potential of investment castings. The aerospace, armament, automotive, food, petrochem-
ical, nuclear, textile, valve and pump, and other general engineering industries all use the technique.

Aluminium alloys are the most widely used nonferrous investment castings in the fields of elec-
tronics, avionics, aerospace, pump and valve applications, and military command equipment.

Titanium alloy investment castings are produced for static structural applications requiring metal-
lurgical integrity with high fracture toughness.

2.3.5 Plaster Mold Casting
Plaster mold casting is similar to sand molding except that plaster is substituted for sand.

Plaster of Paris, or simply “plaster,” is a type of building material based on calcium sulfate hemi-
hydrate, nominally CaSO,0.5H,0. It is created by heating gypsum to about 150°C (302°F). The
reaction for the partial dehydration is

CaSO,*2H,0 — CaS0O, - 0.5H, + 1.5H,0 (released as steam).

In plaster mold casting a plaster is mixed using talc, sand, sodium silicate, and water to form a slurry
and to control contraction and setting time, reduce cracking, and increase strength. This slurry is
poured over the polished surfaces of the pattern halves (usually plastic or metal) in a flask and allowed
to set. The slurry sets in less than 15 minutes to form the mold. The mold halves are extracted care-
fully from the pattern and then dried in an oven at a temperature range of 120 to 260°C (248 to 500°F)
to remove moisture.

The mold halves are carefully assembled to form the mold cavity and are preheated to about
120°C (248°F). Prior to mold preparation the pattern is sprayed with a thin film of patting compound
to prevent the mold from sticking to the pattern. Molten metal is then poured into mold. After the
metal is solidified and cooled, the plaster mold is broken away ftom the finished casting. This process
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is normally used for nonferrous metals such as aluminum, zinc, or copper-based alloys. It cannot be
used to cast ferrous material because the sulfur in gypsum slowly reacts with iron.

The minimum wall thickness of aluminum plaster castings typically is 1.5 mm (0.06 in.). Plaster
molds have high reproducibility, permitting castings to be made with fine details and close tolerances.
Because plaster molds have very low permeability, any gas produced during the solidification of the metal
cannot escape, because mechanical properties and casting quality depend on alloy composition and
foundry technique. Slow cooling due to the highly insulating nature of plaster molds tends to magnify
solidification-related problems, and thus solidification must be controlled carefully to obtain good
mechanical properties.

Casting sizes may range in weight from less than 30 grams (1 oz) to 7 kg (15 1b). The draft allowance
is 0.5 to 1.0 degree. Good surface finish and dimensional accuracy, as well as the capability to make
thin cross-sections, are advantages of plastermold casting.

2.3.6 Ceramic Mold Casting

The ceramic mold casting process, also called cope-and drag investment casting, uses a permanent
pattern made of plastic, wood, or metal. To make the slurries for molding, fine-grained zircon (ZrSiO4),
aluminum oxide, and fused silica are mixed with bonding agents and poured over the pattern, which
has been placed in a flask. These slurries are comparable in composition to those used in investment
casting. Like investment molds, ceramic molds are expendable. However, unlike the single-part molds
obtained in investment castings, ceramic molds consist of a cope and drag setup.

Making a ceramic mold is similar to making a plaster mold in that the ceramic slurry is poured
over the pattern. It hardens rapidly to the consistency of rubber; after that, the halves of the mold are
removed from the pattern and reassembled. The volatiles are removed using a flame torch or in a low-
temperature oven. The mold is then baked in a furnace at about 1000°C (1832°F). The mold is now
capable of high-temperature pours. This ceramic molding can be used to cast ferrous and other high-
temperature alloys, stainless steel, tool steels, and titanium. Its advantages (good accuracy and surface
finish) are similar to those of plaster mold casting. A draft allowance of 1° is recommended. Parts made
as a ceramic mold casting can be very small or up to a ton.

The process is expensive but can produce casting with fine detail and eliminate secondary
machining operations.

2.4 PERMANENT MOLD CASTING PROCESSES
Permanent mold casting refers to all casting technologies in which the mold cavity is reused many
times and is made of a metallic material or graphite. This is in contrast to other casting technologies,
such as sand casting, investment casting, and others in which the mold is made of nonmetallic mate-
rials. Metal mold casting is the predominant way to manufacture shape castings. Specifically, about
90% of all aluminum castings produced are in metal molds, including gravity fed, low-pressure, and
high-pressure die castings.

Permanent mold casting technologies are classified as gravity, pressure, squeeze, and specialized
processes.

2.4.1 Basic Permanent Mold Casting
The permanent mold casting process is the production of castings by the pouring of molten metal
into permanent metal molds using gravity or tilt pouring. These molds are commonly made of steel
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or cast iron, and their cores are made from metal or sand. Metal molds are constructed of two or
more sections that are designed for easy, precise opening and closing. The cavity designs for these
molds do not follow the same rules for shrinkage as do sand casting molds, due to the fact that the
metal molds heat up and expand during the pour, so the cavity does not need to be expanded as much
as in the sand castings.

Typical parts made by permanent mold casting are automobile pistons, cylinder heads, gears, and
kitchenware. Parts that can be made economically generally weigh less than 25 kg (55 1b), although
special castings weighing a few hundred kilograms have been made using this process. The cavity, with
gating system included, is machined into the halves to provide accurate dimensions and good surface
finish. Steps in the basic permanent mold casting process are shown in Fig. 2.11.
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Fig. 2.11 Steps in basic permanent-mold casting: a) mold is preheated and coated; b) mold is
closed and molten metal poured; ¢) mold is opened and casting is ejected; d) finished part.

In preparation for casting, the mold is first preheated at 150 to 260°C (302 to 500°F); then a
refractory washer mold coating is brushed or sprayed onto those surfaces that will be in direct con-
tact with the molten metal alloy. The proper operating temperature for each casting is set. Cores, if
applicable, are inserted, and the mold is closed manually or mechanically. The alloy is heated at the
pouring temperature and is poured into the mold through the gating system. Unlike expendable molds,
permanent molds do not collapse, so the mold must be opened before appreciable cooling contraction
occurs in order to prevent cracks from developing in the casting.

It is desirable and generally more economical to use permanent steel cores to form cavities in a
permanent mold casting. When the casting has re-entrant surfaces or cavities from which one-piece
permanent metal cores cannot be withdrawn, destructive cores made of sand, shell, plaster, and other
materials are used. This process then is called semipermanent mold casting. Sectional steel cores are
used in some instances.

Advantages of permanent mold casting include the facts that cast surfaces are generally smoother
than sand castings, and closer dimensional tolerances can be maintained. Permanent mold castings
usually have better mechanical properties than sand castings because solidification is more rapid and
fill is more laminar.

This process is used mostly for aluminum, magnesium, copper alloys, and gray iron because of their
generally lower melting points. The process is not economical for small production runs and intricate
shapes because of the difficulty in removing the casting from the mold.
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2.4.2 Vacuum Permanent Mold Casting

Vacuum permanent mold casting (not to be confused with vacuum molding) is similar to low-pressure
permanent mold casting, except for the step of filling the mold. In this case, the molten metal is sucked
upward into the mold by vacuum pump. A schematic illustration of the vacuum casting is shown in
Fig. 2.12.
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Fig. 2.12 Schematic illustration of the vacuum casting process a) before flow up of molten metal,
and b) after flow up of molten metal into cavity.

The permanent mold is enclosed in an airtight bell housing. The housing has two openings: the sprue
at the bottom, through which molten metal enters the mold; and the vacuum outlet at the top. The sprue
opening is submerged below the surface of the molten metal and the vacuum is drawn within the hous-
ing, creating a pressure differential between the mold cavity and the molten metal in the crucible. This
pressure differential causes the molten metal to flow up the sprue and into the mold cavity, where it
solidifies. The mold is removed from the housing, opened, and the casting ejected.

By controlling the vacuum, the pressure differential between the mold cavity and the molten metal
can be varied, allowing for the differential fill rates that are necessitated by certain part designs and
gating requirements. This results in tight control of the fill rate, which also directly influences the
soundness of the casting. Through proper part design, mold design, and the use of the vacuum mold
process, voids, shrinks, and gas pockets can be greatly reduced or eliminated in critical areas. Because
the sprue opening is submerged beneath the surface of the molten metal, only pure alloy, free from
oxides and dross, can enter the die cavity. This helps to produce clean, sound castings with minimal
foreign materials that detract from strength, appearance, and machinability.

The mechanical properties of the vacuum permanent mold casting are 10 to 15% superior to those
of the traditional permanent mold casting. Castings range in size from 200 g to 4.5 kg (6 oz to 10 Ib).

2.4.3 Slush Casting

Slush casting is a special type of permanent mold casting in which the molten metal is not allowed to
completely solidify. In this process a metal mold in two or more sections is used. The mold is filled with
molten metal. After partial solidification of the liquid metal on the surface in the desired thickness, the
mold is inverted in order to drain out the still-liquid metal at the center, resulting in a hollow casting.
The mold halves then are opened, and the casting removed.
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Solidification begins at the walls because they are relatively cool; it then works inward, so the
thickness of the shell is controlled by the amount of time allowed before the mold is drained. This is
a relatively inexpensive process for small production runs and generally is used only for low-melting
lead and zinc-based metals and to produce ornamental items that need not be strong, such as statues,
lamp pedestals, and toys.

2.4.4 Pressure Casting

Pressure casting, also called low pressure casting, is the principle of pressing the molten metal through
a refractory tube into the mold from below using an overpressure by gas of about 0.08 to 0.1 MPa (12
to 15 psi). The volume of the circulating material is widely reduced. Supported by the pressurization of
the holding crucible, the molten metal is forced into the cavity from beneath so that the flow is upward,
with low turbulence, a regulated casting pressure, and a controlled casting speed. The pressurization
chamber with the crucible and the mold make one unit, connected by the refractory tube as illustrated
in Fig. 2.13. Most crucibles are induction heated to keep the metal warm, but not to melt it.
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Fig. 2.13 Schematic illustration of the low-casting process.

The advantages of low pressure casting are good fillability for thin-walled and large area parts and
a close structure for pressurized parts. By maintaining several casting parameters, a very high constant
quality in the serial production and process safety can be realized. The overpressure during the casting
process and the following adjustable holding time acts in opposition to the mold shrinkage by the cool-
ing down.

The low pressure casting process is a cost-effective production process (for medium-run series) that
provides excellent mechanical properties of casting.

2.4.5 Die Casting

Die casting is one of the most important and versatile quantity production processes used in the
metalworking industry. The traditional die casting process may be described as injection under high
pressure, typically of 10 to 350 MPa (1450 to 50,000 psi) into a steel mold (otherwise known as a
die) of a molten metal alloy. This solidifies rapidly to form a net-shaped part; then the die is opened
and the casting is automatically ejected. After the casting has been removed, the die is closed, and
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the cycle is ready to be repeated. To run this cycle at a high rate of speed a die casting machine is
used. As in other casting processes, after the casting is formed and removed from the die, the sprue
and runners must be cut off.

Die casting is an efficient, economical process offering a broader range of shapes and components
than any other manufacturing technique. The advantages of die-casting include the following:

High-speed production. Die casting provides complex shapes within closer tolerances than many other
mass production processes. Little or no machining is required, and thousands of identical castings can
be produced before additional tooling is required.

Dimensional accuracy and stability. Die casting produces parts that are durable and dimensionally
stable, while maintaining close tolerances. They are also heat-resistant.

Strength and weight. Die cast parts are stronger than plastic injection moldings having the same dimen-
sions. Thin-wall castings are stronger and lighter than those possible with other casting methods. In
addition, because die castings do not consist of separate parts welded or fastened together, the strength
is that of the alloy rather than the joining process.

Multiple finishing techniques. Die cast parts can be produced with smooth or textured surfaces, and they
are easily plated or finished with a minimum of surface preparation.

Simplified assembly. Die castings provide integral fastening elements, such as bosses and studs. Holes
can be cored and made to tap drill sizes, or external threads can be cast.

There are two basic die casting processes, differentiated only by their methods of metal injection:
hot chamber and cold die chamber.

a) Hot Chamber Process

The hot chamber process is only used for zinc and other low melting point alloys that do not readily
attack and erode metal pots, cylinders, and plungers. Development of this technology, through the use
of advanced materials, allows this process to be used for some magnesium alloys. The basic components
of a hot chamber die casting machine and die are illustrated in Fig. 2.14. In this machine there is a main
pot or crucible in which is immersed a fixed cylinder with a spout firmly connected against the die. A
plunger operates in the cylinder. Raising the plunger uncovers or opens a port or slot that is below the
molten metal level, and molten metal fills the cylinder.

When the plunger is forced downward, the metal in the cylinder is forced out through the spout into
the die. The plunger is withdrawn as soon as the metal solidifies in the die. The die is then opened and
the casting ejected. After that the die is closed and securely locked into position, and the casting cycle
is repeated.

b) Cold Chamber Process
Cold chamber die casting cycle, Fig. 2.15, differs from hot chamber in that the injection system is not
submerged in molten metal. Molten metal is still forced into the die by a hydraulically activated plunger.
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Fig. 2.14 Schematic illustration of the hot chamber die casting process: a) die is closed, plunger
withdrawn, and molten metal flows into chamber; b) plunger forces metal in chamber to flow
into die cavity, maintaining pressure during solidification; c) plunger is withdrawn, die is
opened, and casting is ejected; d) finished part is shown.
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Fig. 2.15 Schematic illustration of cold chamber die casting process: a) die is closed, plunger

withdrawn, and molten metal is poured into chamber; b) plunger forces metal in chamber to

flow into die cavity, maintaining pressure during solidification; c¢) plunger is withdrawn, die is
opened, and casting is ejected; d) finished part is shown.
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However, in this process, the metal is poured into a “cold chamber” through a port or pouring slot
with a ladle that only holds enough metal for one die filling or casting cycle. Immediately after the ladle
is emptied the plunger advances, seals the port, and forces the molten metal into the die.

As the molten metal does not remain in the cold chamber very long, higher melting point metals
like the copper alloys can be cast in this type of machine. It operates at a much slower cycle than the
other machines in hot chamber process.

Extra material is used to force additional metal into the die cavity to compensate for the shrinkage
that takes place during solidification.

2.4.6 Centrifugal Casting
In this group of processes, the molten metal is forced to distribute into the mold cavity by centrifugal
acceleration. The process of centrifugal casting is long established, coming originally from a patent taken
out by A. G. Eckhardt of Soho, England, in 1809. Centrifugal casting processes have greater reliability
than static casting. They are relatively free from gas and shrinking.

There are three types of centrifugal casting processes: true centrifugal casting, semi-centrifugal
casting, and centrifuging casting.

a) True Centrifugal Casting

The following operations are included in true centrifugal casting. One possible setup of true centrifugal
casting is illustrated in Fig. 2.16. A mold is set up and rotated at a known speed along a horizontal axis;
the mold is coated with a refractory coating.
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Fig. 2.16 Setup for true centrifugal casting.

While horizontal, mold-rotating molten metal is poured into mold at one end. The high-speed
rotation results in centrifugal forces that cause the metal to take the shape of the mold cavity. After
the part has solidified, it is removed and finished.

The axis of rotation is usually horizontal but can be vertical for short workpiecers. The outside shape
of the casting can be round or of a simple symmetrical shape. However, the inside shape of the casting
is always round. During cooling, lower density impurities will tend to rise toward the center of rotation.
Consequently, the properties of the casting can vary throughout its thickness.
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Typically, in this casting process three structure zones may occur: the first zone is a layer of fine
equiaxed structure that forms almost instantaneously at the mold wall. The second zone consists of
directionally oriented crystals approximately perpendicular to the mold surface, and the third zone is
nearest to the center and is characterized by a large number of uniformly grown crystals. The true
centrifugal casting process is suitable for the production of hollow parts with large dimensions, such
as pipes for oil, chemical industries, water supply, etc. Cylindrical parts ranging from 15 mm to 3 m
(0.6 in. to 10 ft) in diameter and 15.5 m (50 ft) long can be cast centrifugally with wall thicknesses
from 6 to 125 mm (0.25 to 5 in.). Typical metals cast are steel, iron, nickel alloys, copper alloys, and
aluminum alloys.

Let us consider how fast the mold must rotate in horizontal centrifugal casting for the process to
work successfully. Centrifugal force acting on a rotating body is defined by the following equation:

2
my
F.=— 2.2
.= (2.2)
where
F. = centrifugal force, N (lb)
m = mass, kg (Ib)
v = velocity, m/s (ft/sec)
R = inside radius of the mold, m (ft).
Gravitational force is its weight,
Fy = mg 2.3)

where
F,= gravitation force, N (Ib)
m = mass, kg (Ib)
g = acceleration of gravity, m/s? (ft/sec’) = 9.81 m/s*( 32.2 ft/sec?).

Velocity v can be expressed as

2mRN  @RN
v = = 2.4)
60 30
where
N = rotation speed, rev/min.
G-factor is the ratio of centrifugal force divided by the gravitation force:
F, mv? V2
GF = —& = = (2.5)
F, R-mg Rg
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where
GF = gravitation factor.

Solving further, we get

30 |2gGF GF
N=—|—=423,|— (2.6)
™ D D
where

D = inside diameter of the mold, m (ft).

If the G-factor is too low in centrifugal casting, the liquid metal will not remain forced against the mold
wall during the upper half of the circular path, but will drop inside the cavity. Too high a speed results
in excessive stresses and hot tears in the outside surface—on an empirical basis of GF = 50 to 100 for
the metal mold and GF = 25 to 50 for a sand cast mold.

True centrifugal casting is characterized by better mechanical properties of the cast than is true in
conventional static casting: nonmetallic impurities that segregate toward the bore can be machined off;
the casting is relatively free from defects; there is less loss of metal compared to that in conventional
sand casting; production rate is high; there are no parting lines; the scrap rate is law; and the process
can be used to manufacture bimetallic tubes.

b) Semicentrifugal Casting
During semicentrifugal casting (Fig. 2.17), the mold is rotated around its axis of symmetry.

Pouring basin

Cope

Casting ‘

Flask

Drag

"y

S Rotating table
Fig. 2.17 Semicentrifugal casting

The molds used can be permanent or expendable and may contain cores. The detailed shape is given
by the shape cavity of the rotating mold.

The centrifugal force is utilized for slag separation, refilling of melt metal, and increase of the
filling power in order to cast parts with thin walls. In general, the rotational speed is lower than that
used in true centrifugal casting and is usually set so that G-factors of around 15 are obtained. The
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mold is designed with risers in the center to supply the feed metal. The central zone of the parts (near
the axis of rotation) has inclusion defects and thus is suitable only for parts where these can be
machined away. Cogwheels are an example of parts that can be cast using this method.

¢) Centrifuging Casting

The principle of centrifuging casting is illustrated in Fig. 2.18. The mold is designed with parts cavities
that are symmetrically grouped in a ring located away from the axis of rotation. From a central inlet the
molten metal is forced outwards into the mold cavity by centrifugal force. The method is extensively
used for casting smaller parts. It is also used in the dental industry to cast gold crowns for teeth.

Runner Center gate

Casting -7/ A 1 f77;
— ~N i oY owW 7 e

.
’ ’
Lo\
.
-
v

B

/Wiy
3
/////

\ \ \\\\\\\\\\\\\\\\\\\\\\\\\\

3
RN
o
0

Flask

W=

7 7
B B )\
/////

() (W)

Fig. 2.18 Centrifuging casting: a) mold for eight castings, b) the casting.

2.4.7 Squeeze Casting

Squeeze casting, also known as liquid metal forging, is a die casting method that is a combination of

casting and a forging process. It is based on slower continuous die filling and high metal pressures.
This interesting process aims to improve product quality by solidifying the casting under a met-

allostatic pressure head sufficient to:

1. prevent the formation of shrinkage defects, and
2. retain dissolved gases in solution until freezing is complete.

This method was originally developed in Russia in the 1960s and has undergone considerable
improvement in the U.S.

The sequence of operations in squeeze casting is shown in Fig. 2.19. Liquid metal is poured into an
open die, just as in a closed die forging process. The dies are then closed and pressure is applied. The
amount of pressure thus applied is significantly less than that used in forging, and parts of great detail
can be produced. Coring can be used with this process to form holes and recesses. The porosity is low
and the mechanical properties are improved.

During the final stages of closure, the liquid is displaced into the further parts of the die. No great
fluidity requirements are demanded of the liquid, since the displacements are small. Both ferrous and
nonferrous materials can be utilized with this method. This process also can cast forging alloys, which
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Fig. 2.19 Sequence of operations in the squeeze casting process: a) pouring molten metal
into die, b) closing die and applying pressure, c) ejecting squeeze casting.

generally have poor fluidities that normally preclude one taking the casting route. The method produces
heat-treatable components that can also be used in safety-relevant applications and are characterized by
higher strength and ductility than conventional die castings. For example, in comparison with nonrein-
forced aluminum alloy, aluminum alloy matrix composites manufactured by squeeze casting techniques
can double fatigue strength at 300°C. Hence, such reinforcements are commonly used at the edges of
the piston head of a diesel engine where requirements are particularly high. Because squeeze casting is
relatively new, much work needs to be done to better understand the fundamentals of the process. By
improving the process, the casting industry will discover new options for producing the complex, light-
weight aluminum parts that are increasingly demanded in the automotive industry.

2.5 MELTING PRACTICE AND FURNACES

Melting the metal and handling liquid metal are two of the most critical components in the overall metal
casting operation. The manner in which the metal is melted, the way the metal is transferred into the
casting cavity, and the whole liquid metal-handling process have a significant impact on productivity, on
the cost of operations, and certainly on the quality of the resultant cast components.

Processing the metal in its molten start is the activity wherein the most gains can be achieved. Molten
metal processing is an opportunity for refining and for quality enhancement. For example, processes such
as alloying, degassing, filtration, fluxing, and grain refinement and modification in aluminum are usually
carried out in the liquid metal prior to casting. The mass transfer rates and the kinetics are such that
these reactions are carried out much more effectively in the melt.

Today in the foundry industry there is extensive awareness and recognition of the importance of
molten metal processing. It is well understood that the highest quality can be obtained by working
metals in the molten state. The level of hydrogen can be reduced and liquid and solid inclusions can
be removed and controlled, thus improving the quality of the overall casting. The practice of degassing
the metal prior to casting is carried out as a normal step throughout the industry. Filtration and removal
of inclusions is another molten metal processing technology that has evolved over the past decade or
so, and today most foundries and metal casting operations filter the metal to remove inclusions prior
to casting. In addition, there is active development of measurement devices and equipment to moni-
tor the quality of molten metal.
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2.5.1 Furnaces
Furnaces use insulated, heated vessels powered by an energy source to melt metal. Furnace design is
a complex process, and the design can be optimized based on multiple factors. Furnaces in foundries
can be any size, ranging from mere ounces to hundreds of tons, and they are designed according to
the types of metals that are to be melted in them. Also, furnaces are bound by the fuel available that
will produce the desired temperature. For low temperature melting point alloys, such as zinc or tin,
melting furnaces may reach around 850°C (1262°F). From steel, nickel-based alloys, tungsten, and
other elements with higher melting points, furnaces can reach to over 3850°C (6962°F). The fuel used
to allow furnaces to reach these high temperatures can be electricity, natural gas or propane, charcoal,
coke, fuel oil, or wood.

Melting furnaces used in the foundry industry are of many diverse configurations. The selection of
the melting unit is one of the most important decisions foundries must make, with due consideration to
several important factors including:

1. The temperature required to melt the alloy.

2. The melting rate and quantity of molten metal required.
3. The economy of installation and operation.

4. Environmental and waste disposal requirements.

Some of the more commonly used melting furnaces include cupolas, direct fuel-filled furnaces,
crucible furnaces, induction furnaces, and electric arc furnaces.

a) Cupolas

Some ferrous foundries use cupola furnaces. For many years the cupola was the primary method of
melting used in iron foundries. The cupola furnace has several unique characteristics that are responsi-
ble for its widespread use as a melting unit for cast iron:

* The cupola is one of the only methods of melting that is continuous in its operation.
* It has high melt rates.

* It has helatively low operating costs.

* It has ease of operation.

In more recent times the use of the cupola has declined in favor of electric induction melting, which
offers more precise control of melt chemistry and temperature and much lower levels of emissions.

The construction of a conventional cupola (Fig. 2.20) consists of a vertical steel shell lined with a
refractory type of brick.

The charge is introduced into the furnace body by means of an opening approximately halfway
up the vertical shaft. The charge consists of alternate layers of the metal to be melted, coke fuel, and
limestone flux. The fuel is burned in air that is introduced through tuyeres positioned above the hearth.
The hot gases generated in the lower part of the shaft ascend and preheat the descending charge.

Most cupolas are of the drop-bottom type with hinged doors under the hearth, which allows the
bottom to drop away at the end of melting to aid cleaning and repairs. At the bottom front is a taping
spout for the molten iron at the rear, and positioned above the taping spouts is a slag spout. The top
of the stack is capped with a spark/fume arrester hood.
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Fig. 2.20 Cupola furnace used in foundries.

Typical internal diameters of cupolas are 450 to 2000 mm (17.7 to 78.8 in.) diameter. A typical
operation cycle for a cupola would consist of closing and propping the bottom hinged doors and
preparing a hearth bottom. The bottom is usually made from low-strength molding sand and slopes
towards a tapping hole. A fire is started in the hearth using lightweight timber, and coke is loaded
(charged) on top of the fire and burned by increasing the air draught from the tuyeres. Once the coke
bed is ignited and of the required height, alternate layers of metal, flux, and coke are added until the
level reaches the charged doors. The metal charge would typically consist of pig iron, scrap steel,
and domestic returns.

An air blast is introduced through the wind box and tuyeres located near the bottom of the cupola.
The air reacts chemically with the carbonaceous fuel, thus producing heat of combustion. Soon after the
blast is turned on, molten metal collects on the hearth bottom where it is eventually tapped out into a
waiting ladle or receiver. As the metal is melted and fuel consumed, additional charges are added to
maintain a level at the charging door and provide a continuous supply of molten iron.

At the end of the melting campaign charging is stopped, but the air blast is maintained until all of
the metal is melted and tapped off. The air is then turned off and the bottom doors opened, allowing the
residual charge material to be dumped.

b) Crucible Furnaces
A crucible is a container in which metals are melted. Foundry crucibles are usually made of graphite,
with clay as a binder, and they are very durable and resist temperatures to over 1600°C (2912°F). A
crucible is placed into a furnace and, after the melting, the liquid metal is taken out of the furnace and
poured into the mold.

Crucible furnaces are one of the oldest and simplest types of melting unit used in the foundry.
The furnaces use a refractory crucible, which contains the metal charge. If scrap metal is used as
charge it must be cleansed and heated before being introduced into the furnace, as any oil or mois-
ture could cause an explosion. The charge is heated via conduction of heat through the walls of the
crucible. The heating fuel is typically coke, oil, gas, or electricity. Crucible melting is commonly used
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where small batches of low melting point alloy are required, such as bronze, brass, and alloys of zinc
and aluminum. The modest capital outlay required for these furnaces makes them attractive to small
nonferrous foundries.

Crucible furnaces (Fig. 2.21) are typically classified according to the method of removing the metal
from the crucible:

Lift-out crucible Cover
Crucible

N

—
14

Fuel Fuel

N | Tilting handle
Support block Refractory lining

(a) (b) (©

IZaEaEsEpuyin

Fig. 2.21 Three types of crucible furnaces: a) lift-out furnace, b) bale-out furnace, c) tilting.

Lift-out furnace. In this type, the crucible and molten metal are removed from the furnace body for direct
pouring into the mold.

Bale-out furnace. In a bale-out furnace the molten metal is ladled from the crucible to the mold.

Tilting furnace. In this type of furnace, the molten metal is transferred to the mold or ladle by mechan-
ically tilting the crucible and furnace body.

¢) Induction Furnaces

The principle of induction melting is that placing a metal body in an alternating magnetic field creates
eddy currents, causing losses through which the metal is heated. Skin effects concentrate these currents
in the outer layers. The inductor traversed by an alternating current creates a magnetic field, which should
be optimally adapted to the metal.

Varying the alternating current frequency can influence the depth of heating, but it also depends on
the concentration of flux capacity, on the length of treatment, and the material’s conduction properties.
Medium frequency is usually used for melting metal.

There are two main types of induction furnace: coreless and channel.

Coreless induction furnace. The coreless induction furnace is composed of a refractory container, capa-
ble of holding the molten bath, which is surrounded by a water-cooled helical coil connected to a
source of alternating current. In Fig. 2.22 is shown a simplified cross-section of a coreless induction
furnace.

The alternating current applied to the coil produces a varying magnetic field concentrated within the
helical coil. This magnetic field passing through the charge induces a secondary current in the charge
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Fig. 2.22 Simplified cross-section of a coreless induction furnace.

piece. The current circulating in the charge produces electrical losses that heat the charge and eventu-
ally melt it.

When the charge material is molten, the interaction of the magnetic field and the electrical currents
flowing in the induction coil produce a stirring action within the molten metal. This stirring action
forces the molten metal to rise upwards in the center, causing the characteristic upward on the surface
of the metal. The degree of stirring action is influenced by the power and frequency applied, as well
as the size and shape of the coil and the density and viscosity of the molten metal. The stirring action
within the bath is important, as it helps with mixing of alloys and melting of turnings as well as homog-
enizing of temperature throughout the furnace. Excessive stirring can increase gas pickup, lining wear,
and oxidation of alloys.

The coreless induction furnace has largely replaced the crucible furnace, especially for melting
high melting point alloys. The coreless induction furnace is commonly used to melt all grades of steels
and irons, as well as many nonferrous alloys. The furnace is ideal for remelting and alloying because
of the high degree of control over temperature and chemistry, while the induction current provides
good circulation of the melt.

Channel induction furnace. The channel type induction furnace derives its name from the fact that it
is constructed with a small channel of molten metal passing through the magnetic core, which has a
primary winding wound around it. This channel of molten metal acts like the secondary of a short-
circuited transformer, causing current flow through the metal in the channel and causing heat loss to
occur by the Joule effect.

The typical arrangement of a channel furnace is shown in Fig. 2.23. The liquid metal is kept in a
crucible and flows through a channel that is connected with the bottom of the crucible.

The whole furnace is typically covered by metal plates that serve both as mechanical protection and
electromagnetic shielding.

Channel induction furnaces were used initially as containers for molten metal, but are now commonly
used for some melting applications as well.

d) Electric Arc Furnaces

This type of furnace draws an electric arc that rapidly heats and melts the charge metal. When the molten
metal is ready to pour, the electrodes are raised and the furnace is tilted to pour the molten metal into
a receiving ladle.
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Fig. 2.23 Simplified cross-section of a typical channel induction furnace.

Electric arc furnaces produce tremendous quantities of metal fumes; however, the furnace is normally
equipped with a fume-capture system to reduce both workplace and air pollution. These furnaces are com-
mon in large ferrous foundries. Temperatures inside an electric arc furnace can rise to approximately
1900°C (3450°F). Electric arc furnaces may be categorized as direct arc or indirect arc.

Direct arc furnaces. In a direct arc furnace (Fig. 2.24) scrap steel or direct reduced iron is melted by
direct contact with an electric arc. The arc is produced by striking current from a charged electrode to
the metal (the neutral point), through the metal, and drawn to an oppositely charged electrode.
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(removable)
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L [ ]
f //////////7;

Fig. 2.24 Schematic illustration of direct arc furnace.

At the start of the direct arc melting process (the electrodes and roof are raised and swung to one
side), a charge of steel scrap is dropped into the furnace from a clamshell bucket. The roof is sealed,
the electrodes lowered, and an arc strikes the electrode. The charge is heated both by the current’s
passing through the charge and by the radiant energy evolving by the arc.

The electrodes are automatically raised and lowered by a positioning system, which may use either
electric winch hoists or hydraulic cylinders. The regulating system maintains an approximately con-
stant current and power input during the melting of the charge, even though scrap may move under
the electrodes while it melts. The arc contacts the scrap charge and the metal is melted. Since direct
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arc furnaces are sometimes used to perform refining operations, the molten metal may remain in the
furnace after melting. When the melting and refining operations have been completed, the molten metal
is tapped into a ladle for casting. Some of the advantages of direct arc furnaces include high melt
rates, high pouring temperatures, and excellent control of melt chemistry.

Indirect arc furnaces. Indirect arc furnaces (Fig. 2.25) generally consist of a horizontal barrel-shaped
steel shell lined with refractory. The arcing between two horizontally opposed carbon electrodes effects
the melting of the metal. Heating is via radiation from the arc to the charge. The barrel-shaped shell is
designed to rotate and reverse through approximately 180° in order to avoid excessive heating of the
refractory above the melt level and to increase the melting efficiency of the unit.

Electrodes
Power leads Trunnion

Liquid metal

Fig. 2.25 Schematic illustration of indirect arc furnace.

Indirect arc furnaces are suitable for melting a wide range of alloys but are particularly popular for

the production of copper-base alloys. The units operate on a single-phase power supply, and hence the

size

is usually limited to relatively small units.
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What are the major applications of a casting?

Name the two basic categories of casting processes.

Name the two basic types of silica sand.

What is a pattern and how many types are there?

What is the difference between a split pattern and a match plate pattern?

What is a chaplet?

What properties determine the quality of sand for greensand molding?

What is the difference between dry sand molds and shell molds?

What is the EPS process?

What is the difference between investment casting and plaster mold casting?

What common metals processes use die casting?

What is the difference between vacuum permanent mold casting and vacuum molding?
How many types of centrifugal casting are there, and what are the differences among them?
What is the difference between a cupola and a crucible furnace?
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METAL CASTING: DESIGN
AND MATERIALS

3.1 INTRODUCTION

Increased competition for commercial casting products has highlighted the need to provide engineers and
managers with a better understanding of the interrelationships between product design, material, and process
selection and of economical methods of casting for specific applications. Successful casting practice requires
the proper control of numerous variables. These variables pertain to the particular characteristics of the cast-
ing shape, the metals and alloys cast, the type of mold, the mold and die materials, and various process
parameters.

3.2 CASTING DESIGN CONSIDERATIONS

A number of factors affect the successful final design of a cast component. Often, however, simple design
changes can have a significant impact on the cost, speed of production, and usefulness of the part. For
example, casting drill spots may be preferred to casting a cored-through hole. Even though an extra step
is required, offhand drilling after casting may be simpler and less expensive than creating a complex
mold with numerous cores.

All casting processes have the same characteristics: for example, the process begins before the
pattern or die is made, at the point when an engineer decides on the best design for the component;
the cost of materials is another important design consideration for all type of casting processes. Accu-
rate comparisons require looking beyond the cost per pound or cost per cubic inch to fully analyze
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the advantages and disadvantages of each competing process. For instance, the relatively greater
strength of metals generally allows thinner walls and sections and consequently requires fewer cubic
inches of metals for a given application.

The one rule that covers every stage of good design is communication. While there are rules that
govern how molten metal will solidify and take shape as a cast component, each casting process will
affect the metal differently and will offer its own benefits. Before issuing a final drawing, it is imper-
ative the design engineer consult a foundry team or patternmaker. The engineer must know how to
design a casting that will actually have the requisite strength and functional properties, while a
foundry team must be able to make the casting so that it has the strength and functional properties
the engineer intended. From a foundry point of view it is more important to receive a component
design that is practical and efficient than a “perfect” design that cannot be produced commercially
without structural weakness.

Consultation will permit consideration of foundry problems that are likely to be encountered and
will promote casting soundness. The time and cost of manufacture also should be considered in the
preliminary stages of casting design. Hence, it is recommended that before the design or the order is
finalized, the design engineer should communicate with the foundry to discuss pertinent issues such
as the following:

* the proposed casting design and accuracy required;

* machining requirements;

* method of casting;

 the number of castings;

* the casting equipment involved;

* Any special requirements (for instance, datum target systems, individual dimensional tolerances,
geometrical tolerances, fillet radii tolerance, and individual machining allowances);

» whether any other standard is more appropriate for the casting.

3.2.1 General Design Considerations for Casting

The responsibility of the casting engineer is to determine how to produce the part as a metal casting. He
or she studies the original design and determines how best to design the part for manufacturability and
casting. Once those considerations are defined, the engineer goes through a specific set of decisions in
order to develop a casting design and a casting pattern for making the mold or die.

a) Design of Cast Parts
The following guidelines should be considered:

Corners and angles. Avoid designing parts with sharp corners; sharp corners produce a differential
cooling rate, creating “hot spots,” the most common defect in casting design; mechanical weaknesses
and stress concentration open the way for potential cracks.

In design of adjoining sections, sharp angles should be replaced with radii, and heat and stress
concentration should be minimized. However, adding radii that are too large may also result in shrink-
age defects. By incorporating small fillet radii, hot spots are avoided, assuring improved strength. Some
examples of improved designs are shown in Fig. 3.1.
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LA

Fig. 3.1 Suggested design modifications to improve quality of castings:
a) and c) incorrect; b) and d) are correct.

Fillets. Fillets (rounded corners) have three functional purposes:

* to reduce the stress concentration in a casting in progress;
* to eliminate cracks, tears, and draws at reentry angles;
* to make corners more moldable by eliminating hot spots.

The number of fillet radii should be the least possible, preferably only one. To fulfill engineering
stress requirements and reduce stress concentration, relatively large fillets may be used with radii
equaling or exceeding those of the casting section. Fillets that are too large are undesirable. The radius
of the fillet should not exceed half the thickness of the section joined.

At an “L” junction, round any outside corner to match the fillet on the inside wall. In the case
of “V” or “Y” sections and other angular forms, always design so that a generous radius eliminates
localization of heat. Figure 3.2 shows suggested design modifications toward improving the quality
of casting, avoiding filleting, and making corners more moldable.
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Fig. 3.2 Redesigned part to avoid hot spots and fillet: a), c), e) and
g) are incorrect; b), d), f), and h) are correct.

Section thickness. Maintain uniform cross-sections and thickness where possible. Thicker walls will
solidify more slowly, so they will feed thinner walls, resulting in shrinkage voids. The goal is to design
uniform sections that solidify evenly. If this is not possible, all heavy sections should be accessible to
feeding from risers.
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Figure 3.3 shows an example of a part that has been redesigned with uniform walls; the weight of
the casting was reduced, lowering the manufacturing cost and remedying the shrinkage problem.

(a) (b)

Fig. 3.3 Redesigned part with uniform walls: a) incorrect; b) correct.

The inner sections of castings cool much more slowly than the outer sections and cause variations
in strength properties. A good rule is to reduce the inner sections to 0.9 of the thickness of the outer
wall.

The inside diameter of cylinders and bushings should exceed the wall thickness of the castings.
When the inside diameter of a cylinder is less than the wall thickness, it is better to cast the section
solid, as holes can be produced by cheaper (and safer) methods than with extremely thin cores.

Section changes. The design should not contain abrupt section changes. Section changes should blend
into each other (Fig. 3.4). The difference in the relative thickness of adjoining sections should not exceed
a ratio of 2:1. If a section change of over 2:1 thickness ratio is unavoidable, the alternative is to design
two separate castings to be assembled together, like machine tool beds that can be bolted.

() (®) (©

Fig. 3.4 Suggested design modification to avoid abrupt section changes: a) incorrect;
b) and c) correct.

Minimize the number of sections. The goal is to design the casting well with a minimum numberof
sections together at one point. A simple wall section will cool freely from all surfaces, but simply
adding a section forming a T or intersect shape also creates a hot spot at the junction, and it will cool
as would a wall that was 50% larger.

The way to avoid this is to stagger the ribs (Fig. 3.5b) and thereby maintain uniform cross-sections.
Staggering sections minimizes hot-spot effects, thus eliminating weakness and reducing distortion.

When two or more uniform sections intersect they create a region of heavy cross-section, result-
ing in the problems mentioned earlier. One way to minimize this is to core the intersection by a hole,
similar to a hub hole in a wheel with spokes (Fig. 3.5c).
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Fig. 3.5 Schematic illustrations of minimize number of section: a) incorrect;
b) correct (stagger section); ¢) correct (core intersection by a hole).

Flat areas. Large flat areas (plane surfaces) should be avoided. They are difficult to feed and it is diffi-
cult to develop in them good directional solidification, and may wrap or develop poor finish surface
because of uneven metal flow. Lightener holes eliminate the problem of isolated flat areas; they also save
weight. But they need to be placed in “nonstructural” areas (Fig. 3.6).
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Fig. 3.6 Suggested design modification to avoid flat areas: a) incorrect; b) correct.

Shrinkage. Molten metals contract during cooling. To avoid thermal stress and cracking of the casting
during cooling, the cavity is usually made oversized. To account for shrinkage, pattern dimensions should
also allow for shrinkage during solidification. These shrinkage allowances are only approximate, because
the exact allowance is determined by the shape and size of the casting. Table 3.1 gives the approximate
shrinkage allowance for metals that are commonly sand cast.

Table 3.1 Shrinkage allowance for some metals cast in sand molds

METAL (smaller nﬁtlill(l?)‘:avra Iggf lzorger sizes) Minimaéﬂ\:/lagnt.l)lickness
Gray cast iron 0.83-1.3 3.0 (0.125)
White cast iron 2.1 4.0 (0.157)
Ductile cast iron 0.83-1.0 3.0 (125)
Malleable cast iron 0.78-1.0 3.0 (0.125)
Aluminum 0.5-1.0 4.75 (0.187)
Aluminum alloys 1.3 4.75 (0.187)

(continued)
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Table 3.1 Continued

METAL (smaller nﬁrllll(lg‘grel IE(C): lzorger sizes) Minimarlnr\flagnt.l)li(:kness
Magnesium alloys 1.3 4.0 (0.157)
Yellow brass 1.3-1.6 2.5 (0.098)
Phosphor bronze 1.0-1.6 N/A

Steel 0.5-2.0 5.0 (0.20)
Aluminum bronze 2.1 N/A
High-manganese steel 2.6 N/A

Copper alloys 0.5-1.0 2.3 (0.094)

Draft. Draft is the amount of taper, or the angle, that must be allowed on all vertical faces of a pattern
to permit its removal from the sand mold without permitting tearing of the mold walls; draft is also an
issue in the removal of a casting from a die. (Fig. 3.7). The standard draft for sand casting is 1 degree
per external side. The angles on the inside surfaces typically are twice this range.

Draft angle
Fig. 3.7 Draft angle: a) incorrect; b) correct. (a) (b)

Dimensional tolerances. Dimensional tolerances depend on the particular casting processes, row cast-
ing basic dimension, casting materials, and casting tolerance grades. The International Standard (ISO)
is defined forl6 casting tolerance grades designated CT1 to CT16. Table 3.2 gives dimensional casting
tolerances for sand casting, machined molded.

Machining allowance. On raw castings, some extra material should be left to permit the removal of the
effects of casting on the surface by subsequent machining and to allow the achievement of the desired
surface texture and the necessary agreement with design dimensions.

Fart identification. In the final cast drawing, the design engineer in final cast drawing needs to include some
form of part identification. These features can be sunk into the casting or can protrude from the surface.

b) Locating the Parting Line

Parting in one plane facilitates the production of the pattern as well as the production of the mol. The
term parting line is a bit of a misnomer. Perhaps the term parting surface would be better. However,
the first term is commonly used, which is why we retain the term parting line in this book. Parting
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Table 3.2 Dimensional Tolerances for Sand Casting, Machine Molded.

Casting metal

Casting
basic Steel, grey iron and Copper-alloys and Aluminum-alloys and
dimension malleable iron zinc-alloys magnesium-alloys
(mm)
Total casting tolerance * (mm)
Up-10 1.0- 4.2 1.0-2.0 0.74-1.5
10-16 1.144 1.1-2.2 0.78-1.6
16-25 1.2-4.6 1.2-24 0.82-1.7
25-40 1.3-5.0 1.3-2.6 0.9-1.8
40-63 1.4-5.6 1.4-2.8 1.0-2.0
63-100 1.6-6.0 1.6-3.2 1.1-2.2
100-160 1.8-7.0 1.8-3.6 1.2-2.5
160-250 2.0-8.0 2.0-4.0 1.4-2.8
250-400 2.2-9.0 2244 1.6-3.2
400-630 2.6-10.0 2.6-5.0 1.8-3.6
630-1000 2.8-11.0 2.8-6.0 2. 0-4.0
1000-1600 3.2-13.0 3.2-7.0 2.24.6
1600-2500 3.8-5.0 3.8-8.0 2.6-54
2500-4000 4.4-17.0 4.4-9.0 4.4-6.2
4000-6300 7.0-20.0 7.0-10.0 7.0
6300-10,000 11.0-23.0 11.0 -

* The tolerance zone should be symmetrically disposed with respect to a basic dimension, i.e. with one half on

the positive side and one half on the negative side

lines are the lines on the component where the mold or die halves come together. Parting in one plane

facilitates the production of the pattern as well as the production of the mold.

Patterns with straight parting lines (that is, with parting lines in one plane) can be produced more
easily and at lower cost than those with irregular parting lines.
Casting shapes that are symmetrical about one centerline or plane readily suggest the parting line.
Such casting design simplifies molding and coring and should be used wherever possible. The patterns
should always be made as split patterns, which require a minimum of handwork in the mold, improve
casting finish, and reduce costs.
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Parting lines that cross a feature with tight tolerances may lead to decreased yield due to mold
mismatch. Since parting lines will be noticeable as a bump on the surface of the part, they should not
be located on a sliding surface. Similarly, parting lines should not be located on a sealing surface,
where a bump or mismatch would prevent the seal from making complete contact. The placement of
the parting line and orientation of the part determine the number of cores needed, and it is preferable
to avoid the use of cores whenever possible.

¢) Location and Design of a Gating System

The primary requirement for the gating system is that it accomplishes an extremely careful transport of
the liquid metal to the mold cavity. Gating system location is defined on the basis of the geometry of
the mold, method of casting, and economic aspects.

The gating system guides the poured liquid metal, prepared in the foundry, to the mold cavity and
has direct and indirect effects on the quality of the casting process. Redundant the designer and the
foundry team should take these aspects into account right from the design phase in order to guarantee
trouble-free processing and constant casting quality.

In the design of a gating system the focus is on the casting part. Factors that influence the design
of the gating system include:

* size

* targeted surface quality

* mechanical requirements

» complexity of the geometry
* economic efficiency.

The gating system can be divided into the following:

* pouring cup
* sprue

* runner

* riser

* gate.

Figure 3.8 shows a schematic illustration of a typical gating system for a gravity casting process.

Pouring cup design. At the top of the sprue, a pouring cup (another common name is pouring basin)
is often used to minimize splash and turbulence as the metal flows into the sprue. The design of the

Fig. 3.8 Schematic illustration of a typical riser-gated casting.
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pouring cup, for an optimal casting process, needs to be such that it can keep the sprue full of molten
metal throughout the pour; also, if the level of molten metal is maintained in the pouring cup during
pouring, then the dross will float and not enter the mold cavity. A constant level of molten metal in the
pouring cup is important for a successful casting process because in some cases there is an automatic
regulator of the molten metal going into pouring cup.

Sprue and sprue base design. The sprue is a tapered vertical channel through which the liquid metal,
from the pouring cup, enters a runner that leads into the mold cavity. The main goal in designing a
sprue is to achieve the required flow rates. A sprue tapered to a smaller size at its bottom will create
a choke (a restriction in the gating system that limits the flow rate of molten metal), which will help
keep the sprue full of molten metal, but the choke will also increase the speed of the molten metal,
which is undesirable. To solve this problem, the enginer needs to create an enlarged area at the bottom
of the sprue, called a sprue base. The sprue base decreases the speed of the molten metal. There are
two basic types of sprue bases: enlargement and well.
The general rules for designing an enlargement base are these:

* The diameter is roughly 2.5 times the width of the runner.
* The depth is equal to the depth of the runner.

The general rules for designing a well base are these:

* The depth of the wall base is twice that of the runner.
* A cross-section of the area of the base is five times the cross-sectional area of the sprue
bottom.

The bottom of the sprue base should be flat, not round. If it is round, it could cause turbulence in the
metal.

If sprue design is not used, there is a danger of turbulent filling of the gating system during pour-
ing, as well as the possibility of having a nonuniform metalostatic pressure head. Turbulent filling can
introduce oxides, which may produce defects. Filters are used in keeping oxides from the casting and
make the flow more laminar.

Runner design. The runner is a horizontal distribution channel through which molten metal is guided
from the sprue into the gate. The type of molding metal determines size and shape of the runner. A large
runner allows better flow of the liquid metals; however, cooling takes longer. Thus, a runner is normally
made smaller than the section of a casting and gradually made bigger while being tested. In any case, a
runner should be basically smaller than the thickness area of the casting part. One runner is used for
simple parts, but two runner systems can be specified for more complicated parts.

Gate design. The gate serves as the entrance to the cavity and should be designed to permit the mold
cavity to fill easily. A cavity can have more than one gate. It is positioned at the thickest area of a part.
A fillet needs to be used where a gate meets a casting. The gate length should be three to five times the
gate diameter, depending on the metal being cast. The cross-section of the gate should be smaller than
the runner cross-section.
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Riser design. Risers are created in the gating system that will be filled with molten metal. Risers provide
reservoirs of molten metal that can flow into the mold cavity to compensate for any material shrinkage
that occurs during solidification. Any shrinkage should be in the risers and not in the final casting. The
metal in the risers must stay liquid longer than the metal in the part being cast. There are two types of
riser: open and blind. The blind riser is completely in the mold. This type of riser cools slower because
it is not open to the air. The risers can be attached to the top or to the side of a part.

Risers may be attached in the runner instead of the casting. In this case the metal must flow through
the riser prior to reaching the casting, and after the pouring is completed the metal in the riser will be
hotter than the metal in the casting. It does not matter where the riser is located: the cross-sectional area
of the gate just needs to be the same as the runner and the length no more than 0.5 the diameter of the
riser. Theoretically, the best shape of the riser is spherical, but in practice the most useful (and easy shape
to mold) is the cylinder. The height of the riser should be:

h =05 - 15D 3.1)

where
h = height of riser, m (in.)
D = diameter of cylinder, m (in.).

If possible, the top of a blind riser should be spherical. This will help the metal stay molten longer.
Risers, therefore, are not as useful for metals with low density, such as aluminum alloys, as they are
for metals with a higher density, such as steel and cast iron.

3.3 COMPUTER MODELING OF CASTING PROCESSES

Computer modeling of metal casting processes has been very successful for companies around the
world. Numerical simulation is widely used and accepted in manufacturing as a way to reduce hard-
ware prototyping and to improve the parts design and manufacturing processes. The automotive
industry and others are increasingly using computer simulations to attain their design objectives. As
a result of rapid advances in computing technologies, three-dimensional (3-D) process modeling
became practical during the last decade of the twentieth century. Today, many small- to midsized
companies perform multiple simulations on a daily basis. Process modeling is no longer a luxury
but a necessity for survival in the casting industry.

Cutting costs and reducing time to market are two of the most pressing issues in the foundry
industry today. Development time can be very high in the conventional trial-and-error-based process
design. In the current competitive environment, there is a need for foundry and casting units to develop
the components and the process within quick response windows. Further, the costs of development
also have to be kept low to be competitive. Casting process simulation helps engineers achieve these
goals and is now widely used throughout the industry for process design and other various aspects of
casting processes; tools such as simulation software systems help the designer to visualize the metal
flow in the die cavity, the temperature variations, the solidification progress, and the evolution of
defects such as shrinkage porosities, cold shuts, hot tears, and so on.

The application of casting simulation has been most beneficial toward avoidance of creating
shrinkage scrap, improving cast metal yield, optimizing gating system design, optimizing mold filling,
and finding the thermal fatigue life in permanent molds.
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Many major foundries are using software based on powerful Finite Element analyses such as
ProCAST, which covers a wide range of casting processes and alloys. However, several another com-
mercial software programs are now available for modeling casting processes, such as Magma SOFT,
Solidia, and AFS solid.

3.4 METALS FOR CASTING

In the early centuries of casting, bronze and brass were preferred over cast iron as foundry materials.
Iron was more difficult to cast due to its higher melting temperatures and workers lack of knowledge
about its metallurgy. In the second part of the 16th century, the first cannons were cast from iron and
after that a large demand for cast iron began to grow, first for military items and later for commercial
products. Today, most commercial castings are made of alloys rather than pure metals. Pure metals
like zinc, lead, tin, and copper are really good metals for casting but are used only for art, not for
commercial products.

Casting alloys can be classified in two basic categories: ferrous and nonferrous. Ferrous casting
alloys are subdivided into cast iron (gray iron, ductile iron, high-alloy white irons, malleable iron,
compacted graphite alloy, and high-alloy graphitic irons) and cast steel (plain carbon steels, low-alloy
steels, high-alloy steels, and cast alnico alloys).

3.4.1 Cast Irons

Cast iron usually refers to gray cast iron but identifies a large group of ferrous alloys which solidify
with a eutectic. In these ferrous alloys pure iron accounts for more than 93%, while the main alloying
elements are carbon and silicon. The amount of carbon in cast irons is in the range of 2.11 to 4%, as
ferrous alloys with less are denoted “carbon steel” by definition. Cast irons contain appreciable amounts
of silicon, normally 1 to 3%, whose composition makes it highly suitable as a casting metal. Cast iron’s
melting temperature is between 1150 to 1200°C (2100 to 2192°F), about 300°C (572°F) lower than the
melting point of pure iron.

Cast iron tends to be brittle unless the name of the particular alloy suggests otherwise. The color of
a fracture surface can be used to identify an alloy; carbide impurities allow cracks to pass straight
through, resulting in a smooth, white surface, while graphite flakes deflect a passing crack and initiate
countless new cracks as the material breaks, resulting in a rough surface that appears gray.

With their low melting point, good fluidity, castability, excellent machinability, and wear resistance,
cast irons have become an engineering material with a wide range of applications, including pipes,
machine parts, and car parts.

Cast iron is made by remelting pig iron, often along with substantial quantities of scrap iron and
scrap steel, and taking various steps to remove undesirable contaminants such as phosphorus and
sulphur.

a) Gray Cast Iron

Gray iron is one of the most easily cast of all metals in a foundry. It has the lowest pouring temper-
ature of the ferrous metals, a characteristic that is reflected in its high fluidity and its ability to be cast
into intricate shapes. Gray iron usually contains the following: total carbon, 2.75 to 4.00%; silicon,
0.75 to 3.00%; manganese, 0.25 to 1.50% percent; sulfur, 0.02 to 0.20%; phosphorus, 0.02 to 0.75%.
One or more of the following alloying elements may be present in varying amounts: molybdenum,
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copper, nickel, vanadium, titanium, tin, antimony, and chromium, depending on the desired microstruc-
ture. As a result of a peculiarity during the final stages of solidification, the metal has very low and,
in some cases, no liquid-to-solid shrinkage, so that sound castings are readily obtainable. For the
majority of applications, gray iron is used in its as-cast condition, thus simplifying production. Gray
iron has excellent machining qualities, producing easily disposed of chips and yielding a surface with
excellent wear characteristics. The resistance of gray iron to scoring and galling with proper matrix
and graphite structure is universally recognized. Figure 3.9 shows the form of graphite found in gray
iron.

Fig. 3.9 Graphite form in gray iron.

Several molding processes are used to produce gray iron castings. Some of these have a marked
influence on the structure and properties of the resulting casting. The selection of a particular process
depends on a number of factors, and the design of the casting has much to do with it. Processes using
sand as the mold medium have a somewhat similar effect on the rate of solidification of the casting,
while the permanent mold process has a very marked effect on structure and properties. Products
made from gray cast iron include automotive engine blocks and heads, motor housings, and machine-
tool bases.

b) Ductile Iron
Ductile iron, also called ductile cast iron or nodular cast iron, is a cast iron that has been treated
while molten with an element such as magnesium or cerium to induce the formation of free graphite
as nodules or spherulites, which imparts a measurable degree of ductility to the cast metal. While most
varieties of cast iron are brittle, ductile iron is quite easy to form with out braking, as the name implies.
The main effects of the chemical composition of nodular (ductile) iron are similar to those described
for gray iron, with quantitative differences in the extent of these effects and qualitative differences in
the influence on graphite morphology. Fig. 3.10 illustrates graphite form in ductile iron structure.
The majority of applications of ductile iron have been made to utilize its excellent mechanical
properties in combination with the castability, machinability, and corrosion resistance of gray iron.

Fig. 3.10 Graphite form in ductile iron structure.
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¢) White Cast Iron

White cast iron is unique in that it is the only member of the cast iron family in which carbon is pres-
ent only as carbide. Due to the absence of graphite, it has a light appearance. The presence of different
carbides, depending on the alloy content, makes white cast irons extremely hard and abrasion resistant,
but very brittle. When fractured, the surface has a white crystalline appearance that gives the iron its
name. An improved form of white cast iron is called chilled cast iron.

When a localized area of a gray cast iron is cooled very rapidly from the melt, cast iron is formed
at the place that has been cooled. This type of white cast iron is called chilled iron. Adjusting the car-
bon composition of the white cast iron can produce a chilled iron casting, so that the normal cooling
rate at the surface is just great enough to produce white cast iron while the slower cooling rate below
the surface will produce gray iron. The depth of chill decreases and the hardness of the chilled zone
increases with increasing carbon content.

Chromium is used in small amounts to control chill depth. Because of the formation of chromium
carbides, chromium is used in amounts of 1 to 4% in chilled iron to increase hardness and improve abra-
sion resistance. These properties make white cast iron suitable for applications where wear resistance is
required. Railway brake shoes are an example.

d) Malleable Iron

Malleable irons are cast white that is, their as-cast structure consists of metastable carbide in a pearlitic
matrix. If cast iron is cooled rapidly, the graphite flakes needed for gray cast iron do not get a chance
to form. Instead, white cast iron forms. This white cast iron is reheated to about 900 to 930°C (1650 to
1700°F) for long periods of time (50 hours), in the presence of materials containing oxygen, such as
iron oxide; after that time it is slowly (60 hours) cooled. Upon cooling, the combined carbon further
decomposes to small compact particles of graphite (instead of flake like graphite as seen in gray cast
iron). If the cooling is very slow, more free carbon is released. This free carbon is referred to as temper
carbon, and the process is called malleableizing. The new microstructures can possess significant duc-
tility and good shock resistance properties. Fig. 3.11 shows the microstructure of malleable iron.

Fig. 3.11 Graphite form in malleable iron structure.

Malleable cast iron is used for connecting rods and universal joint yokes, transmission gears,
differential cases and certain gears, compressor crankshafts and hubs, flanges, pipefittings, and valve
parts for railroad, marine, and other heavy duty applications.

e) Compacted Graphite Iron
In 1949 a now well known material called ductile iron was patented. At the same time that ductile
iron was patented, a lesser known material called compacted graphite iron (CGI) was also patented,
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although it was only considered a curiosity at the time. This material has higher strength than gray
iron and better thermal conductivity than ductile iron.

The graphite of CGI is in the form of relatively short thick flakes with rounded ends and undulat-
ing surfaces. In compacted graphite, the graphite does not have the same weakening effect as flake
graphite in grey iron, but it is still continuous and gives greater thermal conductivity than the discrete
graphite nodules in ductile iron. Fig. 3.12 shows the form of graphite in compacted graphite cast iron.

Fig. 3.12 Graphite form in compacted iron structure.

CGI has risen to an important status in the automotive industry, particularly since 1996. The material
has been used for manufacturing parts such as brake disk, exhaust manifolds, engine heads, and diesel
engine blocks. The superior strength characteristics of CGI as compared to gray iron, allows the manufac-
turing of engines with higher pressure operating combustion chambers, which means these engines are more
efficient, having lower emissions levels. Also, thinner walls are possible, which means lighter engines.

f) Alloy Cast Irons

Alloy cast irons is a term that designates casting containing alloying elements such as nickel, chromium,
molybdenum, copper, and manganese in sufficient amounts to appreciably change the physical properties.
They include high-alloy graphitic irons and high-alloy white irons.

One of the most important alloy cast irons is high-alloy white cast iron. Alloy cast irons are an
important group of materials whose production must be considered separately from that of ordinary
types of cast irons. In these cast iron alloys, the alloy content is well above 4%; and consequently such
metals cannot be produced by ladle additions to irons of otherwise standard compositions. They are
usually produced in foundries especially equipped to produce highly alloyed irons.

The high-alloy white irons are primarily used for abrasion-resistant applications and are readily
cast into the parts needed in machinery for crushing, grinding, and handling of abrasive materials.
The chromium content of high-alloy white irons also enhances their corrosion-resistance properties.
The large volume fraction of primary or eutectic carbides in their microstructures provides the high
hardness needed for crushing and grinding other materials. The metallic matrix supporting the car-
bide phase in these irons can be adjusted by alloy content and heat treatment to create the proper
balance between resistance to abrasion and the toughness needed to withstand repeated impact. The
high alloy graphitic cast irons have found special uses primarily in applications requiring corrosion
resistance or strength and oxidation resistance in high-temperature service.

3.4.2 Cast Steels
Steel is an alloy whose major component is iron with carbon content between 0.02 and 1.7% by weight.
The mechanical properties of steel make it an attractive engineering material, and its utility in complex
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geometries makes casting an appealing process. However, the high temperature required to melt cast
steels (for example carbon’s and low alloy steel’s pouring temperature is 1565 to 1700°C (2850 to
3100°F) means that casting them requires considerable experience. At these high temperatures, melting
steel oxidizes very quickly; so special procedures must be used during melting and pouring. The high
temperatures involved present difficulties in the selection of mold material. Carbon and low alloy steels
approach the limit of temperature and ceramic refractors and titanium and zirconium alloys go beyond
it, creating special situations. So, it is easy to see the abuse that sand and ceramic molds are subjected
to when pouring temperatures approach the refractory limits. Also, molten steel has relatively poor flu-
idity, and this limits the design of thin sections in parts cast out of steel. Several advantages of cast
steels are that steel castings have better toughness than most other casting alloys; also, steel castings’
process properties are isotropic, and depending on the requirement of the product, isotropic behavior
of the material may be desirable. Steel castings can be welded, but after welding, castings need to be
heat treated to restore to them their mechanical properties.

3.4.3 Nonferrous Casting Alloys

The nonferrous metals include metal elements and alloys not based on iron. Many nonferrous metals are
used as engineering materials. Such metals include aluminum, magnesium, titanium, nickel, copper, zinc,
refractory metals (molybdenum and tungsten), and noble metals. Although they are more expensive and
cannot match the strength of the steels, nonferrous metals and alloys have important applications because
of their numerous positive characteristics, such as low density, corrosion resistance, ease of fabrication,
and color choice. For example, copper has one of the lowest electrical resistances; zinc has a relatively
low melting point; aluminum is an excellent thermal conductor, and it is also one of the most readily
formed metals.

a) Aluminum and Aluminum Alloys

Pure aluminum is a silver-white metal characterized by a slightly bluish cast. It has a crystal structure that
is face-centered cubic (fcc), a melting point of 660°C, (1220°F), and density of 2700 kg/m> (163.55 1b/ft’).
Aluminum is thermodynamically the least stable of the main engineering metals, but a lucky property of
aluminum is the formation of a dense, highly protective alumina film only 1 mm in thickness. This film
can be reinforced by anodizing, and can be destroyed by salt. Aluminum is one of the few metals that
can be cast by all of the processes used in casting metals. When aluminum is alloyed with other metals,
numerous properties are obtained that make these alloys useful over a wide range of applications. Main
alloying additions are copper, magnesium, manganese (Mn), silicon, lithium, and zinc.

Depending on the use to which the alloy will be put, different metals will be mixed in with the
aluminum. For example, high magnesium content yields superior corrosion resistance. High copper or
zinc adds superior strength. A large number of aluminum alloys has been developed for casting, but
most of them are varieties of six basic types: aluminum-copper, aluminum-copper-silicon, aluminum-
silicon, aluminum-magnesium, aluminum-zinc-magnesium, and aluminum-tin.

Aluminum-copper alloys. Aluminum-copper alloys that contain 4 to 5% of copper, with small impurities
of iron, silicon. and magnesium, are heat-treatable and can reach yield strength of 450 MPa (65,266psi),
with variations that depend on the composition and temper. These alloys after quenching will slowly
harden when left at room temperature for several days. However, these alloys have poor castability and
require very careful gating if sound castings are to be obtained.
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Aluminum-copper-silicon alloys. The most widely used aluminum casting alloys are those that contain sil-
icon together with copper. The amounts of both additions vary widely, so that the copper predominates
in some alloys and the silicon in others. In these alloys the copper contributes to strength and the silicon
improves castability and reduces hot shortness. Thus, the higher silicon alloys normally are used for more
complex castings and for permanent mold and die casting processes, which cannot tolerate hot-short alloys.

Aluminum-silicon alloys. These alloys do not contain copper; silicon is used when good castability, weld-
ability, and good corrosion resistance are needed. Because of their excellent castability, it is possible to
produce reliable castings, even in complex shapes, in which the minimum mechanical properties obtained
in poorly fed sections are higher than in castings made from higher-strength but lower-castability alloys.
If high strength is also needed, magnesium additions make these alloys heat-treatable. Rapid cooling to
increase strength and ductility can refine the microstructure.

Alloys with silicon content as low as 2% have been used for casting, but silicon content usually is
between 5 and 13%. The strength and ductility of these alloys, especially the ones with higher silicon,
can be substantially improved by “modification.” Modification can be effectively achieved through the
addition of a controlled amount of sodium or strontium that refines the silicon eutectic. These alloys have
high fluidity and are suitable for sand or die casting.

Aluminum-magnesium-alloys. These alloys, which contain 2 to 5% Mg and 0.1 to 0.4% Mn, have good
weldability and high corrosion resistance, especially to seawater and marine atmospheres; this is the
primary advantage of castings made of Al-Mg alloys. For best corrosion resistance, a low impurity
content (both solid and gaseous) is required, and thus these alloys must be prepared from high qual-
ity metals and handled with great care in the foundry. The relatively poor castability of Al-Mg alloys
and the tendency of the magnesium to oxidize increase handling difficulties and, therefore, cost.

Aluminum-zinc-magnesium alloys. These aluminum alloys contain 2 to 8 % zinc, 0.5 to 4% magnesium,
and 0 to 3% copper. The total amount of zinc, magnesium, and copper controls the properties and con-
sequently the uses. When the total amount is above 9%, high strength is greatest, and corrosion resist-
ance, formability, and weldability are subordinate to it. Below a total of 5-6%, fabricability becomes
greatest and stress corrosion susceptibility tends to disappear. Al-Zn-Mg alloys have the ability to nat-
urally age, achieving full strength at room temperature 2 to 3 weeks after casting. This process can be
accelerated by furnace aging.

Aluminum-tin alloys. Al-Sn alloys contain about 6% tin and a small amount of copper and nickel for
improving strength; castability is good and they are used for cast bearings because of tin’s excellent
lubrication characteristics.

b) Magnesium and Magnesium Alloys

Elemental magnesium is a fairly strong, silvery-white, lightweight metal; it is the world’s lightest metal.
Its crystal structure is hexagonal close pocket (hcp), its melting point is 650°C (1202°F), and it has a
density of 1740 kg/m> (108.3 Ib/ft?).

This lightness, combined with the good strength-to-weight ratio of magnesium, has made magne-
sium and its alloys very useful use in the airplane, missile, and automotive industries. Its compounds are
used as refractory material in furnace linings for producing metals (iron and steel, nonferrous metals),
glass, and cement.
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Magnesium and its alloys are available in both wrought and cast forms. Magnesium is also the most
electrochemically active metal. Therefore, in all processing of magnesium, small particles of the metal
such as metal cutting chips oxidize rapidly, and care must be taken to avoid fire hazard.

Magnesium alloys. The main alloying elements are aluminum (Al), zinc (Zn), and manganese (Mn).
Commercial cast alloy AZ81 (Mg-8, Al-0.5, Zn-03, Mn), contains 8% Al, 0.5% Zn, and 0.3% Mn. Mag-
nesium alloy castings can be produced by nearly all of the conventional casting methods, namely, sand,
permanent, and semipermanent mold and shell, investment, and diecasting. The choice of a casting
method for a particular part depends upon factors such as the configuration of the proposed design, the
application, the properties required, the total number of castings required, and the properties of the alloy.
Typical applications include automotive wheels and air-cooled engine blocks.

¢) Copper and Copper Alloys

The element copper is a reddish-yellow material and is extremely ductile. Copper has a face-centered
cubic (fcc) crystal structure and a melting point of 1084.6°C (1984.6°F), with a density of 8920 kg/m’
(556.85 Ib/ftY); it also has the second best electrical conductivity of the metals, second only to silver
(redundant), with respect to which its conductivity is 97%.

Pure copper is extremely difficult to cast, and it is prone to surface cracking, porosity problems,
and to the formation of internal cavities. The casting characteristics of copper can be improved by
the addition of small amounts of elements, including beryllium, silicon, nickel, tin, zinc, chromium,
and silver.

Copper alloys. Unlike pure metals, alloys solidify over a range of temperatures. Solidification begins
when the temperature drops below the liquidus; it is completed when the temperature reaches the solidus.
A wide variety of copper alloys are available including brasses, aluminum bronzes, phosphor bronzes,
and tin bronzes.

Cast copper alloys are used for applications such as bearings, bushings, gears, fittings, valve bod-
ies, and miscellaneous components for the chemical processing industry. These alloys are poured into
many types of castings, such as sand, shell, investment, permanent mold, chemical sand, centrifugal, and
die casting. The high cost of copper limits the use of its alloys.

REVIEW QUESTIONS

3.1 Which rule covers every stage of good cast design?

3.2 Describe general design considerations in metal casting.

3.3 What are hot-spot effects?

3.4 What is draft and is it necessary in all molds?

3.5 What is shrinkage allowance?

3.6 How many dimensional tolerances are defined in the ISO?

3.7 What is the difference between shrinkage and machining allowance?

3.8 What is a parting line and how it is determined?

3.9 Name the factors that influence the design of the gating system.
3.10 Describe a typical gating system for a sand-gravity casting process.
3.11 Name the types of cast irons and describe their characteristics.

3.12 What is casting steel? Describe its characteristics.
3.13 List the most often used nonferrous alloys and describe their properties.
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PART II

PARTICULATE PROCESSING
FOR METALS

In this part, basic particulate processing, in which starting materials are metal powders, is discussed. The
unit deals with characterization of metal powders, powder metallurgy (Fig. II.1) processes used in shap-
ing these materials, pressing and sintering techniques, and the economics of the powder metallurgy
process.

Particulate processing for metals

| Powder metallurgy |

Fig. I1.1 An outline of the particle processing described in Part II.
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POWDER METALLURGY

4.1 INTRODUCTION

Powder metallurgy, or P/M, is a process for forming metal parts by heating compacted metal powders
to just below their melting points. The heating treatment is called sintering. Although the modern field of
powder metallurgy dates to the early 19th century, over the past quarter century, it has become widely
recognized as a superior way of producing high quality parts for a variety of important applications.

Powder metallurgy actually comprises several different technologies for fabricating semidense and
fully dense components. The conventional P/M process, referred to as press-and-sinter, has been used
to produce many complex parts such as the planetary carrier, helical gears and blades, piston rings, con-
necting rods, cams, brake pads, surgical implants, and many other parts for aerospace, nuclear, and indus-
trial applications.

P/M’s popularity is due to a number of attributes: a) the advantages that the process offers over other
metal-forming technologies such as forging and metal casting, b) its advantages in material utilization,
¢) shape complexity, d) near-net-shape dimensional control, and others. P/M’s benefits add up to cost
effectiveness, shape and material flexibility, application versatility, and part-to-part uniformity for
improved product quality.

Advantages that make powder metallurgy an important commercial technology include the following:

* eliminates or minimizes machining by producing parts at, or close to, final dimensions;

* eliminates or minimizes scrap losses by typically using more than 97% of the starting raw mate-
rial in the finished part;

* permits a wide variety of alloy systems;

75
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* produces good surface finishes and tolerances of +0.13 mm ( % 0.005 in.);

* provides materials that may be heat-treated for increased strength or increased wear resistance;

* provides controlled porosity for self-lubrication or filtration;

* facilitates manufacture of complex or unique shapes that would be impractical or impossible with
other metalworking processes;

* is suited to moderate-to-high-volume component production requirements;

* offers long-term performance reliability in critical applications;

* is cost effective.

There are some disadvantages associated with P/M processing. These include:

* high tooling and equipment cost;

* expense of metallic powder;

» difficulties with storing and handing metal powders (degradation of the metal over time and fire
hazards with particular metals).

Most parts weigh less than 2.5 kg (5.5 1b), although parts weighing as much as 50 kg (110 1b) can
be produced in conventional powder metallurgy equipment. While many of the early powder metallurgy
parts, such as bushings and bearings, were very simple shapes, today’s sophisticated powder metallurgy
process produces components with complex contours and multiple levels and does so quite economically.

4.2 CHARACTERISTICS OF METAL POWDERS

A powder is defined as a finely divided solid, smaller than 1000 um (0.039 in.) in its maximum dimen-
sion. In most cases the powders will be metallic, although in many instances they are combined with
other materials such as ceramics or polymers. Powders exhibit behavior that is intermediate between that
of a solid and a liquid. Powders will flow under gravity to fill containers or die cavities, so in this sense
they behave like liquids. They are compressible like a gas. But the compression of a metal powder is
essentially irreversible, like the plastic deformation of a metal. Thus, a metal powder is easily shaped,
but it has the desirable behavior of a solid after it is processed.

When one deal with powders, the properties of both the individual particles and the collective (bulk)
properties of the powder must be considered. The properties of single particles include size, shape, and
microstructure, which can be determined by optical or scanning electron microscopic observations. In
order to characterize a bulk powder, it is necessary to be able to determine at least the following prop-
erties:

Basic chemical composition. The minimum percentage of the base metal or the percentages of main
elements in case of metal alloy powders.

Impurities. The percentage of impurities.
Particle size distribution (see next section).

Apparent density. The weight per unit volume of a simply poured metal powder, which is always less
than the density of the metal itself. It is measured by letting the powder drop freely through a funnel to
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fill a 25 cm® (1.52 in.*) cylindrical container. The ratio between mass and volume, that is, the apparent
density, is provided through leveling and weighing and is expressed in kg/m’. The apparent density
depends on a series of factors, the more important of which are the metal’s true density, powder shape
and structure, particle size distribution, corrosion resistance, etc.).

Flowability. To assess the speed, standardized funnels with varying calibrated openings are used. A certain
amount of powder is poured in the funnel and the flow time is recorded.

4.2.1 Particle Size Measurement and Distribution
A particle is defined as the smallest unit of a powder. The particles of many metal powders are 25 to
200 pum (0.00098 to 0.0078 in.) in size.

Describing a three-dimensional particle is often a more complex matter than it first appears. For sim-
plicity, it is convenient to describe particle size in terms of one single number. The sphere is the only
shape that can be described by one dimension, its diameter (D). However, as a particle is rarely a per-
fect sphere, there are many different techniques that have been devised for determining particle size dis-
tribution; for a metal powder, screening techniques and laser diffraction have become the preferred
choices.

a) Screening Method
The most common method used for measured particle size is the use of screens (sieves) of different mesh
sizes. The term mesh count is used to refer to the number of openings per linear inch of screen.

The basic principle of sieving techniques is as follows. A representative sample of a known weight
of particles is passed through a set of sieves of known mesh sizes. The sieves are arranged in down-
wardly decreasing mesh diameters. The higher the mesh size number, the smaller is the opening in the
screen. For example, a mesh size No. 200 has an opening of 74 um, size No. 100 has an opening of 149
um, size No. 10 has an opening of 2.00 mm. The sieves are mechanically vibrated for a fixed period of
time. The weight of particles retained on each sieve is measured and converted into a percentage of the
total sample. This method is quick and sufficiently accurate for most purposes.

b) Laser Diffraction Method

Laser diffraction, alternatively referred to as low angle laser light scattering (LALLS), can be used for the
nondestructive analysis of wet or dry samples, with particles in the size range of 0.02 to 2000 um; this
method has inherent advantages which make it preferable to other options for many different materials.

Laser diffraction-based particle size analysis relies on the fact that particles passing through a laser
beam will scatter light at an angle that is directly related to the particles’ size. As particle size decreases,
the observed scattering angle increases logarithmically. Scattering intensity is also dependent on particle
size, diminishing with particle volume. Large particles, therefore, scatter light at narrow angles with high
intensity, whereas small particles scatter light at wider angles but with low intensity (Fig. 4.1).

A typical system consists of: a laser, to provide a source of coherent, intense light of fixed wave-
length; a series of detectors to measure the light pattern produced over a wide range of angles; and some
kind of sample presentation system to ensure that the material being tested passes through the laser beam
as a homogeneous stream of particles in a known, reproducible state of dispersion. The dynamic range
of the measurement is directly related to the angular range of the scattering measurement, with modern
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Fig. 4.1 Light scattering patterns observing for: a) large particle; b) small particle.

instruments making measurements from around 0.02 degree to beyond 140 degrees (Fig. 4.2). The wave-
length of light used for the measurements is also important, with smaller wavelengths (e.g., blue light
sources) providing improved sensitivity to sub-micron particles.

Wide angle detection ‘

system
Focel plane
detector |

Fig. 4.2 Typical laser diffraction instrument layout.

Laser light source

Obscuration
detector

Focusing lens

Sample cell

In laser diffraction, particle size distributions are calculated by comparing a sample’s scattering pat-
tern with an appropriate optical model. Traditionally, two different models are used: the Fraunhofer
approximation and the Mie theory.

The Fraunhofer approximation was used in early diffraction instruments. It assumes that the parti-
cles being measured are opaque and scatter light at narrow angles. As a result, it is only applicable to
large particles and will give an incorrect assessment of fine-particle fractions.

The Mie theory provides a more rigorous solution for the calculation of particle size distributions
from light scattering data. It predicts scattering intensities for all particles, small or large, transparent or
opaque. The Mie theory allows for primary scattering from the surface of the particle, with the intensity
predicted by the refractive index difference between the particle and the dispersion medium. It also pre-
dicts the secondary scattering caused by light refraction within the particle. This is especially important
for particles below 50 um in diameter, as stated in the international standard for laser diffraction meas-
urements.

Laser diffraction is a nondestructive, nonintrusive method that can be used for either dry or wet
samples. As it derives particle size data using fundamental scientific principles there is no need for
external calibration; well-designed instruments are easy to set up and run, and they require very little
maintenance.
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4.2.2 Particle Shape and Internal Structure
There are various types of metal powder particle shapes, several of which are illustrated in Fig. 4.3. The
choice depends on the requirements of the final product. The microstructure, bulk and surface proper-
ties, and porosity depend on the particle shape. There will be a variety of particle shapes in a collection
of metal powders, just as the particle size will vary. The particle shape is widely accepted as important
if process operation is to be optimized. One of the simple and most useful measuring techniques is dig-
ital imaging.

By this technique, particle shape is quantified in two ways. First, the aspect ratio determination is made.

Z % é@ 3 D

(a) (b) (© (d
(e) ® (®

Fig. 4.3 Schematic illustration of several particle shapes in metal powders: a) acicular;
b) spherical; c¢) rounded; d) spongy; e) flakey; f) cubic; g) angular.

Aspect ratio. In general, the aspect ratio is the ratio of the maximum dimension to the minimum dimen-
sion for a given particle and is defined more specifically in this method as the ratio of the maximum and
minimum particle dimension that passes through the geometric center of the particle. This is illustrated
in Fig. 4.4.

&

Geometric center

Fig. 4.4 Particle aspect ratio definition.

The aspect ratio for a spherical particle is 1.0, but for another grain, like a needle-shaped grain (aci-
cular), the ratio might be up to 4. Any amount of loose powder contains pores between the particles.
These are cooled open pores, but in some cases might be voids in the structure of individual particles
(closed pores) and their influence on powder characteristics is minor.

Shape factor. The second determination is defined as a shape factor that attempts to quantify the particle
shape as a single number. This is not easy; and there have been many attempts to employ shape factors
in the past. However, combining the flatness ratio and elongation ratio allows the shape of the particle to
be described by a shape factor.
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The flatness ratio p is the ratio of the short length (thickness 7) to the intermediate length w.

p=- 4.1)

The elongation ratio q is the ratio of the intermediate length w to the longest length /.

w
9= (4.2)
where
T = thickness of particle, mm (in.)
w = intermediate length of particle, mm (in.)
[ = longest length of particle, mm (in.).
Hence, shape factor is
T
w T
s=2=2-= 4.3)
q W w
[

Sy = shape factor
flatness ratio
g = elongation ratio

<
|

If
S¢ = 1, the particle is spherical or cubical;
S¢ < 1, the particle is more elongated and thin; “4.4)
S¢ > 1, the particle is blade-shaped.

Sphericity. Sphericity is, naturally, a measure of how spherical an object is. Defined by Wadell in 1932,
the sphericity W of a particle is the ratio of the surface area of a sphere with the same volume as the
given particle to the surface area of the particle:

1 2
m3(6V))3
Pv=_—" 4.5)
Ap
where
V, = volume of the particle and
A, = the surface area of the particle.

A particle that is a perfect sphere has sphericity value of ¥ = 1.
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4.2.3 Friction and Flow Characteristics of Particles

The friction characteristics of particles play a very important rule in the ability of a powder to flow read-
ily and pack tightly. The friction of particle aggregates basically involves two aspects: interparticle fric-
tion and friction between the aggregate and the walls of the container. Both aspects constitute challeng-
ing topics, and often both must be considered in dealing with practical problems related to powder
materials. Particle mechanics is the branch of knowledge that deals with the mechanics properties and
flow of particles and particle aggregates. Friction is a critical aspect of many particle mechanics prob-
lems. A common measure of interparticle friction is the angle of repose.

Angle of repose. Angle of repose, in general, is an engineering property of granular material. When pow-
ders are poured from a narrow funnel onto a horizontal surface, a conical pile will form (Fig. 4.5).

Funnel

| Pile of powders

Angle of repose

Fig. 4.5 Interparticle friction as indicated by the angle of repose.

The angle between the horizontal surface and the surface of the pile is known as the angle or repose
and is related to the density, surface area, and coefficient of friction of the particles. Materials with a
high angle of repose have greater friction between particles and form flatter piles than materials with a
smaller angle of repose. Smaller particle size generally indicater greater friction and steeper angles.

Powder flow. A simple definition of powder flowability is the ability of a powder to flow.
Flowability is the result of a number of factors and for convenience, they may be grouped under the
following headings:

» Physical properties of the powder particles, such as their size, shape, hardness, elasticity, poros-
ity, mass, interactions between particles, and so on.

» Environmental factors that affect the powder’s bulk properties, such as air or moisture content,
external pressure, vibration, etc. These factors modify the physical distribution and arrangement
of the particles in the powder mass.

* Individual particle changes caused by factors such as attrition, chemical charge, etc.
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Powders will flow under gravity to fill containers or die cavities, so in this sense they behave like
liquids. As particles in powders get smaller they have a greater tendency to adhere to one another rather
than to fall away under the influence of gravity. This is due to the fact that the surface area of the par-
ticles becomes large in proportion to the mass. Therefore, the surface forces of friction and cohesion
begin to dominate gravitational forces as particle size decreases. Increasing interparticle friction and cohe-
sion reduce the flowability of the powder. To reduce interparticle friction and facilitate flow during press-
ing, lubricants are added to the powders in small amounts.

Particle shape also greatly affects the flow characteristics of powders. Depending on the fabrication
method, particles can take on many different shapes including spherical, rounded, and angular.

The flowability of a powder can be quantified by measuring its gravity-driven flow rate through a cali-
brated orifice. The conventional method measures the time required for a 50-gram sample to flow through a
standardized funnel.

4.2.4 Packing, Density, and Porosity
A packing of particles is an assemblage of particles and is widely encountered in many industries. Pack-
ing characteristics depend on two density measures: the true density and the bulk density.

True density. The true density of a porous solid material (if the powders were melted into a solid mass)
is defined as the ratio of its mass to its true volume; the true density value is given in many tables as
one property of engineering materials.

Bulk density. The bulk density of a given powder is not a single or dual value; rather, it varies as a func-
tion of the applied consolidating pressure. Various methods can be used to measured bulk density. Those
methods incorporate various-sized containers that are measure for volume after being loosely filled with
a known mass of metal powder and then are measured again after vibration or tapping.

Packing Factor. The packing factor is the ratio of bulk density to true density. Typical packing factor
values are 0.5 to 0.7, meaning that the material will compact 30-50%.

The packing factor depends on the particle shape, the distribution of the particle sizes, and external
pressure applied during compacting of the particle. Vibrating the powders can also increase packing.

Porosity. Porosity is a measure of the void spaces in a powder material; the void spaces may contain
either air or liquid; porosity is an alternative way to consider the packing characteristics of a powder.
It is the proportion of the nonsolid (porous) volume to the total (bulk) volume, and is defined by the
ratio

%

= (4.6)

=
|

= non solid (porous) volume
V, = total volume of powder (bulk).

Porosity is expressed as a fraction between 0 and 1, or as a percentage between 0 and 100.
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4.3 PRODUCTION OF METALLIC POWDER

Generally, any metal can be made into a powder. There are three basic methods for producing metallic
powder: atomization, chemical, and electrolytic. Each method can be further subdivided and powders can
also be made by various combinations from each group. As a result, there is a wide range of production
routes available, each producing powders with their own particular characteristics.

4.3.1 Atomization

Atomization involves either spraying or smashing molten metal into smaller particles. That is the dom-

inant method for producing metal and pre-alloying powders from iron, steel, stainless steel, superalloy,

titanium alloy, aluminum alloy, and brass. It is the best method because it yields high production rates,

favors economies of scale, and because pre-alloying powders can only be produced by atomization.
There are many different processes employed industrially for atomization, several of which are:

* water atomization
* gas/air atomization
* centrifugal atomization.

a) Water Atomization

In water atomization (Fig. 4.6) the raw material is melted, and then the liquid metal is broken into indi-
vidual particles. To accomplish this, the melt stock, in the form of elemental, multi-element metallic
alloys, is melted in an induction, arc, or other type of furnace. After the metal is molten and homoge-
nous, it is transferred to a tundish, which is a reservoir used to supply a constant, controlled flow of
metal into the atomizing chamber. As the metal stream exits the tundish, it is struck by a high velocity
stream of the water.

Molten metal

Water

Chamber

R e
SRR

Fig. 4.6 Water atomization method for producing metal powder.

The water is sprayed at pressures that range from 1MPa to 10 MPa (145 to 1450 psi). The molten
metal stream is disintegrated into fine droplets, which solidify and cool during their fall through the
atomizing tank. Particles are collected at the bottom of the tank. Water atomization cools the metal
very rapidly, and the process can cause the formation of irregular particles. It can also corrode some
metals.
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b) Gas Atomization

In this process, atomization is accomplished by forcing a molten metal stream through an orifice at mod-
erate pressures (Fig. 4.7). An inert gas at pressures from 0.2 to 2.0 MPa (29 to 290 psi) is introduced
into the metal stream just before it leaves the nozzle, serving to create turbulence as the entrained gas
expands (due to heating) and exits into a large collection volume exterior to the orifice. The collection
volume is filled with gas to promote further turbulence of the molten metal jet.

Molten metal

Fig. 4.7 Gas atomization method for producing metal powder.

This process as compared to water atomization makes a similarly broad distribution and produce
very fine powders. However, the process must be operated more slowly than water atomization and the
energy needed to compress the gas is far higher than that needed to pump water. Because this cools the
metal at a slower rate, it creates a more circular particle. The advantage of the inert gas process is bet-
ter control of oxygen levels in oxygen-sensitive materials.

¢) Centrifugal Atomization
Centrifugal atomization of molten metals is a cost-effective process for powder production and spray dep-
osition. The properties of the powder and deposit produced by this method are determined primarily by
the characteristics of the atomized droplets, which in turn are largely dependent on the flow development
of the melt on the atomizer.

There are basically two types of centrifugal atomization processes: the rotating disk process and the
rotating electrode process.

Rotating disk process. In this process the molten metal stream drops onto a rapidly rotating disk or cup
on a vertical axis so that centrifugal forces break up the molten metal stream to form, first, a film of
molten metal and then to generate particles (Fig. 4.8a).

Naturally, the material of which the spinning disk or cup is made takes a lot of punishment. Parti-
cle sizes are not very fine, unless very high speeds (over 10,000 rpm) are used. An advantage of this
process is that it can produce much narrower distributions than gas or water atomization. Thus, exces-
sively fine or oversized particles can be minimized.

Rotating electrode process. In the rotating electrode process (REP) an arc is struck between a hori-
zontal tungsten cathode and a spinning electrode of the desired metal for pulverization (Fig. 4.8b).
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Fig 4.8 Centrifugal atomization: a) rotating disk method; b) rotating electrode method.

The electric arc (or plasma in later versions) melts the spinning workplace electrode tip, which throws
off a shower of the molten metal droplets by centrifugal forces. The droplets solidify as they pass
through a cooling gas or vacuum and are collected in a concentric chamber. A salient characteristic
of REP powder particles is their perfectly spherical shape and freedom from satellite particles adher-
ing to them.

4.3.2 Mechanical Processes
There are basically two types of mechanical processes for the production of metal powders: the mechan-
ical comminution process and the mechanical alloying process.

a) Mechanical Comminution Process

Brittle materials such as intermetallic compounds, ferro-alloys (ferro-chromium, ferro-silicon, etc.) are
pulverized mechanically in ball mills (Fig. 4.9), and a process known as the coldstream process is find-
ing increasing application for the production of very fine powders such as those required for injection
molding.

Material

Drive rollers

Fig. 4.9 Method of mechanical comminution to obtain fine particles.



86 Powder Metallurgy

Milling is the primary method for reducing the size of large particles and particle agglomerates. Ball,
hammer, vibratory, attrition, and tumbler mills are some of the commercially available comminuting
devices. During milling, forces act on the feed metal to modify the resultant particles. Impact, attrition,
shear, and compression all influence powder particle size and shape. Lathe turning is a technique used
for materials such as magnesium for creating coarse particles from billets. These particles are reduced
in size subsequently by milling or grinding.

b) Mechanical Alloying

Mechanical alloying is a process for the production of new materials. It takes place in a high-energy
mill where two powders of different origin are mixed. By the conversion of mechanical into chemi-
cal energy, nanocrystalline structures emerge that cannot be produced by conventional melting
methods.

In general, the process can be viewed as a means of assembling metal constituents with a controlled
microstructure. If two metals will form a solid solution, mechanical alloying can be used to achieve this
state without the need for an excursion into high temperatures. Conversely, if the two metals are insol-
uble in the liquid or solid state, an extremely fine dispersion of one of the metals in the other can be
accomplished. The dispersed phase can result in strengthening of the particles or can impart special elec-
trical or magnetic properties to the powder. The process of mechanical alloying was originally developed
as a means of overcoming the disadvantages associated with using powder metallurgy to alloy elements
that are difficult to combine.

Some oxides are insoluble in molten metals. Mechanical alloying provides a means of dispersing
these oxides into the metals. Examples are nickel-based superalloys strengthened with dispersed thorium
oxide or yttrium oxide (Y,03). These superalloys have excellent strength and corrosion resistance at ele-
vated temperatures, making them attractive candidate materials for use in applications such as jet engine
turbine blades, vanes, and combustors.

4.3.3 Chemical Processes
There are numerous chemical methods for producing powders. Generally, chemical methods result in
very fine powder particle sizes.

The most common chemical powder treatments involve oxide reduction, precipitation from solutions,
and thermal decomposition. Chemical reduction involves a variety of chemical reactions that reduce the
metal into elemental powders. A common process involves liberating metals from their oxides by the
use of reducing agents, which attach to the oxygen in the oxide and render metal powders. The powders
produced in this way have a great variation in properties and yet have closely controlled particle sizes
and shapes. Oxide-reduced powders are often characterized as “spongy,” due to pores present within indi-
vidual particles. Solution-precipitated powders can provide narrow particle size distributions and high
purity. Thermal decomposition is most often used to process carbonyls. These powders, once milled and
annealed, exceed 99.5 percent purity.

Mill scale and oxidized metallic products are annealed to reduce both the oxygen and carbon con-
tents. FeO, Fe,03, or Fe;0,, are reduced in the presence of a reducing atmosphere. In addition, the car-
bon within the particles is removed via the formation of CO and CO,.

Hydrometallurgical manufacturing and thermal decomposition are alternative chemical methods.
Precipitation of a metal from a solution can be accomplished by using electrolysis, cementation, or
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chemical reduction. This is done either from a solution containing an ore, or by means of precipitation of
a metal hydroxide followed by heating which results in decomposition and reduction.

4.3.4 Electrolytic Deposition

Electrolytic deposition is often categorized as a fourth mode of powder fabrication. In this process an
electrolytic cell is set up in which the source of the desired metal is the anode and the process involves
the precipitation of a metallic element at the cathode of an electrolytic cell (Fig. 4.10).

Bath

(B

Fig. 4.10 Electrolytic cell operation for ;040 7
deposition of powder. |_Electrolyte

By the choice of suitable conditions, composition and strength of the electrolyte, temperature, cur-
rent density, and so on, many metals can be deposited in a spongy or powdery state. Extensive further
processing: washing, drying, reducing, annealing, and crushing, may be required. Copper is the main
metal produced in this way, but chromium and manganese powders are also produced by electrolysis. In
these cases, however, a dense and normally brittle deposit is formed and needs to be crushed to powder.
Electrolytic iron was at one time produced on a substantial scale but it has been largely superseded by
powders made by less costly processes. Electrolytic powders are of high purity with a dendritic mor-
phology.

4.3.5 Hybrid Atomization

There is increasing demand for fine spherical powder with uniform particle size applicable to advanced
powder metallurgy such as metal injection molding, solder for electronics parts, joining and conductive
inks. However, conventional technologies cannot easily produce powders that satisfy such requirements
and so a new powder production technology is needed.

National Institute for Materials Science (NIMS) developed the world’s first powder production
method, hybrid atomization, which can easily produce powder having 10 um or smaller spherical parti-
cles, with uniform size and low oxygen content. Such powders cannot be produced by conventional pow-
der production technology.

Hybrid atomization (Fig. 4.11) efficiently combines gas atomization with centrifugal atomization.

The gas atomization breaks molten metal into pieces of several ten to several hundred micrometers in
size using a gas jet. A rotating disk located beneath the spray is driven at high speed (5000 to 66,000 rpm),
and the molten metal is spread uniformly over the rotating disk using a gas spray flow, thereby forming a
thin liquid film of 10 um thickness or less. Then, the fine droplets are scattered from the edge of the rotat-
ing disk to result in a fine spherical powder.
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Fig. 4.11 Schematic illustration of hybrid atomization: Source “Development of Production
Method for Fine Spherical Metallic Powder of Uniform Size,” NIMS.

4.4 POWDER MANUFACTURING PROCESSES OF METAL PARTS

The first modern P/M product, the tungsten filament for electric light bulbs, was developed in the early
1900s. It was followed by tungsten carbide cutting tool materials in the 1930s, automobile parts in the
1960s and 1970s, aircraft turbine engine parts in the 1980s, and, finally, parts made by powder forging,
metal injection molding, and warm compacting in the 1990s.

After metallic powder is produced, it can be converted to a solid in different ways. But there are
three basic steps in producing P/M components that are common to most techniques. Whether the final
result is sintered brass, sintered stainless steel, sintered bronze, or any other powder-based element, the
three production steps are the same:

1. blending and mixing of the powders;
2. compaction;
3. sintering.

4.4.1 Blending and Mixing of the Powders
In the first step, blending and mixing, various metal powders are combined to produce the desired mate-
rial properties. Many of the alloy powders are available premixed—the powder already has the correct
material characteristics. Other ingredients, such as die lubricants, are usually added to the mix.
Blending is a process in which powders of the same chemical make up but different sizes are com-
bined. Mixing is a process in which powders of different chemical makeups are combined to make an alloy.
Blending and mixing is done in a mixer device; some of these are schematically illustrated in
Fig. 4.12; they include the horizontal rotating drum, the rotating double cone, the screw mixer, and
the blade mixer.
In the drum and double cone methods, the container has bafflers inside to prevent the mixture from
the free falling, an action that separates the particles by mass. This is the point at which other materials
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Fig. 4.12 Blending and mixing devices: a) rotating drum; b) rotating double cone
¢) screw mixer; d) blade mixer.

can be added to the mixture. The other materials consist of lubricants (used to lower the friction between
the powder and the die), binders (used to hold some metals together between pressing and sintering), and
deflocculants (used to allow for better powder flow in the die). Lubricants typically are stearic acid or
zinc stearate in a proportion of 0.25 to 5% by weight. Some metallic powders can be explosive, such as
magnesium, titanium, and zirconium; for that reason great care must be exercised during blending and
handling.

4.4.2 Compaction of Metallic Powder
After the metallic powders have been blended, compacting is the next step in which the blended pow-
ders are pressed into various shapes in a die, as shown in Fig. 4.13.

T v Compacted
Upper punch
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Powder
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Fig. 4.13 Compacting metallic powder: a) filled die cavity with powder; b) initial position of upper
and lower punches; c) final position of upper and lower punches; d) ejection of part (green).

In compaction, the powder is fed into a die cavity, either automatically or by hand by a feed shoe, and
is then pressed into the die cavity at pressures that usually range from 140 to 825 MPa (10 to 60 ton/in.?).
At the start the powder is at about 2.5 times the final part volume. The presses used are actuated either
hydraulically or mechanically to the final shape. Two different types of presses are used to form green com-
pact: single-action and double action presses.
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The process generally is carried out at room temperature, although it can be done at elevated tem-
peratures. After pressing, the part, which is called a green compact, is ejected from the die. The green
compact now has what is called green density, which is nearly the true density of the material. The part
is now in a finished form, but it is not strong enough to use as a finished part. Green parts are very frail
and can crumble or be damaged very easily. To obtain higher green strengths the powder must be fed
properly into the die cavity, and proper pressures must be developed throughout the part.

As the compacting pressure increases, the compact density increases, and the individual particles are
pressed together to plastically deform them, increasing their contact (and friction) and decreasing the
pore size. Figure 4.14 shows density of the powders as a function of pressure.
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Fig. 4.14 Density of the powders as a function of pressure: a) filled die cavity with powder;
b) initial position of upper and lower punches; c) final position of upper and lower punches.

One disadvantage of this technique is the differences in pressed density that can occur in differ-
ent parts of the component due to particle/particle and die wall/particle frictional effects. Typical
pressed densities for soft iron components would be, e.g., about 90% of theoretical density. Com-
paction pressure rises significantly if higher pressed densities are required, and this practice becomes
uneconomical due to higher costs for the larger presses and stronger tools to withstand the higher
pressures.

a) Force

The required force for pressing depends on the cross-sectional area of the P/M part (area in the horizon-
tal plane for a vertical press) and the pressure needed to compact given metal powders. This force may
be calculated by the following formula:

F = AppC 4.7)
where
F = required force, N, (Ib)
A, = cross-sectional area, m®> (in.?)

p. = compaction pressure MPa (psi)



Powder Metallurgy 91

4.4.3 Sintering

Sintering is the final process in P/M whereby powder compacts are heated so that adjacent particles fuse
together, thus resulting in a solid part with improved mechanical strength compared to the powder com-
pact. Sintering temperature is below melting point (generally within 70 to 90% of the melting point of the
metal or alloy) and the metal remains unmelted. The temperature in the furnace is high enough to get metal
into the recrystallization zone. In this temperature zone the metal particles begin to recrystallize into each
other. Sintering times average from 1 to 1.5 hours for small parts, such as bushings, to 3 hours for aver-
age-size ferrous parts. However, for tungsten parts, average sintering time may go to 8 hours. Hardening
sintered parts involves applying a controlled cooling rate in a separate cooling section of the sintering fur-
nace. In the cooling section of the sintering furnace, the parts are cooled in a protective atmosphere in order
not to be oxidized in contact with air. Dissociated ammonia or nitrogen-based atmospheres are commonly
used. Vacuum atmospheres are used for certain metals, such as stainless steel and tungsten.

The cooling speed, especially in the range of 850 to 500°C (1560 to 930°F) also affects the mechan-
ical properties, due to phase transformations in the material. During the sintering, a moderate dimensional
change takes place. Most materials shrink, but some alloying elements, such as copper, cause material
growth. The design of the die must compensate for any anticipated dimensional change.

4.4.4 Secondary Operations
Although P/M parts can be used as finished parts, they also may need some additional operations after
sintering to improve their properties or to impart special characteristics to the parts themselves.

Repressing. A second pressing operation wherein (the part is squeezed in a closed die) serves to decrease
porosity (i.e., improve density) for applications where density is very important to achieve the required
mechanical or other physical properties. After repressing, the parts are sintered a second time.

Sizing. Sizing is forcing the part through a finish die to provide dimensional accuracy.

Coining. Coining is a pressworking operation on a sintering part to improve the surface finish by fur-
ther densification or to press details into its surface.

Finishing operations. Some powder metal parts require additional finishing operations, which may
include: machining to produce holes or threaded holes, and various other geometric features by milling
or other processes grinding to improve dimensional accordance and surface finish; plating to improve
resistance to wear and corrosion and sometimes to improve appearance; heat treating for improved hard-
ness and other mechanical properties.

Joining. Larger parts and very complex shapes can be obtained by joining. Several techniques exist for
joining, such as diffusion bonding, sinter brazing and laser welding.

Infiltration. The interconnected porosity is filled with an alloy having a melting point lower than the sin-
tering temperature of the metal of which the component is made, e.g., copper-based alloys infiltrate fer-
rous parts, usually during the sintering phase. Infiltration makes the components impermeable, and there
is some increase in mechanical properties, but at the expense of dimensional accuracy. Infiltration
simplifies some heat treatments. For instance, it is easier to obtain a defined case depth without inter-
connected porosity.
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Impregnation. Sintered parts achieve greater protection against corrosion by being impregnated by oil or
another nonmetallic material. Self-lubricating bearings are manufactured by impregnating porous sintered
bearings with lubricants; these bearings can only be produced by powder metallurgy.

4.4.5 Isostatic Pressing

Conventional pressing is a uniaxial technology that is widely used for shaping parts in powder metal-
lurgy. However, green compacts may be subjected to alternative pressing in order to accomplish more
uniform microstructure and density. Two of the most commonly used alternative sintering methods are
cold isostatic pressing and hot isostatic pressing.

a) Cold Isostatic Pressing

In cold isostatic pressing (CIP), metal powders are contained in a flexible mold that is typically made of
rubber or another elastomer material and pressed to the green compact by a fluid. Usually water or oil
is used to provide the hydrostatic pressure against the mold inside the chamber. The most common pres-
sure is 400 MPa (58,000 psi). As the pressure is isostatic, the pressed component is of uniform density.
Figure 4.15 illustrates the processing sequence in cold isostatic pressing.

Pressure seal cover Fluid  Mold seal plate

Pressure vessel
_ Metal mandrel

Wire mesh basket

Pressure source M

Powder

Fig. 4.15 Cold isostatic pressing.

The advantages of CIP include more uniform density, less expensive tooling, and greater applicabil-
ity to shorter production runs, typically less than 10,000 parts per year.

Good dimensional accuracy is difficult to achieve in isostatic pressing, due to the flexible mold. Nor-
mally, this technique is only used for roughly shaped components, all of which require considerable sec-
ondary operations to produce the final, accurately dimensioned component.

b) Hot Isostatic Pressing
Hot isostatic pressing (HIP) is a manufacturing process that uniquely combines pressure and tempera-
ture to produce materials and parts with substantially better properties than other techniques. Powders
are usually encapsulated in a sheetmetal capsule (mold). The capsule is evacuated, the powder outgassed
to avoid contamination of the materials by any residual gas during the consolidation stage, and the cap-
sule is sealed off. It is then heated and subjected to isostatic pressure sufficient to plastically deform both
the mold and the powder (Fig. 4.16). The pressure medium is inert gas, usually argon.

The rate of densification of the powder depends upon the yield strength of the powder at the tem-
peratures and pressures chosen. At moderate temperatures, the yield strength of the powder can still be
high and require high pressure to produce densification in a relatively short time. Typical values might
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Fig. 4.16 Hot isostatic pressing: a) capsule is filled; b) capsule is evacuated and sealed
hermetically; c¢) schematic illustration of hot isostatic pressing.

be up to 1200°C (2200°F) and 100 to 300 MPa (14,500 to 43,511 psi). Pressing at very much higher
temperatures requires lower pressures, as the yield strength of the material is lower.

The main advantage of HIP is its ability to improve the mechanical properties, produce compact
with almost 100% density, and increase the workability. Disadvantages of HIP include that it is a rela-
tively expensive process, and good dimensional accuracy of parts is not easy to achieve with this method.

HIP applications include defect healing of castings, consolidation of metal powder (preform on near-
net-shaped parts); improving the structural properties of premium investment castings, primarily for aero-
space applications, for which the process was initially used; sintering of diamond and carbide tools; and
fabrication of metal matrix composites in the aircraft industry.

4.4.6 Powder Injection Molding
Powder injection molding (PIM) refers to the processing of both metal and ceramic powders. When one
is dealing with metals or alloying powders, the term metal injection molding (MIM) is used. Powder
injection molding is an innovative and cost effective manufacturing process commonly used for com-
plex, high quality medical and dental components. It is a high volume, high quality, cost effective process
that helps eliminate secondary machining operations for metal part production. PIM is very efficient for
manufacturing small, intricate, and complex parts with good mechanical properties and geometrical
accordance.

The most common used materials for MIM are stainless steel, chrome-nickel steel, iron, and titanium.

The process is generally best suited to parts measuring less than 6 mm (0.25 in.) thick and weigh-
ing less than 100 grams. Powder injection molding is a multi stage process. A general outline of the
process is illustrated in Fig. 4.17.

In this process very fine powders (= 10 wm) are processed as follows:

1. Mixing. Metallic powders are mixed with an organic binder. Of the maximum powder content
of approximately 60 present volumes, 40% is binder.

2. Pelletizing. Granular pellets are formed from the mixture into feedstock.

3. Molding. The feedstock then undergoes a process similar to die casting; it is injected into the
mold at a temperature of 140 to 200 °C (284 to 400 °F), and under pressure of 0.40 to 0.85
MPa (58 to 123 psi).
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Fig. 4.17 An outline in powder injection process.

4. Debinding. The molded green parts are heated at a low temperature to burn off the binder, or
a chemical catalytic is used to remove the binder.

5. Sintering, the parts are sintered in the furnace at sintering temperature (generally within 70 to
90% of the melting point of the metal or alloy).

Secondary operations are performed as appropriate. The major limitations of MIM are the limited
availability of fine metal powders and its relatively high cost of production.

4.4.7 Powder Rolling, Extrusion, and Forging
Rolling, extruding, and forging are plastic deformation metal-forming processes. In this section, these
processes are described in the context of powder metallurgy.

a) Powder Rolling

This term is applied to the process, now established on an industrial scale, wherein a metal powder is
fed continuously into a rolling mill (Fig. 4.18), which may be heated, and compacted between the rolls

Powder Hopper

Hot rolls Coiler

— - — -

/o
hapi 11
M Sintering furnace Cooling

Fig. 4.18 Powder rolling illustration.
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into strip at speeds of up to 0.5 m/s (1.6 ft/s). This strip is passed through a sintering furnace and rerolled
to the finished size. In general, the product does not have any advantage over strip produced by conven-
tional metal-rolling from bulk, although in some cases superior homogeneity can be demonstrated as well
as freedom from laminations that can arise from bulk defects.

The main advantages of the process are these: low capital cost compared to traditional melting, forg-
ing, etc.; fewer operation steps compared with conventional rolling; availability of cost row materials;
precision control of composition and ability to use high purity metals; applicable to composite type
mixtures or immiscible components that currently cannot be produced by the conventional methods; and
adaptability and versatility, including ability to roll multilayer structure.

Sheetmetal for controlled expansion properties of products such as for alkaline batteries, fuel cell
electrodes; and for coins can be made by this process.

b) Powder Extrusion

Extrusion, in general, is a process that forces metal to flow through a shape forming die. In powder
metallurgy extrusion is used for consolidation of powder: The powder is placed in a vacuum-tight
sheet metal container and, heated and extruded from the container. However, small pores are apt to
remain in the extruded compacts. In the extrusion process, powder is deformed severely at the wall
side, but passes through a die without severe deformation near the central portion of a container. One
solution to minimize the problem of residual pores is to change the flow direction of the material
one or more times during extrusion. In this method, powder is compressed into a cylindrical con-
tainer and extruded through a die with a rectangular exit with changing flow direction at a right angle
to the compression axis during the process. This method achieves a high degree (99%) of density in
the P/M product.

After sintering, preformed parts may be reheated and forged in a closed die to their final shape.

¢) Powder Forging

The purpose of forging, whether performed hot or cold, is to improve part performance. Densification
is an essential part of the powder forging process. The powder forging (P/F) process is performed in
three steps, with the first two similar to normal powder metallurgy processing. A preform is pressed
as a conventional P/M compact, referred to as a preform. The mass, density, and shape of the preform
are controlled closely to ensure consistency in the characteristics of the final forged part. The preform
is sintered with particular paid attention to the reducing of nonmetallic inclusions. The sintered pre-
form can be forged to full density in two ways: i.e. direct forging the preforms from the sintering
temperature, or forging sintered preforms after new heating to forging temperature. The amount of
deformation involved is sufficient to give a final density approaching very closely that of the solid
material, and consequently, the mechanical properties are comparable with those of material forged
from wrought bar.

Advantages of powder metal forging applications include the following: improved strength and den-
sity; high level static and dynamic properties; material flexibility, from low-to-high alloy steel; minimum
weight fluctuations and reduced burr waste; high cost effectiveness; lower tooling cost; and good dimen-
sional accordance of forged parts.

The powder forging process is used mainly in making parts for the automotive industry. Such parts
can have inside and outside spline forms, cam forms, and other forms that require extensive machining.
In addition to the well-known connecting rod, other applications include bearing races, torque converter
hubs, and gears.
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4.4.8 Liquid Phase Sintering

Liquid phase sintering (LPS) is a subclass of the sintering process and can be defined as sintering involv-
ing a coexisting liquid and particulate solid during some part of the thermal cycle. The most common
way to obtain the liquid phase is to use a system involving a mixture of two powder metals in which
there is a difference in the melting temperatures between the metals. The interaction of the two powders
leads to formation of a liquid during sintering. The melted metal thoroughly wets the solid particles,
leading to rapid consolidation and giving rapid compact densification without the need for an external
force. It is, of course, essential to restrict the amount of liquid phase in order to avoid impairing the
shape of the part. Depending on the metals involved, prolonged heating may lead to diffusion of the lig-
uid metal into the solid or the dissolution of solid particles into the liquid melt. In either case, the result-
ing part is fully dense (having no pores) and strong.

4.5 POWDER METALLURGY MATERIALS

As precision-engineered materials, metal powders are available in a great variety for fabricating a wide
range of products through the P/M process. Generally, powder mixes for compacting are prepared from
three powder types. The first type is admixed powder, in which elemental alloying powders (such as cop-
per, nickel, graphite, and tin) are added to base element powders (such as iron or copper). The second
type is partially alloyed powder, composed of two or more elements with alloying additives that are dif-
fusion-bonded to the base powder during the powder manufacturing process. These powders produce a
heterogeneous microstructure with good dimensional control and excellent as-sintered mechanical prop-
erties. The third type is prealloyed powder, which is atomized from alloyed furnace melts such that each
powder particle has the same nominal composition throughout. Prealloyed powders yield homogeneous
phase constituents in the microstructure.

4.5.1 Conventional Materials

For a brief overview showing the scope of conventional materials, refer to these tables: In Table 4.1,
materials for ferrous structural parts are listed; in Table 4.2 are shown materials for soft magnetic
parts; in Table 4.3 materials for nonferrous parts are given; and in Table 4.4 are shown materials for
self-lubricating bearings.

Table 4.1 P/M materials for ferrous structural parts

MPIF
MATERIAL designation code* Density** Tensile strength COMMENTS
composition g/em? MPa (psi X 10°)
F-0008 6.9 370 (54)
0.8C Cost effective
1
Carbon stee F-0008-HT 6.9 390 (85)
0.8C
FC-0208 6.7 410 (60)
2Cu, 0.8C Good sintered
1 s
Copper stee FC-0208-HT 6.7 590 (85) strength
2Cu, 0.8C

(continued)



Table 4.1 Continued

MPIF
MATERIAL designation code* Density** Tensile strength COMMENTS
composition g/cm? MPa (psi X 10°)
FN-0205 7.1 390 (57) Good heat-
Nickel steel 2Ni, 0.5C treated strength,
FN-0205-HT 7.1 1000 (145) impact energy
2Ni, 0.5C
FL-4405 7.1 460 (66) Good
Low alloy steel 0.85Mo, 0.5C hardenability,
FL-4405-HT 7.1 1100 (160) consistency in
0.85Mo, 0.5C heat treatment
FNL-4405 7.05 550 (80) Best heat-treated
Hybrid low 2Ni, 0.85Mo, 0.5C strength, impact
alloy steel FNL-4405-HT 7.05 1170 (170) energy
2Ni, 0.85Mo, 0.5C
FD-0205 6.95 540 (78) Best sintered
Diffusion- 1.75Ni, strength
alloyed steel I.SCU, O.SMO, OSC
FD-0205-HT 1.75Ni, 6.95 900 (130)
1.5Cu, 0.5Mo, 0.5C
Sinter FLC-4608-HT 7.0 690 (100) Hardenable in
hardened 1.35Ni, 1.5Cu, 0.5Mo, sintering
Steel 0.8C
SS-316N2 6.5 410 (60) Good corrosion
Stainless steel 17Cr, 12Ni, 2.5Mo resistance,
SS-430N2 appearance
17Cr 7.1 410 (60)

Table 4.2 P/M materials for soft magnetic parts

MPIF desiona q Density# Magnetic properties
esignation code ensity
MATERIAL i
composition glem’ Induction Maximum
kG) permeability H/m
Iron FF-0000 6.6 9.0 1700
<0.03C
Phosphorus iron FY-4500 6.8 10.5 2300
0.45p
Silicon iron FS-0300 7.2 13.0 5000
3Si
Nickel iron FN-5000 7.5 12.0 12,000
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Table 4.3 P/M materials for nonferrous parts

MPIF Designation Code Density**
MATERIAL Composition g/em? Usage and characteristics
Copper C-0000 8.0 Electrical parts, conductivity
0.2 max other 85% IACS
Bronze CTG-1001 10Sn, 6.2 Self-lubricating bearings,
1 Graphite 22% minimum oil content
Red brass CZ-1000 7.9 Hardware items, yield
10Zn strength 76 MPa (11,000 psi).
Yellow brass CZ-3000 7.6 Hardware items, yield strength
30Zn 110 MPa (16,000 psi).
CNZ-1818 7.9 Appearance, corrosion
Nickel silver 18Ni, 18Zn resistance, yield strength
138 MPa (20,000 psi).
2.6 Light weight, corrosion
resistance, good electrical,
Aluminum 4Cu, 0.5Mg, 1Si thermal conductivity, T4
condition tensile strength
220 MPa (32,000 psi).

Table 4.4 P/M materials for self-lubricating bearings

MPIF designation Density** Oil content K Strength
MATERIAL code composition g/cm’® Volume % MPa (psi X 10%)
Bronze CT-1000 6.0-6.4 24 130 (19)
CTG1001 6.4-6.8 17 160 (23)
Diluted bronze FCTG-3604 6.0-6.4 17 150 (22)
Iron graphite FG-0303 5.6-6.0 18 70 (10)

**Density is given as typical values.
*Reference: MPIF Standard 35, Materials Standards for PM Structural Parts.

4.5.2 Advanced Materials

Advanced materials outperform conventional materials, with superior properties such as toughness, hard-
ness, durability, and elasticity. There is always a real need for better materials; the questions are how
much better and at what cost? An applied scientist, with a particular application in mind, will scour lists
of known materials looking for one that meets his or her needs. The development of advanced materi-
als can even lead to the design of completely new products, including medical implants and computers.
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If existing materials are unsuitable, the applied and basic scientists must work together to develop
new materials. The area of advanced materials research is very broad in scope and potential applications,
and synergism between what is available and what needs to be developed reflects the important and com-
plementary roles of the basic and applied sciences in materials science.

While some advanced materials are already well-known, it will take a few more years for others to
appear in products. Here, we describe some advanced P/M materials that are manufactured using
advanced processes such as pressing, metal injection molding, and spray forming. In addition, certain
alloys are produced nearly exclusively by P/M techniques.

a) Superalloys

The use of high alloy P/M materials, notably superalloys, is most common in the production of near-net
shapes and the forging of preforms for aircraft turbine engines. Economic benefits have been the prime
driving force in the use of P/M for the manufacture of these high cost alloys.

These super alloys are processed from highly controlled, metallurgically clean powders produced by
inert gas atomization methods that minimize surface oxidation during processing. After powder screen-
ing and cleaning, the powder is compacted using hot isostatic process. Thermochemical processing may
be performed to enhance mechanical properties or microstructure. Hot extrusion of the atomized pow-
der is an alternate consolidation method.

P/M processing offers the advantages of a homogeneous microstructure and near-net-shape config-
uration for a lower cost. As a result, thousands of pounds of P/M superalloy components are now fly-
ing in both military and commercial aircraft engines.

b) Tool Steels
High performance tool steels and high speed steels are produced in mill shapes using P/M process tech-
niques. P/M tool steels offer these advantages:

* finer grain structures

* improved homogeneity and distribution of secondary and carbide phases
* elimination of secondary stringers

* less distortion in heat treatment

* improved grindability

* greater wear resistance

* improved toughness and fracture strength.

The hot isostatic process has also been used in the production of P/M tool steels to near-net tool
shapes, such as hobs and shaper cutters. Tool steel parts can also be made by conventional cold com-
pacting combined with high-temperature sintering.

¢) Refractory Metals

The refractory metals, alloys, and composites are produced using nonfusion powder metallurgy tech-
niques. Products include tungsten lamp filaments, tantalum capacitors, molybdenum heating elements,
tungsten-copper composite heat sinks, and tungsten-silver composite circuit breaker contacts. The tung-
sten-based “heavy alloys” (tungsten plus liquid phase sintering aids) are used for radiation absorption,
gyroscope weights, and kinetic energy penetrators.
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d) Beryllium

The P/M processing of beryllium starts with cold isostatic processing followed by hot pressing or a hot
forging or extrusion step. Sometimes hot isostatic pressing is substituted for the hot pressing step. Due
to its light weight, beryllium is used mainly for aircraft and aerospace products.

e) Titanium

The use of P/M titanium metal and its alloys continues to increase since P/M provides a near-net shape
product as compared to more expensive cast, forged, and machined processing. Depending on the appli-
cation and production quantities, titanium P/M products are processed either by conventional press-and-
sinter techniques or hot isostatic pressing. The latter exceeds the minimum wrought alloy specifications.
Product applications include aerospace/aircraft components, sporting goods, chemical processing equip-
ment, and biomedical systems.

f) Metal Matrix Composites

Powder metal processing has been successfully applied to a variety of metal matrix composites, the most
popular being aluminum-silicon carbide particulate reinforced materials. These composites offer high
stiffness (modulus), reduced thermal coefficient of expansion with little effect on thermal conductivity
or density. These Al-SiC composites are being used for their structural stiffness and strength in aircraft
and sporting goods products, as well as in electronic thermal management applications such as heat sinks.
Manufacturing techniques require CIP to consolidate the powders, followed by hot extrusion or hot forg-
ing to full density.

4.6 DESIGN CONSIDERATIONS IN POWDER METALLURGY
The powder metallurgy manufacturer is often confronted by a drawing for a component designed with
a conventional manufacturing process in mind. It is not desirable for the powder metallurgy component
manufacturer or designer to attempt to follow these drawings; it is far better to redesign the component
so that it can fulfill its design function, while taking full advantage of the powder metallurgy process,
in particular the cost-effective manufacture to near-net shape with close dimensional tolerances.

The P/M part and the complexity of tooling used to produce it are closely related. Two major fac-
tors in the compacting operation influence or control part design: the flow characteristic in the die and
the degree of brittleness of the green parts.

4.6.1 Tooling Considerations

Although powder metallurgy industry standards (MPIF Standard 35, and ISO5755: 2001) provide use-
ful physical and mechanical property design data for engineers familiar with the P/M process, those less
experienced with this manufacturing process may benefit from additional guidance. In this section, tool-
ing considerations are divided into three broad areas: size and shapes, design details, and design of typ-
ical parts.

a) Sizes and Shapes

Fart sizes. The size limitation of P/M parts is based on powder compressibility and press tonnage. Since
compaction occurs in the vertical direction, using only top and bottom motions, part lengths in the press-
ing direction are limited. The compression ratio the ratio of the height of the loose powder filling the
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die-to-height of the compacted part also tends to limit vertical part lengths. A length-to-wall thickness
ratio greater than 8:1 is difficult to press, and density variations are virtually unavoidable.

Part shapes. The shape of the part must permit ejection from the die. Part geometry must be compat-
ible with a uniaxial compaction motion in the vertical direction. Significant variations in part length in
the cross section require different tooling motions in the compaction press. Cam, gears, and sprockets
are readily made. The shape of the part should permit the construction of strong tooling. The part should
be designed with as few changes in section thickness as possible: the number of levels in the part should
not exceed the number of pressing actions available in the compacting press. With too many levels,
density varies considerably and part quality becomes a problem. Face forms on upper or lower punches
can provide bosses, pads, lettering, countersinks, and other features. Parts weighing from a few grams
to 11.8 kg (26 lbs) or more are possible.

b) Design Details
Successful design for P/M rests on an understanding of how the unique aspects of the technology affect
the countless details that make up the design of any structural part.

Holes. Holes in the pressing direction can be round. Tooling members, which create holes, are called
core rods. Lightening holes are frequently added to large parts to reduce the projected pressing area, thus
making parts lighter and easier to press. Blind holes, blind steps in holes, and tapered holes are readily
produced. Side holes have to be produced after a sintering operation, usually by machining.

Wall thickness. Die fill is all-important. As a general rule, walls should not be made any thinner than
1.45 mm (0.06 in.). One should avoid designing long thin walls; they require tooling that is complicated,
and the parts themselves have a tendency toward density variation.

Flatness. Total measured flatness depends on part thickness and surface area. Thin parts tend to distort
more than thick parts during sintering or heat treatment. Repressing improves flatness. Projection bassis
are easier to flatten than entire face areas.

Taper and draft. Drafts are generally not required or desired on sides of parts. While drafts on outer sec-
tions for ejection are sometimes helpful, producing one demands careful timing of the tools and slower
production rates.

Fillet and radii. Generous fillet radii are most desirable. Tooling with such fillets is more economical
and longer lasting. Parts made with fillets have greater structural integrity (Fig. 4.19). Parts with gener-
ous radii are more easily and more quickly made.

Chamfers and bevels. Chamfers are necessary on front edges to prevent burring. For example, on bush-
ings (Fig. 4.20) a chamber and 0.13 to 0.38 mm (0.005 to 0.015 in.) flat to eliminate feature edges are
the preferred.

Countersinks. A countersink is a chamfer around a hole for a screw or bolt head (Fig. 4.21). When the coun-
tersink is formed by a punch, a 0.25 mm (0.010 in.) nominal flat is essential in order to avoid sharp, flanged
edges on the punch.
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| | Fillet radius
‘ \
\ 7/ \ \
AL O A Un B 77/ 7
| |
‘ Fillet radius
Poor Good Poor Good
\ : Fillet radius
Poor Fillet radius © ™" Good

Fig. 4.19 Examples of P/M parts showing poor and good designs.

Source: Metal Powder Federation.

s el e

b=0.13 to 0.38 mm (0.005 to 0.015 in.) Poor Good
Fig. 4.20 Chamfers are Fig. 4.21 Countersink in clearance.
preferred on parts edges. Source: Metal Powder Federation

Source: Metal Powder Federation

Flanges. Flanges or overhands can be produced by step in the die. Too long flanges a causes ejection
difficulties. A long flange should incorporate a draft around the flange, a radius at the bottom edge, and
radius at the juncture of the flange and component body to reduce stress concentrations and the likeli-
hood of fracture.

Hubs. The P/M process can readily produce hubs, which are complementary part sections to gears,
sprockets, or cams. It is important to include a generous radius between the hub and flange section and
to maximize space between the hub and the root diameter of the gear or sprocket.

Slots and grooves. Grooves can be pressed into either end of a part from projections on the punch face,
with the following general caveats (Fig. 4.22). Curved or semicircular grooves are limited to maximum
dept of 20% of the overall part length. Rectangular grooves are limited to a maximum depth of 15% of
thickness of the workpiece in the pressing direction, surfaces parallel to the pressing direction have up
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Fig. 4.22 Semicircular and rectangular groove.
Source: Metal Powder Federation

to 12° draft, and all corners are radiused. Deep narrow slots and grooves require fragile tool members
and should thus be avoided.

Undercuts. Undercuts on the horizontal plane (perpendicular to the pressing direction) cannot be made
since they prevent part ejection from the die. Annular grooves must be machined as a second operation
(Fig. 4.23a).

For a part such as that shown in Figure 4.23b, where a juncture undercut is needed to allow fit-up to a
“dead corner,” an alternative approach is shown in Fig. 4.23c.

} | %%W

‘@‘

(b) (C)
Poor Good Poor Good

Fig. 4.23 Undercuts: a) annular groves cannot be molded; b) undercuts cannot
be molded; ¢) undercut can be molded.
Source: Metal Powder Federation

Tolerances. For reasons of economics, tolerances no closer than necessary should be specified. Table 4.5
illustrates tolerances characteristic of P/M and competitive neat-net shape forming methods.

¢) Design of Typical Parts
Although P/M is used for a whole host of parts in many different applications, most parts (typical cat-

egories include gears, cams, assemblies, and bearings) have their own unique design considerations.
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Table 4.5 Tolerances that can be produced in P/M process

Typical dimensional Critical dimensional
Forming method tolerances (%) tolerance (%)

mm/100 mm (in./in.) mm/100 mm (in./in.)
P/M 0.203 (0.002) 0.102 (0.001)
P/M (secondary forming) 0.102 (0.001) 0.051 (0.0005)
Cold forming 1.016 (0.010) 0.203 (0.002)
Hot extrusion 1.016 (0.010) 0.305 (0.003)
Fine blanking (single level) 0.013 (0.0005) 0.020 (0.0002)
Die casting*
Magnesium & Aluminum 0.203 (0.002) 0.107 (0.0010)
Zinc 0.254 (0.0025) 0.107 (0.0010)
Hot closed-die forging
Conventional 2.032 (0.02) 1.524 (0.015)
P/M perpendicular to press axis 0.325 (0.0032) 0.254 (0.0025)**
P/M parallel to press axis 1.016 (0.010) 0.508 (0.005)

Source: Metal Powder Industries Federation.
*Die parting line tolerance will be two to three times greater than the date shown.

**Fixture-quenched forgings, i.e., forgings clamped for quenching during heat treatment immediately after hot forging, can hold tighter
tolerance.

Gears. Gears are well-suited to P/M production. Carbide dies for production gears provide long life and
good accordance. P/M gears can be made with blind corners, thus eliminating the need for undercut
relief. P/M gears can be comminuted with other configuration such as cams, and various other compo-
nents. P/M helical gears are possible; copper infiltration is sometimes used to improve teeth density.
Since tooth and shape is not a problem, true involve gear forms are more easily produced through P/M
than with other fabrication methods. One should keep in mind when designing P/M gears that hubs or
pinions should be located as far as possible from gear root diameters.

Cams. Cams are well-suited to P/M production: The process provides excellent surface finishing and part-
to-part consistency; the natural finish of a self-lubricating P/M cam will often outwear a ground cam sur-
face; for radial cams, the shape is formed in the die; for face cams, the shape is formed in the punch faces.

Assemblies. Two or more P/M parts can often be joined from a unit that is difficult, if not impossible,
to make as a single structure. Capitalizing on P/M’s flexibility, it is feasible to make assemblies of very
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difficult materials such as a bronze bearing in a ferrous structural part. P/M parts can be joined by con-
ventional methods and also by sintering together materials of appropriately different characteristics. Cop-
per infiltration during sintering can be used to bond steel parts.

Bearings. Bearings are natural products for P/M because of its controlled porosity and the resulting self-
contained lubricant. Plane bearings, flanged bearings, spherical bearings, and thrust washers are com-
monly produced with P/M technology. The operation environment should be carefully considered: exter-
nal lubrication, cooling, and hardened or chromium-plated shafts tend to increase permissible loads.
Repeated start-stop operation, oscillatory or reciprocating motion, high speed, and temperature extremes
tend to decrease permissible loads.

4.7 ECONOMICS OF POWDER METALLURGY
Powder metallurgy is a continually and rapidly evolving technology that embraces most metallic and
alloy materials and a wide variety of shapes. P/M is a highly developed method of manufacturing reli-
able ferrous and nonferrous products. The growth of the P/M industry during the past few decades is
largely attributable to the cost savings associated with net or near-net shape processing compared to other
metalworking methods such as casting or forging.

The following will explain why powder metallurgy is competitive against alternative production
processes. There are two principal reasons for using a powder metallurgy product:

1. cost savings
2. unique properties attainable only by the P/M method.

In the automotive sector, which accounts for about 80% of structural P/M production, the reason for
choosing P/M is, in the majority of cases, an economic one. Why then is P/M more cost effective?

* A sintered P/M part of comparable quality may be cheaper than a cast of wrought component.
* It provides better material utilization with close dimensional tolerances.

e It is suited to high-volume parts production requirements.

e It provides long-term performance reliability in critical applications.

Conventional metal forming or shaping processes, against which P/M competes, generally involve
significant machining operations from bar stock or from forged or cast blanks. These machining oper-
ations can be costly and are wasteful of material and energy. This fact is illustrated in Table 4.6,
which shows that material utilization in excess of 95% can be achieved with close dimensional
tolerances.

The example in Table 4.6 compiles date for a comparison for a production of notch segments for
track transmission. The P/M process has the highest raw material utilization (95%) and the lowest energy
requirement per kg of finished part compared with other manufacturing processes. The energy savings
alone contribute significantly to the economic advantage offered by P/M. Compared with forging, machin-
ing, and a number of other processes, P/M consumes only around 45 to 50% of the energy and the num-
ber of process steps is greatly reduced.

Equipment costs for conventional P/M processing are somewhat similar to those for bulk forging,
but the cost increases significantly for HIP methods. Labor costs are not as high in other processes
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Table 4.6 Raw material utilization and energy requirements of various manufacturing processes

Manufacturing process Raw material utilization % Energy requirement per kg finished part MJ (Btu)
Casting 90 30-38 (23434-36017)

Sintering 95 29 (27486)

Cold or warm extrusion 85 41 (38860)

Hot drop forging 75-80 46-49 (43599-45495)

Machining process 40-50 66-82 (66,555-77,721)

because operations are primarily performed on highly automated equipment, and the skills required are
not as high.

REVIEW QUESTIONS

4.1
42
43
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15

Name some of the reasons for using powder metallurgy.

Describe characteristics of metal powders.

Describe the two most common methods for measuring particle size.
What is shape factor?

Why does the friction of particles play an important role in the powder metallurgy process?
What is packing factor?

Describe the production process of metallic powder.

Describe the production steps involved in making powder metallurgy parts.
What is sintering in powder metallurgy?

Explain the difference between impregnation and infiltration.

Explain static pressing.

Describe powder rolling, extruding, and forging processes.

Explain liquid phase sintering.

Which metals can be used in powder metallurgy processes?

Why are design considerations important in P/M processes?
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DEFORMATION PROCESSES

In this part the most commonly used metal deformation processes are discussed, those in which the
starting materials are solid. The five chapters deal with the fundamentals of metal forming, rolling,
forging, extrusion and drawing, and sheet metal working (Fig. III.1). Special attention is given to mate-
rial behavior in metal forming, friction in metal forming, mechanics of the processes, estimation of
forces, clearance, and other important factors in deformation processes. Detailed analytical mathemat-
ical transformations are not included, but the final formulas derived from them, which are necessary in
practical applications, are included.

Fundamentals of
metal forming

Rolling of

metals
Deformation Forging of
processes metals

Extrusion and
drawing

Sheet metal
working

Fig. III.1 An outline of the deformation processes described in Part III.
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FUNDAMENTALS OF METAL FORMING

5.1 INTRODUCTION
Metal forming is one of three major technologies used to fabricate metal products; the others are cast-
ing and powder metallurgy. However, metal forming is perhaps the oldest and most mature of the three.

Metal forming consists of plastic deformation, a process in which a metal billet or blank is shaped
by tool or dies. The design and control of such processes depend on many factors, such as the charac-
teristics of the workpiece material, the mechanics of plastic deformation (metal flow), the equipment
used, and the finished product requirements.

These factors influence the selection of tool geometry and material, as well as processing conditions
such as temperature and lubrication.

Most metal production starts off as cast; however, a very large proportion of cast metal is then
processed by a bulk plastic deformation process, either to improve the metal’s structure and properties
or to give the desired final shape (or close to it) required, or both.

Plastic deformation involves a change in shape without a change in volume and without melting.
For many metals this means processing at a temperature a bit above half the melting point. In this tem-
perature region most metals have low strength and high ductility.

The material must not fracture while undergoing plastic deformation; this is not a problem with
many metals, but some metals can fracture easily, for example, molybdenum; for these, deformation must
be carried out under hydrostatic pressure to prevent cracking or fracture.

Because plastic deformation occurs with the metal in the solid state, die filling is much more difficult
than with casting; sharp corners and thin webs are particularly difficult to fill.

109
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In general, desirable properties for forming usually include low yield strength and high ductility.
Strain rate and friction are additional factors that affect performance in metal forming. In this chapter,
most of these factors will be examined.

5.2 CLASSIFICATION OF METAL FORMING PROCESSES

Metal forming is normally performed after the primary processes of extraction, casting, and powder com-
paction and before the finishing processes of metal cutting, grinding, polishing, painting, and assembly.
An initially simple workpiece—a billet or a sheet of metal, for example—is plastically deformed between
tools or dies to obtain the desired final configuration. All metal forming processes can be classified into
two broad categories: bulk or massive deformation processes such as rolling, forging, extrusion, and
drawing; and sheet metal forming processes such as bending, stretch forming, deep drawing, and vari-
ous other forming processes.

a) The First Group of Processes

In the first group of processes the input material is in billet, rod, or slab form, and the surface-to-volume
ratio in the formed part increases considerably under the action of largely compressive loading. The sur-
face of the deforming metal and the tools are in contact, and friction between them may have a major
influence on material flow.

Rolling. Rolling is a compressive deformation process in which the thickness of the initial material is
reduced by passing it through a series of driven rolls.

Forging. This is the basic process of using compressive force to shape the workpiece through various dies
and tooling.

Extrusion. Extrusion is a compression metal working process used to produce long, straight workpieces
by the squeezing of a solid slag of metal from a closed container through a die.

Drawing. Drawing is a process in which the cross-section of a long rod or wire is reduced or changed
by pulling it through a draw die.

b) The Second Group of Processes
The second group of processes involves partial or complete plastic deformation of the material.

Bending. This process consists of uniformly straining flat sheets or strips of metal around a linear axis.
On the outside of the bend, the workpiece is stressed in tensile deformation beyond the elastic limit, but
the inside of the bend is compressed.

Twisting. Twisting is the process of straining flat strips of metal around a longitudinal axis.

Curling. Curling is forming a rounded, folded-back, or beaded edge on thin metal parts or strips for the
purpose of stiffening and for providing a smooth, rounded edge.
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Deep drawing. In this process, a flat blank is formed into a cylindrical or box-shaped workpiece by
means of a punch that forces the blank into a die cavity. Drawing may be performed with or without
reduction in the thickness of the material.

Spinning. Spinning is the process of forming a workpiece from a circular blank or from a length of tub-
ing. All parts produced by this process are symmetrical about a central axis.

Stretch forming. This process produces a contoured workpiece by stretching a metal sheet, strip, or pro-
file over a shaped block form.

Necking. Necking is an operation by which the top of a cup may be made a smaller diameter than its
body.

Bulging. Bulging is a process that involves placing a tubular, conical, or curvilinear part in a split female
die and expanding it with a polyurethane plug.

Flangeing is a hole-making process that is performed on flat stock. The flangeing in this sense refers to
the forming of a flange on a flat part by drawing stock out of a previously made hole.

5.3 MATERIAL BEHAVIOR IN METAL FORMING PROCESSES

Metal deformation is an integral part of manufacturing operations. For example, during the process of
stretching a piece of metal to make some part of aircraft or automobile structure, the material is sub-
jected to tension. By the same token, when a solid cylindrical piece of metal is forged in the making of
a gear disk, the material is subjected to compression. Sheet metal, too, undergoes shearing stress when
a hole is punched in it.

Strength, hardness, toughness, elasticity, plasticity, brittleness, ductility, and malleability are mechan-
ical properties used as measurements of how metals behave under a load. These properties are described
in terms of the types of force or stress that the metal must withstand and how these forces are resisted.
Common types of loading are compression, tension, shear, torsion, or a combination of these stresses,
such as fatigue. In Fig. 5.1 the most common types of stress are shown.
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Fig. 5.1 Types of stress: a) tension; b) compression; c) shear.

Tension (or tensile) stresses develop when a material is subject to a pulling load, as, for example,
when a wire rope is used to lift a load. “Tensile strength” is defined as resistance to longitudinal stress
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or pulling; it can be measured in kilograms per square meter or pounds per square inch of cross-
section.

Compression stresses develop within a sample material when forces compress or crush it. For exam-
ple, the material that supports an overhead beam is in compression, and the internal stresses that develop
within the supporting column are compressive. Shearing stress occurs within a material when external
forces are applied along parallel lines in opposite directions. Shearing force can separate a material by
slipping part of it in one direction and the remainder in the opposite direction.

Materials scientists learn about the mechanical properties of materials by testing them. Results from
the tests depend on the size and shape of the material to be tested (the specimen), how it is held, and how
the test is performed. To make the results comparable, use is made of common procedures, or standards,
which are published by the American Society for Testing Materials (ASTM).

5.3.1 Tensile Properties

Tensile properties indicate how a material will react to forces being applied in tension. A tensile test is a
fundamental mechanical test in which a carefully prepared specimen is loaded in a very controlled man-
ner while the applied load and the elongation of the specimen are measured over some distance. Tensile
tests are used to determine the modulus of elasticity, the elastic limit, the elongation, the proportional
limit, the reduction in area, the tensile strength, the yield point, the yield strength, and other tensile prop-
erties. The stress (o), calculated from the load, and the strain (g), calculated from the extension, can either
be plotted as

1. nominal (engineering) stress—strain, or
2. true stress—strain.

The first is more important in design, and the second is more important in manufacturing. The graphs in
each case will be different.

a) Nominal Stress—Strain
Nominal stress, also called the engineering stress in a tensile test, is defined as the ratio of the applied
load F to the original cross-section area A, of the specimen:

- 5.)
o, = — .
n AO
where
o, = nominal (engineering ) stress MPa (Ib/in.?)
F = applied load in the test, N (Ib)
A, = original area of the test specimen, mm?>(in.?).
Nominal (engineering) strain is defined as
l - lo Al
&g, = = — 5.2)
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g, = normal (engineering) strain, mm/mm (in./in.)
= instantaneous length of the specimen, mm (in.)
ly = original gage length, mm (in.)

N
|

In Fig. 5.2 a typical stress—strain curve from a tensile test of a medium steel specimen is shown.
The stress-strain relationship in Fig. 5.2 has two zones, indicating two types of strain:

1. elastic strain and
2. plastic strain.

Elastic |, Plastic

Fracture

B F

Stress

UTs

0 B
0.002 Strain

Fig. 5.2 Typical stress-strain curve for medium carbon steel.

In the elastic zone, the relationship between stress and strain is proportional. Elastic strain is the stretch-
ing of atomic bonds and is reversible. Elastic strain can be related to stress by Hooke’s law:

o, = Eg, (5.3)

where
E = modulus of elasticity (Young’s modulus), MPa (Ib/in.%).

Plastic strain, or plastic flow, is the irreversible deformation of a material. There is no equation to

relate the stress to plastic strain.
Several significant points on the stress—strain curve can be defined that help us to understand and

predict the way any building material will behave.

Point A is known as the limit of proportionality—the point beyond which Hooke’s law is no longer in
effect. This is the point at which slip due to dislocation movement occurs in favorably oriented grains.
The graph is linear up to this point and begins the transition from elastic to plastic deformation above
this. Strain increases faster than stress at all points on the curve beyond point A.

Point B is known as the elastic limit, also known as yield stress—the stress at which yielding occurs
throughout the whole specimen. The stress required for slip in a particular grain will vary depending on
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how the grain is oriented, so points A and B will not generally be coincident in a polycrystalline sample.
At this point, the deformation is purely plastic.

Point Y is known as the 0.2% proof stress. For soft and ductile materials, the exact positions of A and
B on the stress—strain curve may not be easily determinable because the slope of the straight portion of
the curve decreases slowly. Therefore, the yield point is usually determined as the point on the
stress—strain curve that is offset by a strain of 0.002 or 0.2% elongation.

Point M is known as ultimate tensile strength (UTS)—the point at which plastic deformation becomes
unstable and a neck forms in the specimen. The UTS is the peak value of nominal stress (o,) during
the test.

F max

O = UTS = = (5.4)
0

where

o, = nominal stress in the point M, MPa (Ib/in.?)
F .« = maximal applied load in the test, N (Ib).

Plastic forming of metals is performed in the domain between points Y and M.
If the specimen continues to be loaded beyond the UTS point, its deformation will continue in the
necked region until fracture occurs at point F.

Point F is known as the final instability point, or the failure point.

b) Ductility
Ductility is most commonly defined as the ability of a metal to plastically deform easily upon applica-
tion of a tensile force without breaking or fracturing. Ductility may be expressed as either percentage of
elongation or percentage of area reduction in the specimen.

Elongation can be defined as:

lf - lo
0o = —— X 100. (5.5)
lo
Reduction can be defined as:
Ay — Ay
Yy =——X 100 (5.6)
Ag
where
Il = length at the fracture, mm (in.)
ly = the original specimen gauge length, mm (in.)
A, = original specimen gauge cross-section area, mm>(in.?);

A; = cross-section area of the specimen at the fracture, mm?(in.?).

Note: I; length is measured between the original gauge marks after the pieces of the broken specimen
are placed together.
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Elongation ranges approximately between 8% and 60% for most metals, and 20% and 90% are typical
measurements for the reduction of area. Ductile materials such as thermoplastic and superplastic mate-
rials show large deformation before fracture, and of course, exhibit much higher ductility, but brittle
materials have little or no ductility.

¢) True Stress—Strain

A nominal stress—strain curve does not give a true indication of the deformation characteristics of a
material because it is based on the original cross-sectional area A, of the specimen, and this dimension
changes continuously during the test. In the solution of technical problems in metal forming, true stress
and true strain are much more important.

True stress o is defined as the ratio of the load F to the actual stress—section area A of the specimen:

o == (5.7)

where
o = true stress, MPa (Ib/in.?)
F = applied load in the test, N (Ib)
A = actual area (instantaneous area resisting the load, mm?(in.%).

True strain in a tensile test can be defined by dividing the total elongation into small increments of actual
change in length. Then, using calculus, it can be shown that true strain is defined by the equation
where

[
€= In () (5.8)
ly
& = true strain, mm/mm (in./in.)

[ = instantaneous length at any moment during elongation, mm (in.).

If the true stress, based on the actual (instantaneous) cross—sectional area of the specimen, is used, it is
found that the stress—strain curve increases continuously up to fracture. If the strain measurement is also
based on instantaneous measurements, the curve which is obtained is known as a true stress—strain curve
(Fig. 5.3).

The stress—strain curve in Fig. 5.3a can be represented by the equation

o = K¢&" (5.9)

where
K = is the strength coefficient, MPa (Ib/in.?)
n = strain-hardening (work-hardening) exponent.

This equation is called the flow curve, and it represents the behavior of metals in the plastic zone, includ-
ing their capacity for cold strain hardening.
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Fig. 5.3 True stress—strain curve for medium steel: a) nonlogarithmic; b) logarithmic.

When the curve shown in Fig. 5.3a is plotted on a logarithmic graph (Fig. 5.3b), it is found that the
curve is a straight line, and the slope of the line is equal to the exponent n. The value of constant K
equals the value of true stress at a true strain value to 1.

The strain-hardening exponent may have a value from n = 0 (perfectly plastic solid) to n = 1 (elastic
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SN é’ / stress ‘ g b ‘
= | e |
/ ‘ Slope n = a/b |
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True strain

solid). For most metals, n has values between 0.10 and 0.50.

Example:

A metal is deformed in a tension test into its plastic region. The original specimen had /; = 50 mm and A, =

322.6 mm>.

At one point in the tensile test, the gage length /; = 63.5 mm and the corresponding engineering
stress o,,; = 172.5 MPa; at another point, the tensile test prior to necking, the gage length /, = 78.5 mm
and the corresponding engineering stress o,, = 193 MPa. Determine the strength coefficient K and strain-

hardening exponent n.

Solution:
At the first point given, engineering strain is

Iy —1Ip 635 —50

L

lo

Use the engineering stress and engineering strain to find the true stress by the relationship:

o, = a,(1 + e, = 172.5(1 + 0.27) = 219.1 MPa.

The true strain is given by

o)
g = In o = In

= 0.27.

63.5
— ] = 0.24.
50 )
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At the second point engineering strain is

Hence, true stress is

oy = o(1 + &,) = 193(1 + 0.57) = 303 MPa.

! 78.5
& = In (12) = In <50) = 045
0

Now we have two points on the true stress—strain curve: (0.24, 219.1) and (0.45, 303). Use a log scale
to determine the strain hardening exponent n.

True strain is

a 1og303 — log219.1
n=-—-=

b log0.45 — log0.24

= 0.509

Use the point-slope equation with true strain equal to 1; calculate the strength coefficient K from

K — o, =n(e — g)
logKk — logo; = n(1 — loge,)
logKk — log219.1 = 0.509(1 — log0.24)
K = 1462.5 MPa.

5.3.2 Flow Stress
Flow stress is a fundamental parameter for determining the force and power required to accomplish a metal
forming operation.

Flow stress is defined as a stress that results in the material’s flow in a one-dimensional stress state.
Various material and process factors affect the flow stress. The material factors include the purity of the
material, the crystal structure, the grain size, the heat treatment of materials, and so on. With a higher
purity of material, the flow stress value also becomes higher. Crystal structure changes resulting from the
hardening and softening during cold-and-hot forming strongly affect the metal flow stress. The finer the
grain size, the higher the flow stress becomes. Heat treatment has a significant influence on the flow stress
of cold-forming. However, for hot-forming, the heat treatment only has a slight change in its flow stress.

Besides the material-related factors discussed above, forming process parameters such as strain,
strain rate, and temperature also play an extremely important role. Such forming parameters receive much
close attention from metal forming engineers.

With increased temperature, material becomes softer, so the flow stress decreases (Fig. 5.4a). The
influence of strain can be described in a very rough way as a flow stress increase with an increase of
strain. This statement is correct for cold forming (Fig. 5.4b).
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Fig. 5.4 Influence factors on the flow stress a) temperature; b) strain.

For hot-forming, sometimes the foregoing statement is not correct, especially when the strain is very
high. In this case, the flow stress reaches a certain peak value and then may decrease or stay constant

with the increase of the strain.
For cold-forming (i.e., the forming temperature is considerably lower than the recrystallization tem-

perature), the flow stress for most metals depends on the logarithmic deformation strain. This depend-
ence can be expressed by the approximate relationship

o; = Ke" (5.10)
where
o; = flow stress, MPa (Ib/in.?)
K = strength coefficient, MPa (Ib/in.?)
n = strain-hardening (work hardening) exponent.

This relationship is valid for € # 0, i.e., oy = Y(o ).

a) Average Flow Stress
Since metal deformation exists between the lower limit € = 0 and upper limit € = max, it is necessary

to use an average flow stress o ¢y, to calculate stresses, deformation energy, and forces.
The average flow stress for cold-forming is determined by integrating the flow curve equation (5.10)
between € = 0 and € = max, which is defined as

Ke"

5.11
1+n ( )

Oftm) —

where
Ofm) = average flow stress, MPa (Ib/in.?)
& = maximum strain value during the deformation process.

The physical meaning of the mean flow stress can be demonstrated in Fig. 5.5, where the hatched sur-
face below the curve can be understood as the generated work per cubic unit due to the effect of strain

and stress.
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Flow stress curve

Fig. 5.5 Flow curve during cold-forming indicating location
of average flow stress.

5.4 TEMPERATURE IN METAL FORMING
Metal forming involves the reshaping of metals while they are still in the solid state. By taking advan-
tage of the plasticity of certain metals, the forming process makes it possible to change a metal shape
from its current solid form into the desired form. Further, it accomplishes this without melting, thereby
avoiding any potential difficulties in the handling of molten metal or in the integrity of the molded
products.

Generally, metal forming operations can be categorized as hot-cold-or warm-working processes. The
temperatures involved in these processes are not static but vary from metal to metal.

5.4.1 Cold Working
Cold working is also known as cold-forming; it is any form of mechanical deformation processing car-
ried out on a material below its recrystallization temperature. Cold working processes can be divided
into two broad groups:

The first group are processes in which cold working is carried out for the purpose of forming
the workpiece only. Here, any strain-hardening effects are not desired and may have to be removed by
annealing both between the various stages of plastic deformations as well as after the final cold-working
operation.

The second group includes processes in which the aim of cold-rolling is not only to obtain the
required shape but also to strain-harden and strengthen the metal. Plastic deformation must not be car-
ried beyond a certain point or brittle fracture is likely to result. In order to avoid this, total deformation
can be accomplished in a series of steps in which the workpiece is successively cold-worked by a small
amount and then process-annealed in order to reduce hardness and increase ductility, thereby permitting
further cold-working as required.

Cold-working leads to anisotropy and increased stiffness and strength in a metal. There is a corre-
sponding decrease in ductility and malleability as the strain hardens the metal. Hardening, or strain-hard-
ening, during cold-working is an important process used to increase the strength and/or hardness of met-
als and alloys that cannot be strengthened by heat treatment. It involves a change of shape brought about
by the input of mechanical energy. As deformation proceeds, the metal becomes stronger but harder and
less ductile, requiring more and more power to continue deforming the metal. Finally, a stage is reached
where further deformation is not possible—the metal has become so brittle that any additional deforma-
tion leads to fracture. In cold-working, one or two of the dimensions of the workpiece being cold-worked
are reduced, with a corresponding increase in the other dimensions. This produces an elongation of the
grains of the metal in the direction of working to give a preferred grain orientation and a high level of
internal stress.
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The increase in internal stress not only increases strength and reduces ductility and malleability but
also results in a very small decrease in density, a decrease in electrical conductivity, an increase in the
coefficient of thermal expansion, and a decrease in corrosion resistance, particularly stress corrosion
resistance.

The advantages of cold-forming over hot-working include the following: a better quality surface
finish, closer dimensional control of the final parts, strain-hardening, and other improved mechanical
properties.

5.4.2 Warm-Working

The resistance of metal to plastic deformation generally falls with higher temperatures. When forming
is conducted at temperatures above room temperature but below the recrystallization temperature, it is
called warm-forming. As the name implies, warm-working is carried out at intermediate temperatures;
thus, it is a compromise between cold-and hot-working. The temperature range for this category of plas-
tic deformation is

03T, = T < 0.5T, (5.12)

where
T,, = melting point for the particular metal, K
T = working temperature, K.

Today, many forming processes are performed warm to achieve a proper balance between required forces,
ductility during processing, and final product properties. During warm-forming of most steels, a specific
range of temperatures (where the steel hardens by precipitation hardening) should be avoided. With today’s
sophisticated equipment for the control of temperature and its distribution, the choice of the working tem-
perature may be more precisely followed to ensure optimal production, as typically demonstrated by pre-
cision closed-die flashless forming.

Better formability, less forming force, and satisfactory quality are the most important characteristics
of warm-forming processes.

5.4.3 Hot Working

Hot working refers to the forming process where metals are deformed above their recristallisation tem-
perature. The recristallisation temperature for given metal is about one-half its melting temperature meas-
ured on the absolute scale. The temperature range for this category of plastic deformation is

06T, =T =< 0.75T, (5.13)

where
T,, = melting point for the particular metal, K
T = working temperature, K.

Hot-forging is usually done with high-alloy tools that can withstand elevated temperature. Tool life
considerations require as short a time of contact as possible between the tool and the workpiece; thus
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mechanical presses that do not dwell at the bottom of the stroke are recommended for hot-forging.
Hot-working of the metal significantly increases ductility, capability to produce substantial plastic
deformation of the metal, and lowers the force required to deform the metal. Because of the absence
of the oriented grain structure, which is typically created in cold-forming, the strength properties are
isotropic. Disadvantages of hot-working include lower dimensional accuracy, lower quality surface fin-
ish, higher total energy required, and shorter tool life.

5.4.4 Isothermal Forming
Isothermal forming is a hot-working process in which the tools are preheated to the same temperature
as that of the hot workpiece. Some metals, such as highly alloyed steels, many titanium alloys, and high-
temperature nickel alloys, are difficult to form with conventional hot-forming methods. The problem is
that when these metals are heated to their hot-working temperature and then come in contact with the
cold dies, the heat is very quickly transferred away from the workpiece surface, creating areas of vari-
ous temperatures and strengths in the outside region of the workpiece. The different strengths in some
regions of the workpiece cause irregular flow patterns in the metal during deformation, leading to high
residual stress and possible surface cracking. With isothermal forming this problem is eliminated, and
final parts have good dimensional accuracy and good finish surface.

The dies for isothermal forming are made of nickel or molybdenum alloys because of their resist-
ance to high temperature. Isothermal forming is expensive and production rate is low. However, it can
be economical for some intricate forgings made of aluminum or titanium alloys.

5.5 EFFECT OF STRAIN RATE
The strain rate is the rate at which the deformation occurs, i.e., deformation or strain per time unit. This
is equivalent to the instantaneous strain (or change in strain) per time unit.

AY:

= — 5.14
&=y, (5.14)

where
& = true strain rate, s ..

For most metals an increase of strain rate raises the flow stress. The amount of the effect depends
on the materials and temperature. With increased temperature the material becomes softer, so the flow
stress decreases. One exception to this is the temperature range within which a phase transformation
occurs. In this temperature range, the flow stress can increase significantly with the increase of
temperature.

In general, with the increase of strain rate, the flow stress increases (Fig. 5.6). The contribution of
strain rate on flow stress to cold-forming is much smaller than to hot-forming, and can often be neg-
lected. Under certain conditions the strain rate can reach 1000 to 2000s ' for some metal forming
processes such as high-speed rolling (rolling speed 30 to 50 m/s). When the strain rate is taken over
10005~ ! range, the flow strain almost keeps constant with the rate of increase of strain. Before this range,
there is a peak value of the flow stress.



122 Fundamentals of Metal Forming

o Of g
i / cr— b
g ‘ % ‘ Slope m = a/b
| | E |
0 1.0 2.0 30 ¢ 0 1.0 10 100 ¢
Strain rate Strain rate

(a) (b)

Fig. 5.6 Effect of strain rate on flow stress at elevated work temperature:
a) on Cartesian coordinates; b) log-log coordinates.

Strain rate dependence of flow stress. The average strain rate during most tensile tests is in the range of
1072 to 1072 s~ L. If it takes 5 minutes during a tensile test to reach a strain of 0.3, the average strain
rate can be expressed in this equation:

0.3
== =10 3!
7 (5 X 60) g

At a strain rate of & = 10 25! a strain of ¢ = 0.3 will occur in # = 30 s. For many metals, the effect
of the strain fate on the flow stress o at a fixed strain and temperature can be described by a power law
expression

op = Ce" (5.15)

where
C = strength coefficient (similar but not equal to the strength coefficient K in equation (5.10)
m = strain rate sensitivity exponent.

Flow stress as a function of strain and strain rate can be expressed by the following equation:
op = Ag"e" (5.16)

where
A = strength coefficient (combining the effect of the coefficients K and C).

5.6 FRICTION IN METAL FORMING

In all machines incorporating parts with relative motion, friction is present. Friction is a force that resists
the motion caused by another force on an object. Friction requires that the object be in contact with
another object or material and that external force must be applied on the object in an attempt to move
it. The type of motion determines the different type of friction, for example, sliding, rolling, and fluid
friction. If an object does not move as a result of applied force, then, the friction is considered static. If
a force is sufficient to move an object, the friction is called kinetic. The cause of friction is a combina-
tion of surface roughness, molecular adhesion, and deformation effects.
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At particular locations in machines, friction is an undesirable property. Friction can lead to bad per-
formance of, for example, a servo system. At other locations, friction plays an important role and is
desirable, as is the case, for example, in actions such as walking and in a brake system.

When a force F applied to one object tends to slide that object across the surface of another object,
and some other force N is pressing the surfaces together, a drag force is created between the two sur-
faces that is parallel to the surfaces (Fig. 5.7a).

Generally speaking, if you push on a block at rest, it will resist with a force that matches your
applied force until you overcome the friction; then the block starts to move. After the block starts to
move, it usually takes less force to keep the block in motion at a constant speed. The maximum force
at the point at which the block starts to move and the force required to keep the motion going at a con-
stant velocity are characterized by static and kinetic coefficients of friction (Fig. 5.7b). These coeffi-
cients are just the applied forces under those two conditions divided by the force pressing the surfaces
together.

Conditions where static

i N s friction exceeds kinetic
Applied g S
force FQrge of 2 Static AN
Block friction o =
o | friction \
Q . .
5 \ Kinetic
= | friction
% \\\\\ |

Applied force F
(a) ()

Fig. 5.7 Block sliding on surface to illustrate friction: a) block; b) diagram of friction.

Static friction. For objects at rest, the classical approximation of the force of friction between surfaces
of two objects is given by the following equation:

F, = uN (5.17)

where
F, = force of static friction, N (Ib)
m, = coefficient of static friction
N = normal force exerted between the surfaces, N (Ib).

The coefficient of static friction depends upon the roughness of the surfaces, but not upon the contact
surface area, provided the two surfaces are made of dissimilar enough material so that any cohesive force
between the two surfaces is small.

Force of static friction (like normal force) is a reaction force in that its value depends upon the mag-
nitude of some external force applied to the object that pushes it along the surface.

The force of friction is always opposite to the direction of the other forces imposed. The force of
static friction increases up to a maximum value, after which the object “breaks loose” and begins to start
moving.
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Kinetic friction. For objects in motion the force of friction between surfaces of two objects is given by
the equation

where
F = force of kinetic friction, N (Ib)
uyx = coefficient of kinetic friction
N = normal force exerted between the surfaces, N (Ib).

Coefficient of kinetic friction (like static coefficient) depends upon the roughness of the surfaces in con-
tact. However, it is generally smaller in value than the static coefficient.

M < Hs (5.19)

Coefficient of kinetic friction is that which applies in most manufacturing processes, because there
is usually relative motion between the surfaces involved. For relative velocities in a range of up to 1 m/s,
the coefficient of kinetic friction is approximately constant.

What is friction? Why does it happen? There are a number of explanations for the phenomenon of
friction. Today, a commonly accepted theory of friction is the adhesion theory, based on the observation
that any two clean and dry sliding surfaces are in contact with each other at only a small fraction of the
apparent area between them (Fig. 5.8a). This is true regardless of how apparently smooth the surfaces
are. Since the normal load N is supported by the tiny projections on the surface, at these points the
stresses involved are very high, leading to plastic deformation and adhesion in some cases. Their con-
tact creates an adhesion bond. To break these bonds, as the two surfaces move relative to each other, a
force F is required that is applied against the bonding junctions as a shear force. Where the adhesion
bonds are broken, wear particles are formed at that place (Fig. 5.8b).

Therefore, the coefficient of friction, according to adhesive theory, can be defined as

L A 1 (5.20)
2N ra, '
Breaking of bonds and

Adhesion of asperities formation of wear particles
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Fig. 5.8 Microscopic view of two sliding surfaces: a) adhesion of asperities;
b) breaking of adhesion junctions to form wear particles.



where

7 = shear stress, MPa (Ib/in.?)
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Y = compressive yield stress of the asperities, MPa (Ib/in.?)

Table 5.1 shows representative values of the static and kinetic coefficients of friction for various combi-

nations of materials with dry, clean surfaces.

Table 5.1 Coefficient of sliding friction for various materials”

Material Combination

Coefficient of friction w (dry)

Static Kinetic
Aluminum-aluminum 1.05-1.35 1.4
Aluminum-mild steel 0.61 0.47
Brass—cast iron - 0.3
Bronze—cast iron - 0.22
Cadmium—cadmium 0.5 -
Cadmium-mild steel - 0.46
Cast iron—cast iron 1.1 0.15
Chromium—chromium 0.41 -
Copper—cast iron 1.05 0.29
Copper—copper 1.0 -
Copper—mild steel 0.53 0.36
Diamond—-diamond 0.1 -
Dia—metal 0.1-0.15 -
Graphite—graphite 0.1 -
Iron—iron 1.0 -
Magnesium—magnesium 0.6 -
Nickel-nickel 0.7-1.1 0.53
Nickel-mild steel - 0.64
Steel-aluminum bronze 0.45 -

(continued)
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Table 5.1 Continued

Coefficient of friction w (dry)
Material Combination
Static Kinetic

Steel-brass 0.35 -
Steel (mild)—steel (mild) 0.74 0.57
Tungsten carbide—tungsten carbide 0.2-0.25 -
Tungsten carbide—steel 0.4-0.6 -
Tungsten carbide—copper 0.35 -
Zinc—zinc 0.6 -
Zinc—cast iron 0.85 0.21

"
Source: www.roymech.uk.

In all forming processes, there is a sliding motion along the interfaces between the workpiece and
the tools. Whenever sliding occurs between solids, a friction resistance to the sliding motion can be
observed. The friction resistance is accompanied by damage to the surface, which is mostly manifested
in the wearing of the surface. In most forming processes, friction is undesirable because it retards the
flow of the workpiece metal, promotes rapid wear of the tools, and increases forces and the power
required to perform operations. The resistance to sliding, measured as a shear stress per unit surface area
of contact 7, is a complex function of many parameters, including workpiece and tool materials, surface
finishing of the tool, and speed of sliding. Friction and wear are also controlled by the introduction of
lubricants between the interfacing surfaces.

5.7 LUBRICATION IN METAL FORMING

The modern period of lubrication began with the work of Osborne Reynolds (1842—1912), whose research
was concerned with shafts rotating in bearings and cases. When a lubricant was applied to the shaft,
Reynolds found that a rotating shaft pulled a converging wedge of lubricant between the shaft and the
bearing. He also noted that the shaft gained velocity and the liquid flowed between the two surfaces at
a greater rate. This, because the lubricant was viscous, produced a liquid pressure in the lubricant wedge
that was sufficient to keep the two surfaces separated. Under ideal conditions, Reynolds showed that this
liquid pressure was great enough to keep the two bodies from having any contact and that the only fric-
tion in the system was the viscous resistance of the lubricant.

Generally, lubrication is classified into three major categories:

1. hydrodynamic lubrication (HL)
2. elastohydrodynamic lubrication (EHL)
3. boundary lubrication (the bodies are not entirely separated).
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a) Hydrodynamic Lubrication (HL)

In hydrodynamic lubrication, the wearing surfaces are completely separated by a film of lubricant. The
basic principle of this type of lubrication is similar to a speedboat operating on a water surface. When
the boat is not moving, it rests on the supporting water surface. As the boat begins to move, it meets a
certain amount of resistance or opposing force due to the viscosity of the water. This causes the leading
edge of the boat to lift slightly and allows a small amount of air to come between the boat and the sup-
porting water surface.

The same principle can be applied to a sliding surface. Fluid film lubrication reduces the friction
between moving surfaces by substituting fluid friction for mechanical friction. The fluid layer in contact
with moving surface clings to that surface, and both move at the same velocity. Similarly, the fluid layer
in contact with the fixed surface is stationary and the velocity of fluid is zero.The layers between move
at velocities that are directly proportional to their distance from the moving surface (Fig. 5.9).

Fluid film layers

Velocity — &= |

‘ Movmg surface

Fig. 5.9 Fluid film layer between two solid surfaces. Fixed surface

There are four essential elements in hydrodynamic lubrication; the first two are obvious: a liquid
(hydro) and relative motion (dynamic). The other two are the viscous properties of the liquid and the
geometry of the surfaces between which the convergent wedge of fluid is produced.

It is very important to be careful with the viscosity of the lubricant. Since the only friction present
in a hydrodynamic lubrication system is the friction of the lubricant itself, it would make sense to have
a less viscous fluid in order to minimize friction: the less viscous a liquid, the lower the friction; how-
ever, too low a viscosity is a risk to the system. Special attention must be paid to the heating of the
lubricant by the frictional force, since viscosity is temperature-dependent. Also, the distance between the
two surfaces is greater than the largest surface defect, but care is needed because the distance between
the two surfaces decreases with higher loads on the surface, less viscous fluids, and lower speeds. The
surface geometry is also very important. The surfaces have to be such that a converging wedge of fluid
can develop between the surfaces, allowing the hydrodynamic pressure of the lubricant to support the
load of the moving surface.

b) Elastohydrodynamic Lubrication
Elastohydrodynamic lubrication is in effect when the opposing surfaces are completely separated and the
solid body is deformed by a major load. In the lubricating film having point or line contact, the con-
tact area is extremely small, and very high pressure is generated, which causes an amount of elastic
deformation of surfaces. In these cases, a lubrication regime in which an amount of elastic deformation
whose effects cannot be ignored is generated in the contact area; this is called elastohydrodynamic lubri-
cation (EHL).

As pressure or load increases, the viscosity of the oil also increases. As the lubricant is carried into
the convergent zone approaching the contact area, the two surfaces deform elastically due to lubricant
pressure. In the contact zone the hydrodynamic pressure developed in the lubricant causes a further
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increase in viscosity that is sufficient to separate the surfaces at the leading edge of the contact area.
Because of this high viscosity and the short time required to carry the lubricant through the contact area,
the lubricant cannot escape, and the surfaces will remain separated.

Load has little effect on the film’s thickness because at the pressures involved, the oil film is actu-
ally more rigid than the metal surfaces. Therefore, the main effect of a load increase is to deform the
metal surfaces and increase the contact area, rather than to decrease the film thickness.

¢) Boundary Lubrication

Boundary lubrication is the most common type of lubrication in day-to-day usage because it finds its
applicability where hydrodynamic and elastohydrodynamic lubrication fails: under conditions of rela-
tively slow speeds, high contact pressures, and with less than perfectly smooth surfaces. As running con-
ditions become more severe, such as with rough surfaces and high contact pressures, wear becomes a
severe problem to the system. To combat this wear, it is necessary to prepare the surface of the metal
accordingly. Taking basic mineral oil as the basis of lubrication, which in most cases it is, it is possible
to create a lubricant that forms a surface film over the surfaces, strongly adhering to the surface. These
films are often only one or two molecules thick, but they provide enough of a protection to prevent metal-
to-metal contact. This type of boundary protection is known as boundary lubrication. With this type of
lubrication the surfaces are not entirely separated.

The most common boundary lubricants are probably greases. Greases are widely used because they
have the most desirable properties for a boundary lubricant to possess. They not only shear easily, they
flow. They also dissipate heat easily and form a protective barrier for the surfaces, preventing dust, dirt,
and corrosive agents from harming the surfaces. Lubrication in metal forming processes occurs when
opposing surfaces between tools and workpiece are separated by a lubricant film. The applied load is
carried by the pressure generated within the fluid, and frictional resistance to motion arises entirely from
the shearing of the viscous fluid.

The lubricant serves not only to minimize friction and wear of tools but also to cool the surfaces
by removing the generated heat. It does this by assisting sliding, and reducing sticking, force, and power.
Most effective hydrodynamic lubricant methods may provide a thick film of lubricant separating the two
surfaces completely.

When full liquid film separation is created, a condition of hydrostatic or hydrodynamic lubrication
prevails, minimizing the friction wear.

REVIEW QUESTIONS

5.1 How can one classify all metal forming processes?

5.2 What are the characteristics of bulk deformation processes?

5.3 Describe metal behavior in forming processes.

5.4 What is ductility?

5.5 What is the difference between nominal stress—strain and true stress—strain?
5.6 What is flow stress?

5.7 What is isothermal forming?

5.8 Describe the effects of strain rate.

5.9 Why is friction generally undesirable in metal forming processes?
5.10 What is the difference between hydrodynamic and electrodynamics lubrication?
5.11 What is boundary lubrication?
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6.1 Introduction

6.2 Flat Rolling Process
6.3 Shape Rolling

6.4 Tube Rolling Process
6.5 Ring Rolling

6.6 Rolling Mills

ROLLING OF METALS

6.1 INTRODUCTION

Rolling is the process of reducing or changing the cross-sectional area of a workpiece by use of com-
pressive forces exerted by rotating rolls. The original material fed into the rolls is usually an ingot from
a foundry.

Ingot. An ingot is a mass of metal cast into a size and shape convenient to store, transport, and work
into a semifinished or finished product. Steel ingots range in size from small rectangular blocks weigh-
ing a few kilograms to huge, tapered octagonal masses weighing as much as tons. Let us follow the
sequence of steps in a steel rolling mill (Fig. 6.1). Similar steps occur in other metal rolling processes.

The workpiece starts out as a cast ingot that is placed in a furnace, where it remains for many
hours until it has reached a uniform temperature throughout, so that the metal will flow consistently
during rolling. The temperature for rolling depends on the kind of metal. After the heating operation
the ingot is moved to the cogging mill, where it is reduced to a bloom or slab. A bloom has a square
cross-section of 150 X 150 mm (6 X 6 in.) or larger. A billet is rolled from a bloom and has a square
cross-section of 38 X 38 mm (1.5 X 1.5 in) or larger. A slab is rolled from an ingot or a bloom
and has a rectangular width cross-section of 250 mm (10 in.) and a thickness of 38 mm (1.5 in) or
larger.

The initial breakdown of the ingot by rolling transforms the coarse-grained, brittle, and porous struc-
ture into a wrought structure with greater ductility and finer grain size. Generally, the rolling process can
be carried out hot, warm, or cold, depending on the application and the material involved.

129
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Fig. 6.1 Some of the steel products made in a rolling mill.

Blooms are reduced into structural shapes and rails for railroad tracks. The billets are reduced to
bars and rods. These shapes are the raw materials for wire drawing, forging, seamless pipes, and other metal
working products. By successive hot and then cold rolling operations, the slabs are reduced to plates,
sheets, strips, and foils, in decreasing order of thickness and size.

Hot-rolling. The distinctive result of hot rolling is not a crystallized structure, but the simultaneous disloca-
tion propagation and softening processes, with or without recrystallization during rolling. The dominant
mechanism depends on temperature and grain size. In general, the recrystallized structure becomes finer with
lower deformation temperatures and faster cooling rates, and materials of superior properties are obtained
by controlling the finishing temperature.

Hot-rolling offers several advantages:

* Flow stresses are low, so forces and power requirements are relatively low, and even very large
workpieces can be deformed with equipment of reasonable size.

* Ductility is high; hence, large deformations can be made (up to 99% reduction).

» Complex workpieces can be generated.

The upper limit for hot rolling is determined by the temperature at which melting occurs. Gener-
ally, the maximum working temperature is limited to 50°C (122°F) below the melting temperature. This
is to allow the possibility of segregated regions of lower melting materials.
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Cold-rolling. Cold-rolling usually follows hot-rolling. A material subjected to cold rolling strain hardens
considerably. Dislocation density increases, and when a tensile test is performed on this strain-hardened
material, a higher stress will be needed to initiate and maintain plastic deformation; yield stress increases.
However, the ductility of the material drops because of the higher initial dislocation density. Similarly,
the strength coefficient rises and strain-hardening drops. Grains become elongated in the direction of the
major deformation.

Cold-rolling offers some advantages:

* Tighter tolerances and better surface finishes can be obtained because of the absence of cooling and
oxidation.

* Very thin products can be rolled.

» The final properties of the workpiece can be closely controlled, and grain size can be controlled
before annealing.

* Lubrication is easier.

Metallurgical aspect. Both softening and hardening phenomena exist in a rolling process. During rolling
there is dynamic recrystallization in the stock. In the time between passes, static and metadynamic recrys-
tallization and grain growth may happen. In order to achieve good mechanical property in a rolled prod-
uct, grain growth and phase transformation should be controlled. The desired microstructure can be
achieved by both controlled rolling and controlled cooling.

It sometimes happens that recrystallization is only partially completed in the rolling process. In this
case a given pass will inherit a part of the strain from former passes. For example, when a pass strain
is 0.3, the effective strain, which should be used for force and torque calculation, may be 0.5 or even
more. In addition, the initial grain size has an effect on forming resistance. On the other hand, the strain
and strain rate affect microstructure change; possible nonhomogeneity in local reduction may result in
different local temperatures and thus different local microstructures. In general, the interaction of the
grains during low-temperature rolling plays a more important role than in high-temperature rolling.

Certain minimal reduction must be reached to make sure that some metallurgical process such as recrys-
tallization can be fully completed; otherwise, the rolled product’s properties will be poor.

6.2 FLAT ROLLING PROCESS

The reduction of thickness of a material by flat rolling it between rollers is simple to visualize. Figure 6.2
illustrates the basic deformation that takes place; it can be seen that rolling is really a continuous cogging
operation. Flat rolling involves the rolling of slabs, plates, sheets, strips, and foils.

Roll

Direction of

Workpiece

Fig. 6.2 The flat rolling process.
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Let us follow the flat rolling process from slab to foil in an aluminum rolling mill. Similar steps
occur in other metal-rolling processes. This process can be divided into four major steps:

b S

Step 1.

Step 2.

the hot strip production process
cold strip rolling

thin strip and foil rolling
slitting operation.

The hot strip production process: Traditionally, the molten metal is cast after the refining and
alloying process into 10-to-25 ton slabs; it is then hot-rolled in single-stand or tandem hot rolling
mails, at a strip thickness of 6 to 2.5 mm (0.24 in. to 0.1 in.), and coiled at a temperature of
approximately 300°C (572°F). In Fig. 6.3 is shown conventional hot strip production.

. Hot rolling
Preheating
.
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furnace rolling mill rolling mill

Fig. 6.3 Conventional hot strip production.

More economical in terms of energy saving is the direct casting process into strips of 12
to 20 mm (0.5 to 0.75 in.) thickness in twin-belt casters with a continuing hot rolling process
in a tandem hot rolling line. This process is only suitable for a limited number of alloys allow-
ing quick cooling without segregation.

The third and most economical way is to do hot strip casting between two rolls in a so-
called twin-roll caster with an exit thickness between 6 to 3 mm (0.25 to 0.125 in.) at low speed
(Fig. 6.4).
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Fig. 6.4 Twin-roll caster for hot strip production.

All three different hot production methods have advantages and disadvantages and limita-
tions in terms of material quality, productivity, energy, and labor intensity. The investment and
operational costs are also key factors for the final decision about the optimum solution.

Cold strip rolling: In this process, a strip is heated to 100°C (212°F) during each pass and large
quantities of coolant have to be poured over the rolls to keep a thermal equilibrium. After each of
the three to four passes, the coils have to be cooled down to room temperature for several hours.
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During each cold rolling pass, material hardening is affected by the deformation process of
the strip. One or two annealing sessions for recrystallization have to be integrated into the produc-
tion process allow to permit a continuation of the rolling and to fulfill the final requirement of the
specification.

The strip rolling process itself can be done with different types of rolling mills: (Fig. 6.5).
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Fig. 6.5 Different types of strip rolling mills: a) reversing
strip rolling mill; b) nonreversing strip rolling mill; (©
¢) tandem strip rolling mill.

Step 3. Thin strip and foil rolling: This is the finishing operation for nearly all flat-rolled products on
nonreversing single-stand rolling mills. Thin strip rolling mills are for the production of an
extremely narrow strip gauge and flatness tolerances.

Foil rolling is an aluminum-specific process. No other material can be rolled down to a
thickness of 5 to 6 pm.

Step 4. Slitting operation: The last step in the production of flat rolling products is the slitting operation
of wide-rolled thin strips and foil. Aluminum strip and foil has to be supplied on spools specially
tailored to the downstream production processes.

6.2.1 Analysis of Workpiece Deformation by Flat Rolling

The main purpose of rolling theory is to determine the pressure distribution at the interfaces between the
roll and the rolled material. The principal parameters that affect the pressure distribution are the geom-
etry of the deformation zone and the friction at the interfaces between the roll and the rolled material.
The effects of the deformation zone geometry and friction on flat rolling can be understood in terms of
the friction-hill effect.

As shown in Fig. 6.6, when rolls are rotating with a peripheral speed v, at some point N in the
roll gap, the peripheral velocities of roll and workpiece are equal. This point is known as the neu-
tral point. To the left of this point, the surface velocity of the material vy is lower than the roll
peripheral velocity v, This difference in speeds produces friction between the work material and
rolls that tends to draw material into the roll gap. To the right of the neutral point N, the material
velocity vy is greater than the roll’s peripheral velocity v,, so the friction tends to retain the metal
in the roll bite. Because of this roll-work metal relationship, the pressure distribution at the inter-
faces between the rolls and rolled material will be uneven, forming the so-called friction hill.
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Fig. 6.6 Flat rolling process: a) three-dimensional view; b) schematic illustration of the
deformation zone; c) roll force F and the torque acting on the rolls.

The rolls pull material into the roll gap through a net frictional force on the material. Hence, the
frictional force to the left side of the neutral point N (Fig. 6.6) must be higher than the friction force to
the right. Although friction is necessary for rolling material, energy is dissipated in overcoming friction.
Also, the increasing friction increases the rolling force and power requirements. Furthermore, high fric-
tion may damage the surface of the rolled products or cause sticking. In practice, a compromise is made
by using effective lubricants to lower the coefficient of friction.

a) Draft
The maximum possible draft is defined as the difference between the initial and final thicknesses of the
strip:

A = hy— hy = u’R (6.1)

A = draft, mm (in.)

hoy = starting thickness, mm (in.)

hs = final thickness, mm (in.)

p = coefficient of friction between roll and material,
= roll radius, mm (in.)

=
|
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The draft is sometimes defined as a function of the starting thickness h of rolling material, called
relative reduction:

r="2—"I== (6.2)

where
r = relative reduction.

b) Lateral Spread

When an initial flat-rolling material is rolled between two horizontal rolls, its reduction in thickness is
accomplished with an elongation in both the longitudinal and transverse directions. The elongation in the
transverse direction results in an increase in the width of the workpiece by an amount called lateral spread.
This lateral spread may be expressed by the following equation:

Aw = wy — wy (6.3)

where
Aw = lateral spread, mm (in.)
wy = starting rolling material width, mm (in.)
w; = final rolling material width, mm (in.).

Lateral spread is often expressed by the width spread factor. During the flat-rolling of a wide work-
piece, the spread is small, i.e., the spread factor is near 1 and can be determined by the following
equation:

s

s = (6.4)

wWo

where
s = spread factor.

However, as a narrow workpiece is rolled, the spread can be quite big. With bigger flow resist-
ance in the rolling direction, the spread gets greater. There are many factors that increase spread,
including higher relative reduction, bigger roll diameter, lower rolling speed, rougher roll surfaces, and
SO on.

The spread of the workpiece material between the rolls may also be assumed to form a parabolic
contour, so that the average width of a workpiece may be taken as

2wy +
_ % - ?(m +1) (6.5)

Wm

where
wp, = average width, mm (in.).
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Although many factors affect spread during rolling, several primary ones are discussed here.

Reduction in thickness. The greater the reduction in thickness must be the spread because the metal moved
from height direction flows toward both the width and length directions. Spread does not change propor-
tional to reduction.

Roll diameter. With increasing roll diameter, roll gap geometry is affected, and the contact length
increases. This leads to an increased flow resistance in the rolling direction. As a result, the portion of
metal flowing toward the direction of width and the spread increases as well.

Rolling temperature. In the hot-rolling process, a higher rolling temperature reduces the forces in the
rolling gap and the friction between the roll material and the rolls; the spread tends to increase. However,
in low temperature (below 850°C or 1562°F) rolling for most carbon steels, the trend can be different.

Rolling speed. Increased rolling speed results in a lower spread.

Coefficient of friction. The coefficient of friction depends on the lubrication, the workpiece material, and
the working temperature. Hot rolling is often characterized by a condition called sticking, in which the
hot workpiece surface adheres to the rolls over the contact arc. In this case, the coefficient of friction
can be as high as 0.7. The consequence of sticking is that the surface layers of the workpiece are restricted
in their ability to spread.

¢) Forward Slip in Rolling

On either side of neutral point N (Fig. 6.6), slipping and friction occur between rolls and workpiece. The
amount of slip between the rolls and the workpiece can be measured by mean forward slip, which is
defined as

§=-1_ (6.6)

where
S = forward slip
vy = final (exiting) workpiece velocity, m/s (ft/s)
v, = roll speed, m/s (ft/s).

d) Average Flow Stress
Average flow stress applied to the workpiece in flat rolling can be expressed by equation (5.10), which is

Ke"

where

h
e = ln}T0 = true strain on the workpiece in rolling.
f
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6.2.2 Roll Force, Torque, and Power

The roll force, roll torque, and drive power necessary to form the workpiece are some of the important
parameters of process information. While power requirements affect the design of a pass schedule for
the optimal use of the available mill resources, roll force parameters are mandatory for presetting the
geometrical actuators. Both force and torque, as well, need to be known for mill presetting so that
mechanical or practical limits are not exceeded.

Pressure in the roll gap. There is often significant variation in the roll pressure along the contact length
in flat rolling. Typical pressure variations in pressure in this situation are shown in Fig. 6.7.

Reduction = 50% Direction of rolling

Reduction = 30% | Peakpressure

p
L
L
Entry Exit
zone zone

Fig. 6.7 Typical variation in pressure along the contact length in flat rolling.

Maximum pressure is at the neutral point N and trails off on either side of the entry and exit points.
Pressure in the roll gap is calculated as average pressure according to the following formula:

= — 6.8
P~ (6.8)
where
F = roll separating force, N (Ib)
A, = projected area on the surface plane of contact between roll and workpiece, MPa (Ib/in.?).

a) Roll Force
The roll separating force can be determined if the distribution of normal pressure in the deformation
zone is known by the following equation:

L L
FZ/wdezw/de (6.9)
0 0

where
F = rolling force, N (Ib)
w = width of workpiece, mm (in.)
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p = roll pressure from equation (6.8), MPa (Ib/in.?)
L = projected arc of contact between roll and workpiece, mm (in.).

Because, in practice, the arc of contact between the roll and the workpiece is very small compared
with the roll radius, we can assume that the force is perpendicular to the plane of the workpiece with-
out causing significant errors in our calculations. Thus, the roll force can be calculated based on the aver-
age flow stress experienced by the material in the roll gap from the formula

where
O m) = average flow stress from equation. (6.7), MPa (Ib/in.?)
L-m = roll workpiece contact area, mm? (in.?).

L is projected arc of contact between roll and workpiece, mm (in.). It can be shown from simple
geometry that this length can be approximated by

L= "NRMhy— hy) = VRA (6.11)
where
R = roll radius, mm (in.)

Equation (6.10) is for a frictionless situation; however, the value given by solving this equation needs to
be increased by 20% to arrive at the actual roll force.

b) Torque
The torque M in flat rolling in the case of the rolls being of equal diameter can be calculated by

M = Fa (6.12)

where
a = length of lever arm as shown in Fig. 6.6¢c, m (ft).

If length of lever arm is a = 0.5L, then the torque for each roll is

M = 0.5LF (6.13)

c¢) Power
The total power for two rolls in SI units can be calculated by

_ 2@wFLN
60,000

(6.14)
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where
P = power, kW
F = rolling force, N
L = contact length, m
N = rotation speed, rev/min.

In English units the total power can be calculated by

B 2w FLN

= 1
33,000 (6.15)

where
P = power, hp
F = rolling force, Ib
L = contact length, ft
N = rotation speed, rev/min.

6.2.3 Vibration and Chatter

Vibration and chatter in rolling stock in high-velocity tandem mills and temper mills is a widespread
problem and affects the quality of the finished product and the productivity of the rolling mill. It has
been estimated, for example, that modern rolling mills could operate at up to 50% higher speeds were
it not for chatter. One factor that plays an important role in causing mill vibration is the inherent gap
between the roll chock and mill housing.

All rolling mills, more or less, have chatter problems. Mill stands have a plurality of rolls that include
relatively small diameter work rolls that engage directly the workpiece of material being rolled, large diam-
eter backup rolls, and any intermediate rolls that may be located between the backup and the work rolls in
stands having more than four rolls (two work rolls and two backups). Chatter is roll oscillation in a substan-
tially vertical direction (with some horizontal motion) in generally large uncontrollable amplitudes of motion
at a fundamental frequency. Chatter occurs in a mill stand when its frequency equals the natural frequency
of the stand structure. The vertical oscillating motion of mill rolls quickly arrives at a synchronous condi-
tion. When this happens, a large amount of the energy of the motion accumulates in the stand. The rate of
accumulation depends upon the travel speed of the workpiece and the mass of the rolls. In any case, in a
relatively short period of time after chatter begins, a substantial vertical motion can take place in a roll stand
unless the speed of the mill is reduced or other steps are taken to dampen the vertical motion of the rolls.

Roll chatter results in visual parallel marks being rolled into the surfaces of the workpiece cross-
wise of its rolling direction and, if severe enough, in a cyclically varying thickness of the rolled work-
piece; consequently, chatter can ruin the work and lead to excessive scrap. There are two major forms
of chatter in high-speed rolling mills, namely, the third and fifth octaves of motion. The third octave is
a low frequency in the range of 100 to 200 Hz, whereas the fifth octave is a relatively high frequency
in the range of 500 to 700 Hz. When these octave motions occur, the speed of the mill has to be run as
much as 30% less than its maximum production rate.

Chatter can be reduced by increasing the distance between the stands of the rolling mill, increasing
the strip width, increasing the workpiece—roll friction, and increasing the number of dampers in the roll
supports.
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6.3 SHAPE ROLLING

In shape rolling processes, also known as profile rolling, the workpiece is deformed at elevated temper-
ature into structural shapes such as I-beams, L-beams, U-beams, H-beams, T-beams, railroad track rails,
and solid bars. The shape is achieved by passing stock through a set of specially designed rolls that have
the reverse of the desired shape.

The design of the roll profiles that are necessary to gradually form an originally rectangular cross-
section into a final complex shape is more of an art than a science, although with suitable modifications,
part of the theoretical background that has been developed for rolling in flat sections can be applied.

Conventional shape rolling processes include heating of the bloom, rolling it to the proper contour
and dimensions, cutting while hot to lengths that can be handled, cooling to atmospheric temperature,
straightening, cutting to ordered lengths, inspecting, and shipping.

The heating of the bloom for large sections is done in either of two types of furnaces: in-and-out
or the continuous. The in-and-out furnace once served nearly all of the older structural mills, while more
recent mills use continuous furnaces because of the greater economy: one or two continuous furnaces
usually being sufficient for the purpose.

In Fig. 6.8 is shown a schematic illustration of a typical modern universal beam mill with two uni-
versal stands and an edging stand. The mill is normally fitted with an automatic gauge control (AGC)
system.

Fig. 6.8 Typical universal beam mill: (1) rougher stand; (2) horizontal edging stand;
(3) finishing stand.

A typical universal beam mill 1 stand group consists of a universal rougher stand with (1) vertical
and horizontal rolls, a horizontal edging stand and (2) a universal finishing stand with (3) horizontal and
vertical rolls. To enable heavier slabs to be used as the starting material to improve yield, sufficient run-
out length is usually provided. So the length of rolling strain is usually about 230 m.

Generally, as the shaped stock passes forward and backward through the mill, the universal rougher
stand reduces the thickness of both the center web and the two flanges, while the edger rolls make contact
with the flange tips only to control their length. The universal finishing stand remains open until the final
pass, when its four rolls impart a good surface finish to the section and ensures good dimensional tolerance.

The height of the lower horizontal rolls on both universal stands can be adjusted as well as the upper
rolls. This ensures that the web is formed in the center of the flanges. All the rolls in the three stands
are positioned automatically by computer control, programmed for the various section shapes and gauges
required.
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Cold shape rolling can also be done using wire with various cross-sections as the starting material. The
design of a stand of rolls needs to be very carefully considered because the cross-section of material is
not reduced uniformly during rolling deformation, and if the design of the rolls is not adequate, a faulty
design can be the cause of external and internal defects in the workpiece and greater roll wear.

6.4 TUBE ROLLING PROCESS
The advent of rolling mill technology and its development during the first half of the nineteenth century
also made possible the industrial manufacturing of tubes. Initially, rolled strips of sheet were formed into
a cylindrical cross section by funnel arrangements of rolls, and then welded in the same heat (forge-
welding process). The results of research into welding technology led to the propagation of numerous
tube welding processes. Currently, around two-thirds of steel-tube production in the world are accounted
for by welding processes. Of this figure, a large proportion takes the form of so-called large-diameter
tubes.

In the case of seamless tubes, production invariably involves a heating operation, in which case the
product may also be referred to as hot rolling tube. The seamless tube manufacturing process consists
of the following principal stages:

* Making of a hollow tube shell by piercing or extrusion operations.
* Elongating the hollow tube shell by reducing its diameter and wall thickness.
* Making of a final tube by the hot or cold rolling process.

In this section are described only those manufacturing processes that are widely used today for the
mass production of seamless tube.

6.4.1 Pierce and Pilger Rolling Process

The process known as the Mannesmann process is based on cross-roll piercing, which, for decades, was
used in combination with pilger rolling. Both rolling methods were invented by the brothers Reinhard and
Max Mannesmann toward the end of the nineteenth century.

Today, the Mannesmann process is used for outside diameters from 60 to 660 mm (2.36 to 26.0 in.)
and wall thicknesses from 3 to 125 mm (1/8 to 5 in.).

The starting material takes the form of round steel blooms, although round ingots are still fre-
quently used. At first, the starting material is passed through various temperature zones in a rotary heat-
ing furnace, and the material is heated to rolling temperature. This generally lies in the range of 1250
to 1300°C (2282 to 2372°F). The hot stock is pierced by means of an internal plug and two specially
contoured work rolls, which are driven in the same direction of rotation. Their axes are inclined by
approximately 3 to 6° in relation to the horizontal stock plane. Figure 6.9 shows a schematic illustra-
tion of the cross-roll piercing process.

The round stock is thrust into the mill by the tapered inlet section of the rolls and formed in a
spiral motion over the piercing mandrel to produce the thick-walled hollow shell. Initially, the stock
is necked down in the horizontal plane while expanding in the vertical plane.

Following the cross-roll piercing operation, the hollow tube shell is rolled out in the pilgering stand
to produce the finished tube. Figure 6.10 shows a schematic illustration of the pilger rolling process. The
hollow shell is pushed over a lubricated cylindrical mandrel whose diameter corresponds to the desired
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Fig. 6.9 The piercing process as performed on a Mannesmann cross-roll mill.
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Fig. 6.10 The pilger rolling process.
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inside diameter of the finished tube. This assembly is then fed into the pilger rolls by a feeder. The work-
piece and an internal mandrel undergo a reciprocating motion; the rolls are spatially shaped, and they
are rotated continuously. During the gap cycle on the roll, the workpiece is advanced and rotated, start-
ing another cycle of workpiece reduction. As a result of both, the tube undergoes a reduction both of
wall and diameter.

When the pilgering process is completed, the finished tube is stripped from the mandrel, reheated,
and fed into a sizing mill. The sizing mill serves to produce a precise outside diameter and to improve
concentricity. It usually consists of three stands with two-high roll arrangements. Following the last
forming operation, the tubes are cooled to ambient temperature on a cooling bed, and after that they
undergo dimensional check before being stacked.

6.4.2 Plug Rolling Process
Plug rolling is one of the seamless tube production technologies that are used to produce tubes of diam-
eters ranging from 60 to 406 mm (2.36 to 16.0 in.) with wall thickness from 3 to 40 mm (1/8 to1.57in.).
A round, continuous-cast billet/bloom with a diameter between 100 and 300 mm (4.0 to 12 in.)
is heated in a rotary furnace to a rolling temperature of about 1280°C (2336°F). The hot billet is
pierced in the cross-roll piercing mill (also known as a barrel-type mill) to produce a thin-walled
hollow shell. The two driven work rolls feature a biconical pass, and their axes, which are likewise
arranged parallel to the workpiece, are inclined to the horizontal plane by 6 to 12°. Figure 6.11 shows
the method of operation of the cross-roll barrel-type mill.
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(magnified)

Fig. 6.11 Method of operation of the cross-roll barrel-type mill.

In the next production step, the hollow tube shell is rolled in the plug mill. This step causes a
reduction in wall thickness, but the outer diameter remains constant. Due to this, the tube becomes
elongated. After that, the tube passes through a reeling mill in order to slightly reduce the wall thick-
ness and sizing in order to obtain the desired outer diameter. Finally, the tube is subjected to finish-
ing operations, such as air-cooling on a cooling bed, straightening, cutting to the specified length, and
testing.
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6.4.3 Continuous Mandrel Rolling Process

The continuous mandrel rolling mill consists of between 7 and 9 stands closely arranged in tandem rolling
stands in a series to form a rolling line. The rolling stands are offset by 90° to their adjacent neighbors
and inclined at 45° to the horizontal. Each stand features its own variable-speed drive motor. This type
of milling type elongates the hollow shell (pierced in the piercing mill) over a floating mandrel bar as
the internal tool to produce finished tube. Today, continuous mandrel rolling is a high performance pro-
duction process that is widely applied for seamless tubes in the size range from 60 to 178 mm (2.36 to
7.0 in.) outside diameter and wall thicknesses from 2.0 to 25.0 mm (0.08 to 1.0 in) depending on the
outside diameter.

The starting material uses round rolled billets, or more likely nowadays, continuously cast billets
down to diameters of 200 mm (7.8 in.). First, the starting material is heated in the rotary heated furnace
to the rolling temperature of 1280°C (2336°F). Following high pressure water descaling, the solid billet
is pierced to produce a thin-walled hollow shell in a cross-roll piercing mill. In this operation, the work-
piece is elongated to between 2 and 4 times its starting length. Next, the hollow shell is subsequently
rolled out in the continuous rolling mill over a mandrel bar without reheating to produce a continuous
tube. In this operation, a maximum elongation of 400% is achieved.

Finally, at an adjacent stand to the rolling line, the mandrel bar is removed from the tube. At that
time, the tube’s temperature is approximately 500°C (932°F). Consequently, it is fed into a reheating fur-
nace and heated to 980°C (1796°F). On exit from the reheating furnace, the tube is subjected to high
pressure water descaling and rolled to its finished dimensions in the stretch-reduction mill, where no
internal tool is used. A stretch-reducing mill can contain 24 to 28 stands, all arranged in a close in-line
formation. Fig. 6.12 is shows the basic arrangement of a continuous rolling mill.
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Fig. 6.12 Basic arrangement of continuous rolling mill.
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6.4.4 Push Bench Process

The push bench process is used for the manufacture of tubes of diameters ranging from 50 to 170 mm
(2.0 to 6.7 in.). Fig. 6.13 shows a diagrammatic representation of a push bench mill. The starting mate-
rial may be square, octagonal, or round bloom/billet, either rolled or of continuously cast material. The
material, heated in a rotary furnace to forming temperature, is placed in the cylindrical die of a pierc-
ing press; a piercing mandrel then forms it into a thick-walled hollow shell with a closed bottom. Next,
the hollow shell passes to an elongator, where it is forged over a mandrel bar to approximately 2 times
its original length. The hollow bloom is then elongated on the push bench without reheating, using the
mandrel bar as the internal tool. Following this elongation operation, the tube, rolled onto the mandrel
bar, enters a detaching mill or reeler to enable the mandrel bar to be extracted. After the mandrel bar
extractor pulls out the mandrel, a hot saw cuts off the closed bottom and also the open end of the tube.
In a down stream stretch-reducing mill, the tube is reheated to forming temperature and then rolled to
its final size.

Rotary heat Piercing

furnace Ingot press Elongator

Workpiece

Reeler Push bench l
| | 4
_
Mandrel bar extractor
R }
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Reheating furnace

—= Finished tube
-

Stretch-reducing
mill

Cropping saw

Fig. 6.13 Diagrammatic representation of a push bench mill.

6.5 RING ROLLING

Ring rolling is a metal forming operation that reduces the thickness (cross section) and enlarges the
diameter (circumference) of the workpiece by a squeezing action as it passes between two rotating rolls.
Since the volume of the ring material remains constant during plastic deformation, the reduction in ring
thickness is compensated for by an increase in its diameter. The process can be carried out at room
temperature or at an elevated temperature, depending on the size, strength, and ductility of the work-
piece material.

The ring rolling process is widely used to produce seamless rings with outer diameters ranging
from 100 to 250 mm (4 to 10 in.); in some cases, the diameter of the workpiece can be to 3 m (10 ft).
These rings are commonly used as flanges, pipe flanges, ring gears, structural rings, gas turbine rings,
and so on. However, the ring rolling process also is used to produce accurate shapes for use in critical
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applications, such as titanium and superalloy rings that are used as housing parts for jet engines in the
aerospace industry.
A typical ring rolling process involves four rolls:

* main roll
* idler roll
* upper edging roll
* lower edging roll.

The main and idler rolls reduce the radial thickness of the ring, whereas the upper and lower edging
rolls control the height of the ring, as shown in Fig. 6.14. During the ring rolling process, the main
deformation occurs between the main roll and the idler roll. The rotation of the main roll, coupled by
friction at the roll/ring interface, drives the ring through the roll gap. The wall thickness of the ring
is continuously reduced by the advancing pressure roll. A wide range of thicknesses of rings can be
produced by simply changing the distance between the main roll and the idler roll. In the same way,
a variety of ring heights can be reached by a simple adjustment of the distance between upper and
lower rings.

Main roll
(driven)

Workpiece

Edging rolls

Idler roll

Fig. 6.14 Schematic illustration of a ring rolling operation.

Unlike other rolling processes, in which the roll distance does not change within a pass, ring rolling
is a typical incremental process in which plastic zones, located in the vicinity of the main and idler rolls
first, and of the edging rolls second, continuously change all along the rolling sequence.

The advantages of the process are uniform quality, smooth surface finish, close tolerances, ideal
grain orientation, strengthening by virtue of the cold working, short production time, and relatively small
material loss, especially for rings of complex profiles.

6.6 ROLLING MILLS

Rolling is the most widely used deformation process, and because there are so many versions, the process
has its own classification system. The processes can be classified according to the arrangement of the rolls
in the mill stand or according to the arrangement of the stands in sequence. The classification of rolling
mills is shown in Fig. 6.15.
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Back-up roll

Workpiece Work rolls

Fig. 6.15 Various configurations of rolling mills: a) two-high; b) two-high reversing;
c¢) three-high; d) four-high; e) cluster mill; and f) tandem rolling mill.

a) Two-High Mill

The two-high rolling mill consisting of two opposing rolls (Fig. 6.15a) was the first and simplest, but
production rates tended to be low because of the time lost in returning the workpiece to the front of
the mill. This obviously led to the reversing two-high mill where the workpiece could be rolled in both
directions (Fig. 6.15b). Such a mill is limited in the length that it can handle. The rolls in these mills
have diameters in the range from 0.6 to 1.4 m (24 to 55 in.). This sets an economic maximum of about
10 meters.

b) Three-High Mill

The three-high rolling mill consists of three rolls in a vertical column (Fig. 6.15c), which has the advan-
tages of both the two-high reversing and non-reversing mills. The direction of workpiece movement is
reversed after each pass so that a mill must, of course, have elevating tables on both sides of the rolls.

In the three-high mill, the top and the bottom rolls are of large diameter, whereas the middle roll is
friction-driven and usually about two-thirds of the diameter of the top and bottom rolls. The top roll can
be raised and lowered in the housing by power-operated screws, and the middle roll can be brought into
contact alternately with the top and the bottom rolls. In making the bottom pass, the stock passes between
the middle and the bottom roll while the top roll serves as a backup roll.

All three kinds of mill suffer from the disadvantage that all stages of rolling are carried out on the
same rolled surface, and the surface quality of the product tends to be low. Roll changes on such mills
are relatively frequent and time-consuming. This type of mill is therefore used for primary rolling where
a rapid change of shape is required, even at the expense of surface quality.

¢) Four-High Mill

The four-high rolling mill uses two smaller diameter work rolls to contact the workpiece and two larger
backing rolls behind them (Fig. 6.15d). The backing roll diameter cannot be greater than about 2-3 times
that of the work rolls, and as the work roll diameter is decreased more and more (to accommodate processes
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with exceedingly high rolling loads), the size of the backing rolls must also decrease. This not only reduces
the total roll separating force, but it also increases the strength and rigidity of the rolls, since the large
backup rolls support the small work rolls.

d) Cluster Rolling Mill

The cluster roll mill, also known, as the Sendzimir or Z mill, is another roll configuration that allows work-
ing rolls of smaller diameter to be in contact against the workpiece. Design of this mill is based on the
principle that small-diameter rolls lower roll forces and power requirements because of their small
roll/strip contact area.

The principal criticism of the traditional mill is its tendency for roll bending due to its inherent
design bases on the beam principle. Sendzimir proposed a design that eliminated this limitation based
on the caster principle, in which the work roll is supported over all its face by an array of backing rolls.
Common rolling widths in this mill are 660 mm (26 in.). However, this principle is applied at mills for
rolling stainless steel 1600 mm (63 in.) wide with work rolls of 85 mm (3.35 in.) diameter.

e) Tandem Rolling Mill

When a single-stand mill is supplemented by an additional stand, it forms a tandem rolling mill. A typ-
ical tandem rolling mill consists of 8 or 10 stands. Each stand makes a reduction in thickness of the
workpiece passing through. Since at each rolling stand work velocity increases, the problem of synchro-
nizing the roll speeds at each stand is significant.

There are two primary advantages to tandem mills. Firstly, when the total work of reducing the start-
ing material to the final product is divided between more mill stands, satisfactory surface finishes and shape
of rolls can be maintained for longer periods between roll changes. Secondly, since the work is divided
between more units operating simultaneously, the required time interval for the reduction of a starting mate-
rial to the final product is reduced, and the overall capacity of the unit increases correspondingly.

REVIEW QUESTIONS
6.1 What is an ingot? Describe the steps in a steel rolling mill.
6.2 Which are the advantages of the hot rolling process?
6.3 What happens with grains during cold rolling?
6.4 Describe a flat rolling process in an aluminum rolling mill.
6.5 What is the neutral point in flat rolling?
6.6 How can draft be expressed in the flat rolling process?
6.7 What is lateral spread and how can it be mathematically expressed?
6.8 Identify some of the ways in which force in flat rolling can be reduced.
6.9 How can the power for two rolls be calculated in SI units?
6.10 What is chatter?
6.11 Besides flat rolling, identify some additional bulk rolling processes that use rollers to effect the
deformation.
6.12 How can rolling mills be classified?
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FORGING

7.1 INTRODUCTION

Forging is the process of using pressure to form metal. The pressure may be applied by means of a ham-
mering action or by squeezing or compression. This is probably the simplest and traditionally the most
ancient of the metal working crafts, as practiced on a small scale by blacksmiths. Today, among all man-
ufacturing processes, forging technology has a special place because it helps to produce parts of superior
mechanical properties with minimum waste of material. In forging, the starting material has a relatively
simple geometry; this material, having been heated to well over the critical temperature, is softened and
plastically deformed in one or more operation into a product of relatively complex configuration. Forg-
ing to net or to near-net shape dimensions drastically reduces requirements for machining operations,
resulting in significant material and energy savings. Forging usually requires relatively expensive tool-
ing. Thus, the process is economically attractive only when a large number of parts must be produced
or when the mechanical properties required in the finished product can be obtained only by a forging
process.

The ever-increasing cost of material, energy, and especially manpower require that forging process
and tooling be designed with minimal need for trial and error and with the shortest possib