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PREFACE
A very large variety of sheet-metal forming processes is used in modern sheet-metal press-working shop
practice. Many of these deformation processes, used in making aircraft, automobiles, and other products,
use complex equipment that is derived from the latest discoveries in science and technology. With the everincreasing knowledge of science and technology, future deformation processes promise to be even more
complex to satisfy the demand for more productivity, lower cost, and greater precision. However, for all
their advantages, the more sophisticated deformation processes of today have not replaced the need for
basic sheet-metal forming processes and dies.
This book draws on the author’s 30-plus years of experience as an engineer and provides a complete guide to modern sheet-metal forming processes and die design - still the most commonly used
manufacturing methodology for the mass production of complex, high-precision parts. Much more practical than theoretical, the book covers the “hows” and “whys” of product analysis, and the mechanisms
of blanking, punching, bending, deep drawing, stretching, material economy, strip design, movement
of metal during stamping, and tooling design. Readers will find numerous illustrations, tables, and
charts to aid in die design and manufacturing processes; Formulas and calculations needed for various die operations and performance evaluation are included; and designations, characteristics, and typical applications of various carbon and alloy steels for different die components are evaluated.
The book concentrates on simple, practical engineering methods rather than complex numerical techniques to provide the practicing engineer, student, technician, and die maker with usable approaches to
sheet-metal forming processes and die design.
The first part of the book deals with the structures of metals and the fundamental aspects of the
mechanical behavior of metals. Knowledge of structures is necessary to controlling and predicting the
behavior and performance of metals in sheet-metal forming processes.
The second part of the book covers all aspects of forming sheet metal. It presents the fundamental
sheet-metal forming operations of shearing, blanking and punching, bending, stretching, and deep drawing. Mechanics of various drawing processes indicate ways in which the deformation, loads, and process
limits can be calculated for press forming and deep drawing operations. The book includes various drawing processes (nosing, expanding, dimpling, spinning and flexible die forming) mostly used in the aircraft
and aerospace industry.
Dies are very important to the overall mass production picture, so they are discussed in the last section of the book, which presents a complete picture of the knowledge and skills needs for the effective
design of dies for sheet-metal forming processes described. Special attention is given to:
Formulas and calculations needed for various die parts.
Rules of thumb and innovative approaches to the subject.
Properties and typical applications of selected tool and die materials for various die parts.

...
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Preface

Although the book provides many examples of calculations, illustrations, and tables to aid in sheetmetal forming processes, die design, and die manufacturing, it should be evident that it is not possible to
present all the data, tables, statistics, and other information needed to design complicated dies and other
tools for sheet-metal forming in one text. However, the book endeavors to provide most of the information
needed by a die designer in practical situations.
The author owes much to many people. No book can be written in a vacuum. I am grateful to my wife,
who understands my need for long periods of isolation. I also wish to express my deepest appreciation and
thanks for the competent work of Em Turner Chitty, who labored countless hours at editing and proofreading. Finally, I wish to thank my English language teacher from The University of Tennessee, Anwar E
Accawi, who encouraged me to begin writing this book.
Vukota Boljanovic
Knoxville. Tennessee
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INTRODUCTION

Characteristics of Sheet-Metal Parts
and Their Technological Properties

BASIC CHARACTERISTICS OF SHEET-METAL FORMING PROCESSES
Sheet-metal parts are usually made by forming material in a cold condition, although many sheet-metal
parts are formed in a hot condition because the material when heated has a lower resistance to deformation.
Strips or blanks are very often used as initial materials, and are formed on presses using appropriate
tools. The shape of a part generally corresponds to the shape of the tool.
Sheet-metal forming processes are used for both serial and mass-production. Their characteristics are:
high productivity, highly efficient use of material, easy servicing of machines, the ability to employ workers with relatively less basic skills, and other advantageous economic aspects. Parts made from sheet metal
have many attractive qualities: good accuracy of dimension, adequate strength, light weight, and a broad
range of possible dimensions, - from miniature parts in electronics to the large parts of airplane structures.

CATEGORIES OF SHEET-METAL FORMING PROCESSES
All sheet-metal forming processes can be divided into two groups: cutting processes - shearing, blanking,
punching, notching, piercing, and so on; and plastic deformation processes - bending, stretch forming,
deep drawing, and various other forming processes.
The first group of processes involves cutting material by subjecting it to shear stresses usually between
punch and die or between the blades of a shear. The punch and die may be any shape, and the cutting contour may be open or closed.
Shearing; involves the cutting of flat material forms from sheet, plate or strip. The process may be
classified by the type of blade or cutter used, whether straight or rotary.
Blanking; involves cutting the material to a closed contour by subjecting it to shear stresses between
punch and die. In this process, the slug is usually the work part and the remainder is scrap.
Punching; is the cutting operation by which various shaped holes are sheared in blanks. In punching,
the sheared slug is discarded, and the material that surrounds the punch is the component produced.
xvii
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Parting; consists of cutting the sheet into two or more pieces, or removal of pieces of scrap of various
shapes from deep drawn pieces. Unlike cutoff, the operation of parting results in some scrap production.
Lancing; is an operation in which a single line cut is made partway across the work material. No material is removed so there is no scrap.
Shaving; is a cutting operation that improves the quality and accuracy of blanked parts by removing
a thin strip of metal along the edges. Only about 100 microns (0.004 inches) of material are removed by
shaving.
The second group of processes involves partial or complete plastic deformation of the work material.
Bending; consists of uniformly straining flat sheets or strips of metal around a linear axis. Metal on
the outside of the bend is stressed in tension beyond the elastic limit. Metal on the inside of the bend is
compressed.
Twisting; is the process of straining flat strips of metal around a longitudinal axis.
Curling; 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.
Deep drawing; forming a flat sheet of metal blank into a cylindrical or box-shaped part by means of
a punch that forces the blank into a die cavity. Drawing may be performed with or without a reduction in
the thickness of the metal.
Spinning; is a process of forming work pieces from a circular blank or from a length of tubing. All
parts produced by spinning are symmetrical about a central axis.
Stretch forming; is producing contoured parts by stretching a metal sheet, strips, or profile over a
shaped block form.
Necking; is an operation by which the top of a cup may be made smaller than its body.
Bulging; a process that involves placing a tubular, conical or curvilinear part in a split female die and
expanding it with, say, a polyurethane plug.
Flanging; is a hole-making process that is performed on flat stock. The term “flanging” in this sense
refers to the forming of a flange on a flat part by drawing stock out of a previously made hole.

CHARACTERISTICS OF SHEET-METAL PARTS AND
THEIR TECHNOLOGICAL PROPERTIES
The designers of products made from sheet metal have a huge responsibility and liability to invent the
exact design that will result in optimum production considering the complexity of the technological factors, the kind and number of operations, the production equipment (machines and tools) required, the material expenses, and the quantity and quality of material.
It is necessary to design technical components and operations so as to fulfill the product specifications optimally. The design of a part is adequate if it combines the most economical production with the
most satisfactory quality.
To arrive at the best and most economical product, the following parameters must be observed: a
process resulting in minimum production of scrap, using standard equipment and machines wherever possible, the minimum possible number of operations, and relatively lower-skilled workers. Generally speaking, the most important of this factors is cost. That is, the most efficient design should also have the lowest possible cost.
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To ensure high quality production, avoid issues with quality control, and lower the cost of the product, it is necessary to abide by some basic recommendations such as: using a minimal drawing radius, a
minimal bending radius, and minimal dimensions of punch holes depending on the material thickness. The
method used to dimension a drawing is also very important and has a great influence on the quality and
price of a part.

PART

I

THEORETICAL FUNDAMENTALS
In this part, the basic theory of the plastic deformation of metals is discussed. The material is divided into
two chapters, dealing, respectively, with the structure of metals and the mechanical behavior of metals. For
solving many problems, the so-called “engineer’s method” is used. In consideration of the intended audience for this book, other methods such as Slip Line Analysis and Full Energy Deformation, which are more
important in research, are not explained because, for practical applications, the “engineer’s method” is
more useful.

I

1.1 Introduction

1.2 The crystal structure of metals
1.3 Deformation and the strength of
crystals

L

1.4 Recovery, Recrystallization, and
Grain Growth

THE STRUCTURE OF METALS
1.1 INTRODUCTION
Metals have played a major role in the development of civilization. Why have metals been useful to humanity through the ages? Why do metals have a characteristic metallic shine? Why are some metals solid? Why
are some metals malleable and ductile? Why are metals good conductors? Why are some metals soft and
others hard? The answers to these and similar questions can be provided by gaining an understanding of
the atomic structure and metallic bond of the metal atoms to form a crystalline structure. In general, processing is used to control the structures of metals, and the structure determines the properties of the material. One of the principal ways of controlling the structure of materials is to use processing techniques to
manipulate the phases that are present in the material and how these phases are distributed. The main activity of metallurgists and many other materials scientists is to manipulate the structure of materials to control their properties. This manipulation can be used to control and predict the behavior and performance of
metals in various manufacturing processes. That is to say, it is vitally important to understand the structure
of metals in order to predict and evaluate their properties.

1.2 THE CRYSTAL STRUCTURE OF METALS
The key characteristic that distinguishes the structure of metals from that of non-metals is their atomic
architecture. When metals solidify from a molten state, the atoms arrange themselves into a crystalline
order, according to the number and types of imperfections found in the structure, and to the bonding forces
that keep the collection or structure of atoms bound or joined together. Metallic materials have electrons
(ions) that are free to move about their positive centers, sitting in an electron cloud or gas, which acts to
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bond the ions together. The existence of these free electrons and their movement, within limits, has a number of consequences for the properties of metals. For example, the slight movement of the atoms under the
influence of an external load is called elastic deformation. One of the most important characteristics of
metals is that freely moving electrons can conduct electricity, so that metals tend to be good electrical and
thermal conductors.
In a crystalline structure the atoms are arranged in a three-dimensional array called a lattice. The lattice has a regular repeating configuration in all directions resulting from the forces of chemical bonding.
The repeated pattern controls properties such as strength, ductility, density, conductivity, and shape.
Most metals only exist in one of the three common basic crystalline structures:
body-centered cubic (bcc);
face-centered cubic (fcc); and
hexagonal close packed (hcp)
These structures are shown in Fig. 1.1. Each point in this illustration represents an atom. The distance
between the atoms in these crystal structures, measured along one axis, is known as the constant or parameter of the lattice.
As shown in Fig. 1.la, a body-centered cubic (bcc) structure has an atom at each corner of an imaginary cube and an atom in the center of this cube (8+1). A (bcc) structure generally produces strong metals, which are reasonably ductile. Example of (bcc) metals are chromium, alpha iron, and molybdenum.
Face-centered cubic (fcc) structures, as shown in Fig. 1.1b, have an atom at the corners of a cube and
an atom at the center of each face of the cube (8+6). Metals with (fcc) structures tend to be soft and ductile over a wide range of temperatures. Examples of (fcc) metals are aluminum, copper, and nickel.

Metal

M~

0.314

a

(nm)

A1

0.404

Cu

0.361

Ni

0.352

zn
1

0.266
I1

0.496
I

I

Fig. 1.1 Crystal structure of metals: a) the body-centered cubic; b) the face-centered cubic; and c) the
hexagonal close-packed.
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Hexagonal closed-packed (hcp) structures (Fig 1 . IC) have an atom at the corners of an imaginary
hexagonal prism and an atom at the center of each hexagonal face, and a triangle of atoms in between the
hexagons, which rest in the shaded valleys (12+2+3). These metals, such as cobalt, magnesium, and zinc,
are relatively brittle.
In the cubic structures, the parameter has the same dimensions in all three ortho-axes. However, the
hexagonal close-packed structure has different dimensions.
The properties of a particular metal are very dependent on its crystal structure. Some metals can exist
in more than one crystal structure at different temperatures. Iron and steel, for example, can exist in both
(bcc) and (fcc) structures. Other examples of allotropic metals, as they are called, are titanium (hcp and
bcc) and iron. Iron, interestingly, has a (bcc) structure below 900 and at 1400 , while between those temperatures, iron changes its structure to (fcc), which requires less energy to maintain. Above 1400 iron
reverts to its original structure.
The appearance of more than one type of crystalline structure is known as allotropism or polymorphism, meaning “many shapes.” Allotropism is an important aspect in the heat treatment of metals and
welding operations.
The atoms in crystals cannot move far from their place in the cubic structure but they swing around
their balance position. The planes in crystal structures that contain most atoms are known as netting planes.
The basic crystallographic planes in cubic lattice structures are these:
the plane of a cube with index 100 (Fig. 1.2a);
the plane of a rhombus dodecahedron with index 1 10 (Fig. 1.2b);
the plane of an octahedron with index 111 (Fig. 1 . 2 ~ ) .
The properties of metals (physical, chemical, and mechanical) depend on the arrangement of the crystal lattice structure and the magnitude of the distance between the atoms, so the characteristics in different
directions will be different. This rule applies, for example, to the modulus of elasticity (the ratio of stress
to strain in the elastic ranges, in tension or compression). The modulus of elasticity, measured in different
directions in the same metal (across or along the direction of rolling, for example), is different. The measurements are performed on the three main crystallographic planes as described above. The results are given
in Table 1.1

Fig. 1.2 The basic crystallographicplanes in cubic lattice structures: a) the plane of a cube with index 100, b) the
plane of a rhombus dodecahedron with index 110, c) the plane of an octahedron with index 111.
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Table 1.1 Value of the modulus of elasticity, measured in different directions

1
I

~

63.7

11

1

1

12.6

I

Copper
125.0
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1.3 DEFORMATION AND STRENGTH OF SINGLE CRYSTALS
The electrons in the metallic bond are free to move about their positive ions in an electron cloud, which
acts to glue or bond the ions together. This free movement, within limits, also allows for the movement of
the atoms under the influence of external forces. This slight movement, (visible only under the most powe r h l microscopes) is called elastic deformation or elastic strain. After an external force, such as a bending force, is removed, the internal electrical force that causes the atoms to move will decrease, allowing
the atoms to return to their normal position; they leave no sign of ever having been moved. An analogy to
this type of behavior is a leaf spring that bends when loaded and returns to its original shape when the load
is removed.
If too much external force is applied by excessive bending of the leaf spring, the atoms might move
too far from their original positions to be able to move back again when the external force is removed. This
permanent deformation is known as plastic deformation.
In plastic deformation of metals there are two mechanisms: slipping, and twinning. Slipping (shown
in Fig. 1.3) occurs when two groups of crystals under a shearing force move in a parallel fashion along what

Atomic planes

Shear stress

6
-

_ _ j

Shear stress
4

b)

Fig. I .3 Plastic deformation of a single crystal subjected to a shear stress:
a) before deformation; b) deformation by slip.
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Fig. 1.4 Plastic deformation across the plane of twinning.
is called the slip plane, causing the two groups to slip so that they are dislodged one or more crystal’s
length (a). This effect is called shear stress.
Twinning (shown in Fig. 1.4) occurs when horizontal planes of atoms move proportionally to their distance from the twinning plane. Twinning usually occurs if a plastic deformation is made by striking, whereas slipping occurs more often when plastic deformation occurs as a result of the application of a static load.
In plastic deformation, inter-atomic forces keep their elastic characteristics, which. is why plastic
deformation is always accompanied by some elasticity. When the external force is removed in plastic
deformation, a new arrangement of atoms is established but the pre-existing distance among them is
retained. This statement is valid providing that no stress remains. In accordance with this explanation, we
can conclude that in elastic deformations, only the distance between atoms changes, but in plastic deformations, both the distance and the positions of the atoms change.

1.3.1 Imperfections in the Crystal Structure of Metals
Attempts have been made to predict the plastic and mechanical properties of metals by theoretical calculation. With the known value of the inter-atomic forces in the crystal structure of a given lattice, calculations on the theoretical value of the mechanical properties of metals have been done. However, the calculated values of mechanical properties of the metals were much larger than the values obtained with tensile
testing in laboratory settings. The actual strength of materials is much lower than the levels obtained from
theoretical calculations. This discrepancy has been explained in terms of imperfections in the crystal structure. Unlike the idealized models, metal crystals contain large numbers of defects. Idealized models of
crystal structures are known as perfect lattices. In Fig. 1.5 is shown an idealized model of a metal structure without dislocations, in which the atoms from one row correspond with the atoms in another row.

Fig. 1.5 Idealized models of crystal structures.
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Fig. 1.6 Point defects : a) vacancy defect, b) substitutional defect, c) interstitial defect.
Orderliness between atoms is not disturbed. Actual metal crystals contain large numbers of defects
and imperfections, which can be classified in four categories: point defects, line defects, planar imperfections, and volume imperfections.
a) Point (or atomic) defects (Fig. 1.6) can be divided into three main defect categories: the term can
mean missing atoms (a vacancy), an interstitial atom (an extra atom) in the lattice, or a foreign atom (substitutional) that has replaced the atom of the pure metal.
Vacancy defects result from a missing atom in a lattice position, and may result from imperfect packing in the process of crystallization, or it may be due to increased thermal vibrations of the atoms brought
about by elevated temperatures.
Substitutional defects result from an impurity that is present in a lattice position. Interstitial defects
result from an impurity located at an interstitial site or from one of the lattice atoms being in an interstitial position instead of being in its usual lattice position.
b) Line defects, called dislocations, are defects in the orderly arrangement of a metal’s atomic structure. Dislocations can be of three types: edge, screw, or mixed, depending on how they distort the lattice.
It is important to note that dislocations cannot end inside a crystal. They must end at a crystal edge or other
dislocation, or they must close back on themselves.
In Fig. 1.7 is shown a model of a metal structure with edge dislocation. Edge dislocations consist of
an extra row or plane of atoms in the crystal structure. The imperfection may extend in a straight line all
the way through the crystal or it may follow an irregular path. It may also be short, extending only a small

Fig. 1.7 Line defects (dislocations).
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distance into the crystal, causing a slip of one atomic distance along the glide plane (the direction in which
the edge imperfection is moving). The slip occurs when the crystal is subjected to a stress, and the dislocation moves through the crystal until it reaches the edge or is arrested by another dislocation.
As can be seen, one column from the upper part does not exist in the lower part of the figure. In this
zone the atoms do not appear in regular order; they are moved or dislocated.
That is why one excess vertical plane must appear in this zone, which functions as an extra plane.
Obviously, the atoms near the dislocation in one zone are in a pressured condition, and in another zone
they are in a stretched condition. In these conditions, a lattice structure ought to bend. However, if a dislocation is locked with huge atoms, it will not bend, and a dislocation will occur in the place where there
is most concentration of strain. A screw dislocation can be produced by a tearing of the crystal parallel to
the slip direction. If a screw dislocation is followed all the way around a complete circuit, it will show a
slip pattern similar to that of a screw thread.
c) Planar imperfections are larger than line imperfections and occur over a two- dimensional area.
Planar imperfections exist at an angle between any two faces of a crystal or crystal form. These imperfections are found at free surfaces, domain boundaries, grain boundaries, or interphase boundaries. Free surfaces are interfaces between gases and solids. Domain boundaries refer to interfaces where electronic
structures are different on either side, causing each side to act differently although the same atomic
arrangements exist on both sides. Grain boundaries exist between crystals of similar lattice structure that
possess different spacial orientations. Polycrystalline materials are made up of many grains that are separated by distances (typically) of several atomic diameters. Finally, interphase boundaries exist between the
regions where materials exist in different phases @e., bcc next to fcc structures).
d) Volume imperfections are three-dimensional macroscopic defects. They generally occur on a much
larger scale than the microscopic defects. These macroscopic defects generally are introduced into a material during refinement from its raw state or during fabricating processes.
The most common volume defect arises from foreign particles being included in the prime material.
These second-phase particles, called inclusions, are seldom wanted because they significantly alter the
structural properties. An example of an inclusion may be oxide particles in a pure metal or a bit of clay in
a glass structure.

1.3.2 Grain Size and Boundary
When molten metal begins to solidify, crystals begin to form independently of each other at the various
locations within the melted mass. Fig. 1.8 is a schematic illustration of the various stages during the solidification of molten metal.

I"+ @

Fig. 1.8 Schematic illustration of the various stages during the solidification of molten metal.
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Each small square represents a unit cell. The first (I) represents the nucleation of crystals at random
sites in the molten metal. The second and third (I1 and 111) represent the growth of crystals as solidification continues. The last (IV) represents solidified metal, showing individual grains and grain boundaries.
The grain boundavy refers to the outside area of a grain that separates it from the other grains. The
grain boundary is a region of misfit between the grains and is usually one to three atom diameters wide.
The grain boundaries separate variously oriented crystal regions (polycrystalline) in which the crystal
structures are identical. Fig. 1.8 (IV) represents five grains of different orientation and the grain boundaries
that arise at the interfaces between the grains
A very important feature of a metal is the average size of the grain. The size of the grain determines
the properties of the metal. For example, a smaller grain size increases tensile strength and tends to
increase ductility. A larger grain size is preferred for improved high-temperature creep properties. Creep
is the permanent deformation that increases with time under constant load or stress. Creep becomes progressively easier (greater) with increasing temperature.
Another important property of the grains is their orientation. In general, grains may be oriented in a
random arrangement or in a preferred orientation. In a random orientation of the grains, no one direction
within the grains is aligned with the external boundaries of the metal sample. This random orientation can
occur when material is cross-rolled. If such a sample is rolled sufficiently in one direction, it will develop
a grain-oriented structure in the rolling direction. This is called preferred orientation. A preferred orientation is often very desirable.

1.3.3 Strain Hardening
Movement of an edge dislocation across a crystal lattice under a shear stress does not happen all at the
same time; instead, only the local domain slips. Fig. 1.9a schematically illustrates a crystal lattice nondeformed metal, and Figs. 1.9b to 1.9d illustrate the movement of an edge dislocation across the crystal
lattice under a shear stress. Dislocation helps explain why the actual strength of metals is much lower than
that predicted by theory. A slip plane containing a dislocation requires less shear stress to cause slip than
a plane in a perfect lattice.
Although the presence of a dislocation lowers the shear stress required to cause slip, dislocations can
become entangled and interfere with each other and be impeded by barriers, such as grain boundaries and

a)

b)

c>

d)

Fig. 1.9 Gradual movement dislocation through a crystal lattice during plastic deformation: a) structure before
deformation; b), c), and d) movement of an edge dislocation across the crystal lattice under a shear
stress.
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UTS(t) -theoretical ultimate tensile strength
UTS-true ultimate tensile strength
n-number of defects in the crystal latice
~~

Fig. 1.10 The relationship between the metal’s strength and number of dislocations in the metal’s crystal lattice.
impurities and inclusions in the metal. Entanglement and impediments increase the shear stress required
for slip. The increase in shear, and hence the increase in the overall strength of the metal, is known as work
hardening or strain hardening. Work hardening is used extensively in strengthening metals in metalworking processes at ambient temperatures.
The relationship between a metal’s strength and the number of dislocations in the metal’s crystal lattice is shown in Fig. 1.10.
The curve of function UTS = f (n) graphically illustrates an hypothesis regarding strain hardening in
metals in metalworking processes at ambient temperature. The steep part of the curve UTS = f (n) for n<n,
characterizes the beginning of the first dislocations and other defects in structure, such as vacancies, interstitial atoms, impurities, etc. The right part of the curve for n > n, characterizes a gradual growth of
strength and represents aggregate defects.

1.4 RECOVERY AND RECRYSTALLIZATION
In studies of the phenomenon of work hardening, it has been shown that plastic deformation at room temperature results in a change in the mechanical properties of metals: a general increase in ultimate tensile
strength, yield point elongation, and hardness, while elongation and contraction decrease. However, the
properties of metals can be reversed to their original level by heating them to a specific temperature for a
specific time. Fig. 1.1 1 schematically illustrates changes in the mechanical properties depending on the
temperature to which a previously cold deformed workpiece of a steel of medium hardness has been raised.
At the beginning of the reversal process, the material is slowly heated to the lower temperatures, then
to a specific temperature for each material. At this point, sudden changes occur which correspond with the
beginning of changes of the structurally deformed metal. In place of the deformed grains in a crystal lattice with defects, new crystallization centers appear, and around them new crystals are formed. Strains and
defects of crystal lattice which appeared during plastic deformation now disappear.
This process is called recrystallization. The beginning of this process, i.e. the temperature at which
new small grains with a crystal lattice form without defects, is called the temperature of recrystallization
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Fig. 1.1 1 Changes in the mechanical properties of steel of medium hardness
during the process of recovery and recrystallization.

(TJ. This temperature is different for different metals and alloys, and may be calculated approximately by
the following formula:
T, = 0.4 T,

where:
T,

= the

(1.1)

melting point of the metal.

Alloys usually have a higher temperature of recrystallization than pure metals. Changes during the
process of heating before the temperature of recrystallization is reached are called recovery. The temperature for recovery (TJ ranges can be approximately calculated by the following formula:
Trc = (0.2 to 03) T,,,

(1.2)

During recovery, cold-work properties disappear, and there is no microscopic change, but there is residual
stress.

I

2.1 Introduction

I

2.2 Stress / Strain Curves

I

2.4 True Stress and True Strain

MECHANICAL BEHAVIOR
OF MATERIALS
2.1 INTRODUCTION
One of the most important groups of processes in manufacturing is plastic deformation. The group
includes forging, rolling, extrusion, rod and wire drawing, and all sheet-metal forming processes. This
chapter discusses the hndamental aspects of the mechanical behavior of metals during deformation.
Metal deformation is an integral part of industrial production. For example, during the process of
stretching a piece of metal to make some part of an aircraft or an automobile, the material is subjected 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 mechanical 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. 2.1 is shown the three most common types of stress
Compression stresses develop within a sample material when forces compress or crush it. For example, the material that supports an overhead beam is in compression, and the internal stresses that develop
within the supporting column are compressive.
Tension (or tensile) stresses develop when a material is subject to a pulling load; for example, when
a wire rope is used to lift a load or as a guy to anchor an antenna. “Tensile strength” is defined as resistance to longitudinal stress or pull and can be measured in pounds per square inch of cross section.
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Fig. 2.1 Types of stress: a) tension, b) compression, c) shear.

Shearing stresses occur within a material when external forces are applied along parallel lines in
opposite directions. Shearing forces can separate a material by sliding 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 ASTM.
To compare specimens of different sizes, the load is calculated per unit area. The force divided by the
area is called stress. In tension and compression tests, the relevant area is that perpendicular to the force.
In shear tests, the area of interest is perpendicular to the axis of rotation.
The engineering stress is defined as the ratio of the applied force F to the original cross/sectional area
A , of the specimen. That is:

o = -F
A,
where:
F = tensile or compressive force
A , = original cross-sectional area of the specimen.
The nominal strain or engineering strain can be defined in three ways:
As the relative elongation, given by:

AI 1
e=- 1 - 1 0 - -=--I
10

where:
I, = the original gauge length
I = the instantaneous length;

10
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As the reduction of the cross-section area, given by:

Or as the logarithmic strain, given by:

(p=l&

A

where:
A , = the original cross-section area
A = the instantaneous cross-section area.
These definitions of stress and strain allow test results for specimens of different cross-sectional area
A , and of different length 1, to be compared. It is generally accepted that tension is positive and compression is negative.
Shear stress is defined as:

r=-F
A,

where:
F = force is applied parallel to the upper and lower faces, each of which has an area A,.
Shear strain is defined as:
a

y = - =tge
b
Shear stresses produce strains according to:

where:
G

=

shear modulus.

Torsion is a variation of pure shear. Shear stress then is a function of applied torque shear strains related to the angle of twist.
Materials subject to uniaxial tension shrink in the lateral direction. The ratio of lateral strain to axial
strain is called Poisson j. ratio.

where:
e, = lateral strains,
eY = axial strains.
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The theory of isotropic elasticity defines Poisson’s ratio in the next relationship:

-l<vI0.5

(2.8a)

The Poissonratio for most metals is between 0.25 and 0.35. Rubbery materials have Poisson’s ratios very
close to 0.5 and are therefore almost incompressible. Theoretical materials with a Poisson’s ratio of exactly
0.5 are truly incompressible, because the sum of all their strains leads to a zero volume change. Cork, on the
other hand, has a Poisson’s ratio close to zero, which makes cork function well as a bottle stopper. The cork
must be easily inserted and removed, yet it also must withstand the pressure from within the bottle.
The elastic modulus, shear modulus, and Poisson’s ratio are related in the following way:

E = 2G(l+ V )

2.2 STRESS /STRAIN CURVES
The relationship between the stress and strain that a material displays is known as a stresdstrain curve. It
is unique for each material. In Fig. 2.2 are shown the characteristic stresdstrain curves for three common
materials.
Mild steel

Strain

-

Fig. 2.2 Stresslstrain curves for different materials.

It can be seen that the concrete curve is almost a straight line. There is an abrupt end to the curve.
This abrupt end combined with the fact that the line is very steep, indicate that the material is brittle. The
curve for cast iron is slightly curved. Cast iron also is a brittle material. Notice that the curve for mild steel
seems to have a long gently curving “tail,” which indicates the high ductility of the material.
Typical results from a tension test on a mild-steel are shown in Fig. 2.3.
Several significant points on a stress/strain curve help one understand and predict the way any building material will behave. Point A is known as the proportional limit. Up to this point, the relationship
between stress and strain is exactly proportional. The linear relationship between stress and strain is called
Hooke’s law.
0=E-e

(2.10)
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Fig. 2.3 Tensile stresdstrain diagram for a mild steel.

If the load is removed, the specimen returns to its original length and shape, which is known as elastic behavior.
Strain increases faster than stress at all points on the curve beyond point A. Point B is known as the
elastic limit; after this point, any continued stress results in permanent, or inelastic, deformation
The stress resistance of the material decreases after the peak of the curve, and this point is also
known as the yield point Y of the material. For soft and ductile materials, the exact position on the
stress /strain curve where yielding occurs may not be easily determined because the slope of the straight
portion of the curve decreases slowly. Therefore, Y is usually determined as the point on the stress
/strain curve that is offset by a strain of 0.002 or 0.2% elongation.
If the specimen continues to elongate further under an increasing load beyond point Y, a domain curve
begins in which the growth of strain is faster than that of stress. Plastic forming of metal is performed in
this domain. If the specimen is released from stress between point Y and point M, the curve follows a
straight line downward and parallel to the original slope (Fig. 2.4).
As the load and engineering stress increase further, the curve eventually reaches a maximum point M ,
and then begins to decrease. The maximum engineering stress is called tensile strength or ultimate tensile

Fig. 2.4 Schematic illustration of loading and unloading tensile test specimen.
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strength (UTS), of the material.

o,,,
= UTS = F max
A,
~

(2.1 1)

If the specimen is loaded beyond its ultimate tensile strength, it begins to “neck,” or “neck down.” The
cross-sectional area of the specimen is no longer uniform along a gauge length but is smaller in the necking region. As the test progresses, the engineering stress drops further and the specimen finally fractures
at the point F. The engineering stress at fracture is known as the breaking or fracture stress.
The ratio of stress to strain in the elastic region is known as the modulus of elasticity (E) or Young’s
modulus and is expressed by:

E = -O
e

(2.12)

The modulus of elasticity is essentially a measure of the stiffness of the material.

2.3 DUCTILITY
Ductility is an important mechanical property because it is a measure of the degree of plastic deformation
that can be sustained before fracture. Ductility may be expressed as either percent elongation or percent
reduction in area.
Elongation can be defined as:
(2.13)
Reduction can be defined as:

w = A,

XlOO

4,

(2.14)

where:

$. = length at the fracture. This length is measured between original gauge marks after the pieces of
the broken specimen are placed together;
I , = the original sample gauge length;
Af = cross-sectional area at the fracture;
A , = original sample gauge cross-sectional area.
Knowledge of the ductility of a particular material is important because it specifies the degree of
allowable deformation during forming operations. Gauge length is usually determined by inscribing gauge
marks on the sample prior to testing and measuring the distance between them, before and after elongation has occurred. Because elongation is always declared as a percentage, the original gauge must be
recorded. Fifty millimeters (two inches) is the standard gauge length for strip tensile specimens and this is
how the data are generally recorded. The reduction in area is declared as a percentage decrease in the original cross-sectional area and, like percent age elongation, it is measured after the sample fractures. The per-
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centage elongation is more a measure of the strain leading to the onset of necking than a measure of the
strain at final fracture in a uniaxial tensile specimen. A better measure of the strain at final fracture is the
percentage reduction in area.
The relationship between the elongation and reduction of area is different for some groups of metals,
as shown in Fig. 2.5.

Stainless steels
_::)ye.

and Alloys
Aluminum alloys
/

Low carbon steels

\
9
7
/
~
0

I

,

cold rolled
I

I

I

I

,

,

-

10 20 30 40 50 60 70 80 90

Reduction of area (%)

Fig. 2.5 Relationship between elongation and reduction of area
Elongation ranges approximately between 10 and 60% for most materials, and values between 20 and
90% are typical for reduction of area. Thermoplastics and super-plastic materials, of course, exhibit much
higher ductility, aand brittle materials have little or no ductility.

2.4 TRUE STRESS AND TRUE STRAIN
In the solution of technical problems in the processes of sheet-metal forming, theoretical stress and strain
do not have as crucial a significance as do true stress and true strain. True stress and true strain are much
more important.
It is apparent that, since stress is defined as the ratio of force to area, true stress may be defined as:

k = -F
A

(2.15)

where:
A = the instantaneous cross-section area.
As long as there is uniform elongation, true stress (k) can be expressed using the value for engineering stress . Assuming that volume at plastic deformation is constant: (this equation is in effect only to point
M),the relationship between true and nominal stress may be defined as follows:

F = 0 x 4 = o(l-s)= 0
= 0.
E"
k =A
A
1-v

(2.15a)

In Fig. 2.6 is shown a nominal (engineering) curve and the true stress and strain for medium carbon
steel.
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Strain e

Fig. 2.6 Diagram of nominal and true stress.

Because the strains at the yield point Yare very small, the difference between the true and engineering yield stress is negligible for metals. This is because the difference in the cross- sectional areas A , and
A at yielding is very small. However, the difference in the cross-sectional area A , and A , ( A < A,) above
point Y is always greater, so the difference between the true and nominal stress is significant (k > 0).
Because of the relationship, the given curve showing the true stress is known as the “hardening curve” of
a metal.

PART

I1

MANUFACTURING PROCESSES
This part discusses the methods that are most used for sheet metal forming. The text is presented in five
chapters, which deal, in detail, with: shearing, punching and blanking, bending, deep drawing, and various
forming processes (stretching, nosing, expanding, flanging, flexible die forming, and spinning). Special
attention is given to the mechanism of processes, estimation of forces, clearances, minimum bend radius,
and other important factors in sheet-metal forming processes. Detailed analytical mathematical transformations are not included, but the final formulas derived from them, which are necessary in practical applications, are included.

3.1 Mechanics of Shearing

SHEARING PROCESS
3.1 MECHANICS OF SHEARING
The shearing process involves the cutting of flat material forms, such as sheets and plates. The cutting may
be done by different types of blades or cutters in special machines driven by mechanical, hydraulic, or
pneumatic power. Generally the operations consist of holding the stock rigidly, while it is severed by the
force of an upper blade as it moves down past the stationary lower blade.
During the shearing process, three phases may be noted: In phase I, because of the action of the cutting force E the stress on the material is lower than the yield stress (z < ze). This phase is that of elastic
deformation (Fig. 3.1). To prevent the movement of material during the cutting operation, the material is
held by the material holder at force Fd. In phase 11, the stress on the material is higher than the yield stress
but lower than the UTS. This phase is that of plastic deformation (ze < z < z ~ ) In
. phase 111, the stress on
the material is equal to the shearing stress (z = zm). The material begins to part not at the leading edge, but
at the appearance of the first crack or breakage in the material. Fracture of the material occurs in this phase.
The amount of penetration of the upper blade into the material is governed by the ductility and thickness of the work material. If the material is thicker and more brittle, the first crack will appear earlier, so
there is earlier disjunction of the material. The sheared edge is relatively smooth where the blade penetrates, with a considerably rougher texture along the torn portion.

3.2 SHEARING FORCES
Knowledge of the forces and the power involved in shearing operations is important, and they may be calculated according to the edge types of the cutters. There are three types of cutters:

23

24 V

Shearing Process

straight parallel cutters,
straight inclined cutters, and
rotary cutters.

Holder

IF Work material

-1

Phase I

F

Upper blade
7

Phase I1

Phase 111

Fig. 3.1 Schematic illustration of the shearing process.

3.2.1 Shearing with Straight Parallel Cutters
The shearing force F with straight parallel cutters (Fig 3.2) can be calculated approximately as:

where:
z = shear stress,

A = cutting area.
The cutting area is calculated as:

A=b.T
where:
b = width of material
T = thickness of material
This calculated shearing force needs to be increased by 20% to 40% depending on the:
obtuseness of the angle of the cutter edge,
enlarged clearance between cutters,
varations in the thickness of the material, and
other unpredictable factors.
The real force of the shearing machine is:

FM =1.3F.

(3.la)
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The crosscut force Ft at the cutters (Fig. 3.2) is:

F, = F tgy.

(3.3)

'

For shearing without a material holder, the turn angle of the material is:

y

= 10'

+20°, and

the crosscut force is:

F, = ( 0 . 1 8 t 0 . 3 6 ) F .

(3.3a)

For shearing with a material holder, the turn angle is:

il=5O+1oo and,
the crosscut force is:

F, =(0.09+0.18)F b

(3.3b)

upperblade

Work material

Work material
i

Fig. 3.2 Schematic illustration of shearing with straight parallel cutters.
3.2.2 Shearing with Straight Inclined Cutters
Shears with straight inclined cutters are used for cutting material of relatively small thickness compared
with the width of cutting. Using inclined cutters reduces the shearing force and increases the range of
movement necessary to disjoin the material. The penetration of the upper blade into material is gradual,
and as result, there is a lower shearing force.
The shearing force can be calculated approximately as:

T2

F = n.k.UTS-&,,--=: 0.6 UTS
tg cp
*

E,,

T2

t s cp

(3.4)
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where:
n = 0.75 to 0.85 - For most materials
k = 0.7 to 0.8 - Ratio UTSh for material
cot = The relative amount of penetration of the upper blade into the material (Table 3.1)
q = Angle of inclination of the upper cutter.

MATERIAL

Thickness of material T (mm)

1+2

<I

2t4

>4

Plain carbon steel

0.75 - 0.70

0.70 - 0.65

0.65 - 0.55

0.50 - 0.40

Medium steel
Hard steel
Aluminum and copper
(annealed)

0.65 - 060
0.50 - 0.47
0.80 - 0.75

0.60 - 0.55
0.47 - 0.45
0.75 - 0.70

0.55 - 0.48
0.44 - 0.38
0.70 - 0.60

0.45 - 0.35
0.35 - 0.25
0.65 - 0.50

,
I

I

For shearing without a material holder, the angle of inclination of the cutter is y = 7 O to 12O. If the angle
is y > 12O the shears must have a material holder. To make the shearing process efficient, the cutters are
made (see Fig. 3 . 3 ) with:
end relief angle y = 3 O to 12O
back angle
a = 2O to 3 O , and
lip angle
p = 7.5' to 8.5'.
The clearance between cutters is c = (0.02 i 0.05) mm.

a

Upper blade

-___

Work material
b

[

Fig. 3.3 Schematic illustration of shearing processes with straight inclined cutters.
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3.3.3 Shearing with Rotary Cutters
The rotary shearing process is very much like shearing with straight inclined cutters because the straight
blade may be thought of as a rotary cutter with an endless radius. It is possible to make straight line cuts
as well as to produce circular blanks and irregular shapes by this method. In Fig. 3.4 is illustrated the conventional arrangement of the cutters in a rotary shearing machine for the production of a perpendicular
edge. Only the upper cutter is rotated by the power drive system. The upper cutter pinches the material and
causes it to rotate between the two cutters.
Shearing force can be calculated approximately as:

The clearance between rotary cutters with parallel inclined axes is:

c = (0.1 to 0.2)T.

(3.6)

Rotary shearing machines are equipped with special holding fixtures that rotate the work material to
generate the desired circle. A straight edge fixture is used for straight line cutting. It should be noted that
the rotary shearing operation, if not performed properly, may cause various distortions of the sheared part.

Work material

Fig. 3.4 Schematic illustration of shearing with rotary cutters.
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BLANKING AND PUNCHING
4.1 BLANKING AND PUNCHING MECHANISM
Blanking and punching are processes used to cut metal materials into any precise form by the use of dies.
The basic parts of the tool are the punch and the die. The major variables in these processes are as follows:
the punch force, F; the speed of the punch; the surface condition and materials of the punch and die; the
condition of the blade edges of the punch and die; the type of lubricant; and the amount of clearance
between the punch and die.
In blanking, the slug is the part that is used, and the remainder is scrap. In punching, the sheared slug
is discarded as scrap, leaving the remainder to be used (Fig. 4.1).

Fig. 4.1 Blanking and punching.
There are three phases in the process of blanking and punching (Fig. 4.2.):
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Punch

Work material

I

I

I

phase I

phase I1

phasevIII

Fig. 4.2 Phases in the process o f shearing.
In phase I, during which the work material is compressed across and slightly deformed between the
punch and die, the stress and deformation in the material do not exceed the elastic limit. This phase is
known as the elastic phase.
In Phase 11, the bent work material is pushed farther into the opening die by the punch; at this point
in the operation, the material has been obviously deformed at the rim, between the cutting edges of the
punch and die. This concentration of outside forces causes plastic deformation at the rim of the material.
At the end of this phase, the stress in the work material close to the cutting edges reaches a value corresponding to the material shear strength, but the material resists fracture. This phase is called the plastic
phase.
During Phase 111, the strain in the work material reaches the fracture limit, and micro-cracks appear
which turn into macro-cracks, followed by separation of the parts of the workpiece. The cracks in the material start at the cutting edge of the punch on the upper side of the work material, also at the die edge on the
lower side of the material; the cracks propagate along the slip planes until complete separation of the part
from the sheet occurs. A slight burr is generally left at the bottom of the hole and at the top of the slug.
The slug is then pushed farther into the die opening. The slug burnish zone expands and is held in the die
opening. The whole burnish zone contracts and clings to the punch. The overall features of the blanked or
punched edges for the entire sheared surface are shown in Fig. 4.3. Note that the edges are neither smooth
nor perpendicular to the plane of the sheet. The clearance c is the major factor determining the shape and
quality of the blanked or punched edge. If clearance increases, the edges become rougher, and the zone of

burnish zone diameter

.-
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-
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.
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Fig. 4.3 Features o f sheared edges o f the sheet metal.
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deformation becomes larger. The material is pulled into the clearance area, and the edges of the punched
or blanked zone become more and more rounded. In fact, if the clearance is too large, the sheet metal is
bent and subjected to tensile stresses instead of undergoing a shearing deformation.

4.2 BLANKING AND PUNCHING CLEARANCE
Clearance c, is the space (per side) between the punch and the die opening (Fig. 4.4), such that:
C=

D m -dp

2

(4.1)

Because of the amount of clearance between the punch and the die, tool and die producers enjoy some kind
of mystique related to their work as being both an art and a science.
Proper clearance between cutting edges enables the fractures to start ideally at the cutting edge of the
punch and also at the die. The fractures will proceed toward each other until they meet, and the fractured
portion of the sheared edge then has a clean appearance. For optimum finish of a cut edge, correct clearance is necessary and is a function of the kind, thickness, and temper of the material.
The upper corner of the cut edge of the strip stock and the lower corner of the blank acquire a radius
where the punch and die edges respectively make contact with the work material. This edge radius is produced by the plastic deformation taking place and is more pronounced when cutting soft materials.
Excessive clearance will also cause a large radius at these corners, as well as a burr on opposite corners.
When clearance is not sufficient, additional layers of the material must be cut before complete separation is accomplished. With correct clearance, the angle of the fractures will permit a clean break below
the burnish zone because the upper and lower fractures will extend toward one another. Excessive clearance will result in a tapered cut edge, because for any cutting operation, the opposite side of the material
that the punch enters after cutting, will be the same size as the die opening.
The width of the burnish zone is an indication of the hardness of the material. Provided that the die
clearance and material thickness are constant, the softer the material, the wider will be the burnish zone.
Harder metals required larger clearance and permit less penetration by the punch than ductile materials;
dull tools (punch and die) create the effect of too small a clearance as well as a burr on the die side of the

Workpiece

Fig. 4.4 Punch and die clearance.
www.ghaem.info
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stock. Clearance is generally expressed as a percentage of the material thickness, but some authorities recommend absolute values.
Table 4.1 illustrates the value of the shear clearance in percentages depending on the type and thickness of the material
Table 4.1 Values for clearance as a percentage of the thickness of the materials
MATERIAL

carbon

Table 4.2 illustrates absolute values for the shear clearance depending on the type and thickness of
the material.
More analytical methods for the definition of shear clearance exist; for instance, the theoretical
method expresses clearance as a function of thickness of the material and the shear strength of the material. That is:
C =

C =

k .T

k - T .2/0.7UTs
-

2
2
(1.5.k.T -0.015).J0.7UTS
2

for T I 3 m m
(4.2)

for T > 3mm

where:
T = thickness of material (mm)
k = a coefficient that depends on the type of die; that is k = 0.005 to 0.035, most frequently uses
k = 0.01. For a die of metal ceramic, k = 0.015 to 0.18
- shear strength of material
Trn UTS = Ultimate Tensile Strength.

Location of the proper clearance determines either hole or blank size; the punch size controls the hole
size, and the die size controls the blank size. A blank will be sheared to size when the punch is made to
the desired size less the amount of clearance. A punched hole of the desired size results when the die is
made to the desired size plus the amount of clearance.
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4.3 PUNCH FORCE
Theoretically, punch force should be defined on the basis of both tangential (7) and normal (0)stresses that
exist in a shear plane. However, with this analysis, one obtains a very complicated formula that is not convenient for use in engineering practice because an estimate of the punching force can be calculated from
a value for tangential stress alone.

4.3.1 Punch and Die with Parallel Cut Edges
The force F for a punch and die with parallel cut edges is estimated from the following equation:

F = LTT, = 0.7LT(UTS)

(4.3)

where:

L = the total length sheared (perimeter of hole),
T = thickness of the material,
UTS = the ultimate tensile strength of the material.
Such variables as unequal thickness of the material, friction between the punch and the workpiece, or
poorly sharpened edges, can increase the necessary force by up to 30%, so these variables must be considered in selecting the power requirements of the press. That is, the force requirements of the press, Fp
are:

F,, = 1.3F

(4.4)

The shared zone is subjected to cracks, plastic deformation, and friction, all of which affect the punch
force/penetration curves, which can thus have various shapes. One typical curve for a ductile material is
shown in Fig. 4.5. The area under this curve is the total work done in the punching or blanking operation.
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Y

\ -

Punch penetration

Fig. 4.5 Typical punch force / penetration curve in shearing.
4.3.2 Punch and Die with Bevel-cut Edges
The punch force can be reduced if the punch or die has bevel-cut edges (Fig. 4.6). In blanking operations,
shear angles, which may be convex or concave bevel shear, should be used (Fig. 4.6a) to ensure that the
slug workpiece remains flat. In punching operations, bevel shear or double-bevel shear angles should be
used on the punch (Fig. 4.6b).
I

Height bevel

rm

)?!K
i &!

le

1

Material thickness

1 Material thickness

a)
b)

Fig. 4.6 Shear angles a) on die. b) on punch.
The height of the bevel shear and the shear angle depend on the thickness of material and they are:

H 1 2 T andqS5" forTS3mm,

H = T and q 5 8' for T > 3mm.

(4.5)

Increases in the shear angle also increase deformations, which can cause warping of the workpiece.
The punch force F when a shear angle is used on a punch and die in shearing operations is estimated
in the following equation:

F = 0.7kLT(UTS)

(4.6)

where:

k = 0.4 to 0.6 for H =T
k = 0.2 to 0.4 for H =2T.
Use of a shear angle on the punch or die for punching and blanking workpieces with complicated
shapes is not recommended.
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4.4 MATERIAL ECONOMY
The major portion of the cost of producing a stamped component is the material. Material economy
is therefore of the utmost importance from the standpoint of cost. The relative position of the blanks on the
work material should be carefully laid out to avoid unnecessary scrap. For the greatest material economy
it is necessary to plan:
A rational scrap strip layout;
An optimum value of m (from the edge of the blank to the side of the strip), and n (the distance
from blank to blank);
Techniques adapted for altering the layout without changing the function of the workpiece;
Utilization of the scrap from one part as material for another.
The best criterion for estimating material economy is assessing the percentage of scrap. A good rule to follow is to lay out blanks in such a way as to utilize at least 70 to 80% of the strip or sheet area.

4.4.1 Scrap Strip Layouts
In general, there are three types of scrap strip layout: The first uses the value of n and m (Fig. 4.7a). The
second uses only the value of n, but m = 0 (Fig. 4.7b). The third uses the value of n = 0 and m = 0 (Fig.
4 . 7 ~ )The
. scrap strip layout is a good place to start when designing a die. Strips of stock are fed into the
die from the right, from the left, or from front to rear, depending upon the method selected. Strips may be
sheared to desired widths at the mill, or they may be purchased as rolled stock.
Assume a straightforward single-pass layout as shown in Fig. 4.7a. Before the material requirements
can be calculated, the value of m and n must be determined.

4
I1

c9

Fig. 4.7 Material economy in blank layout a) m > 0; n > 0 b) m = 0; n > 0 c) m = 0; n = 0.
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If the thickness of the material is T I 0.6 m m ,the values of m and n may be taken from Table 4.3.When
the thickness of the stock T > 0.6 mm, the value of m may be calculated from the formula.

m = T + 0.015D

(4.7)

where:
m = distance from the edge of the blank to the side of the strip
T = thickness of the material, and
D = width of blank.
The number of blanks N which can be produced from one length of stock is:

N = -L - n

(4.8)

t
where:
L = length of stock,
t = length of one piece, and
N = number of blanks.
The value of n is found from Table 4.3
Table 4.3 Absolute values for m and n
THICKNESS OF THE MATERIAL

T 5 0.6

(mm)

DIMENSION
76 to 100
3.0

1

DIM.
(mm)

n

101 to 150
3.5

151 to 300
4.0

1

THICKNESS OF THE MATERIAL T > 0.6 (mm)

0.61 to 0.8
3.5

0.8 1 to 1.25
4.3

1.26 to 2.5
5.5

2.51 to 4.0
6.0

4.1 to 6.0
7.0

The scrap at the end of the strip E is:

E = L - ( N .t + n )

(4.9)

The position of the workpiece relative to the direction of feed of the strip is an important consideration. Generally speaking, there are two types: rectangular- one axis of the blank is parallel with
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stock movement through the die, and at an angle- no axis of the blank is parallel to the direction of
feed.
In Fig. 4.8 are shown four possible layouts of L-shaped parts. The rectangular layout, Fig. 4.8a,
utilizes 62.5% of the strip. In an angle layout with adequate n dimension, Fig. 4.8b, utilizes 76.5% of
the strip. The layout in Fig. 4 . 8 ~utilizes 81.8%. The greatest material economy is achieved with the
layout type in Fig. 4.84 but design and production of the die are more complicated than in the other
layouts shown.

b)

a)

c)

d)

Fig 4.8 Material economy in blank layout of L-shaped parts.
4.4.2 Altering the Design of the Workpiece
A savings in stock may be obtained by using adaptive techniques to alter the layout of the workpiece. Fig.
4.9 illustrates how modifying the contour of a commercial stamping can permit nesting and reduce 40%
scrap loss while still retaining the fimctionality of the product.

t

t

a)

b)

Fig 4.9 Material economy by adapting the technique in the altered layout a) Original layout b) Altered layout.

4.4.3 Multi-line Layout
Fig. 4.10 illustrates an alternate multi-line layout of circular blanks. This type of layout improves material
economy and is used for smaller, simple-shaped workpieces. To simplify the die, multiple sets of punches
may stamp out blanks simultaneously.The strip width B may be calculated from the following formula:

B = D + 0.87(D + n) .(i

+ 1) + 2m

(4.10)
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where:

D = width of blank,
m = edge of blank to side of strip,
n = distance of blank to blank,
i = number of lines.
The value of i may be taken from Table 4.4.

Fig.4.10Alternate multi-line layout.
Table 4.4 Number of lines i in an alternate multi-line layout
~

Number of lines i

10 to 30

30 to 75

75 to 100

> 100

9 to 5

4 to 3

3 to 2

2to1

~

4.4.4 Utilizing Scrap from One Piece as Material for Another Piece
Rings or squares with large holes are very wasteful of material. Sheet-metal stamping companies are constantly on the alert to utilize the scrap from one part as material for another. For example, in Fig. 4.1 1, the
scrap center that otherwise would result in waste from piece number one is used as material for piece number two, and waste from piece number two is used as material for piece number three.

Fig. 4.1 1 Utilize the scrap from one piece as a material for another piece (scrap from piece # 1
as the material for piece #2; scrap from piece # 2 as the material for piece #3).
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4.5 SHAVING
Sometimes it is necessary to achieve a very clean hole. In order to do this, a process called shaving is used.
This is the process of the removal of a thin layer of material with a sharp punch. It can be used with a
blanked and punched workpiece.

4.5.1 Shaving a Punched Workpiece
The edges of punched pieces are generally unsquare, rough, and uneven. This process is particularly useful in:
improving the surface finish of a punched hole, and
improving the dimensional accuracy of punched parts and distances between holes.
Shaving may be done as a separate operation or it may be incorporated into one station along with punching in a progressive die. A thin ringed layer of metal is removed by shaving (Fig. 4.12).

\

\

Scrap

Fig. 4.12 Phases of shaving punched hole
It is necessary, of course, to provide a small amount of stock on the punched work piece for subsequent
shaving. This amount is:

6=D-d.

(4.1 1)

The value of 6 is 0.15 to 0.20 mm for a previously punched hole and 0.10 to 0.15 mm for a previously
drilled hole.
The diameter of punch in Fig. 4.13, can be calculated from the formula

d , =D+A+i=d+6+A+i,
where:
D
d
i

diameter of hole after shaving,
= production tolerance of the hole,
= amount of compensation for tightening of the hole area after shaving.
=

(4.12)
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This amount is:
i = 0.007 to 0.017 mm
i = 0.005 to 0.010 mm
i = 0.008 to 0.015 mm

for brass,
for aluminum,
for low-carbon steel.

The diameter of the die needs to be 20 to 30% bigger than the diameter of the punch; that is:

D, = (1.2 to 1.3)d,.

(4.13)

When shaving, the following should be considered:
Always maintain the recommended close shave clearance for the shave operation,
One of the natural problems with shaving is keeping the scrap out of the die. For removing this
scrap, Arnold recommends the patented Bazooka Bushing, which creates a vacuum force to pull the
scrap out of the die button.
Another problem with shaving in automatic dies is progression control. French notching or trimming both sides of the strip in the die plus adequate piloting should be considered before beginning.
Workpiece

7

Punch

Fig. 4.13 Schematic illustration of an addition for shaving, and production tolerance of the hole.
The shave force can be calculated from the formula:

F=Ap
where:
A = cross-section of ringed scrap in Fig. 4.13:
A = 0.875[(d+ 6 + d + i)2- 6]
p = specific pressure
Table 4.5 gives the value for specific pressure P(MP,).

(4.14)

V 41

Blanking and Punching
Table 4.5 Value for specific pressure p (MPa)
Material
thickness

(m)
0.4 to 0.5
0.6 to 2.0
2.1 to 3.0

RINGED SCRAP CROSS-SECTION
0.05
1961
2100
2250

0.10
1765
1900
2010

0.15
1560
1670
1765

A

(KW"Z2)

0.20
1375
1130
1520

0.25
1175
1225
1275

0.27
1080
1125
1175

0.30
980
1030
1080

Punching and shaving operations can be done with the same punch at one stroke of the press. For such
combinations, different shapes of punches may be used depending on the workpiece material. The gradual
punch shown in Fig. 4.14 is used for shaving brass, bronze, and aluminum alloys.
Workpiece

I

Punch

Fig 4.14 Gradual punch for punching and shaving.
The first step of the punch is a smaller dimension, punching the work material, and the second level
of punch is a larger dimension, shaving the hole. At the punching stage, the material is sheared by plane
AB, between the cutting edges of the die and the first punch level.
If the punch is given the shape of a conic section, as shown in Fig 4.15, the process is completed in
two phases. In the first, the punch penetrates into the material to a depth of (0.5 to 0.75)T but the material does not divide. In the second phase, the first crack appears and the scrap begins to slip. This method
improves the surface finish of the punched hole. Another advantage of this type of punch is its ability to
be sharpened many times.
Punch

P=l

Fig. 4.15 Frustum cone punch for punching and shaving
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In an analogous process of deformation, the material is punched with the conic punch shown in
Fig 4.16 but, in this design the punch penetrates the material to a depth of (0.7 to 0.9) T before the
material begins to shear. Two or even three shaves may be required to improve the edge straightness
and surface finish.
The progressive punch shown in Fig. 4.17 makes it practical to produce a smooth edge on a workpiece during a single press stroke. The first step of the punch punches a hole, whose diameter is:

d, = d = D - 6

(mm).

(4.15)

The second step of the punch uses a sharp edge, and accomplishes the rough shaving of the hole,
whose diameter is:

d, = d + a + A + i - O . O l

(mm).

a = 60"to 90"

\i Die
Fig. 4.16 Cone punch

(4.16)

Punch

'
for punching and shaving hole.

The third step of the punch has rounded edges which perform the final shaving and improvement of the
surface finish. The diameter of this step of the punch is:
(4.17)

d, = d, +O.01 ( m m ) .
A progressive punch is used for shaving holes of diameter d

=

(3 to 12) mm, and material thickness

T< 3 mm.
Progressive punch

r

Fig. 4.17 Progressive punch for shaving.
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4.5.2 Shaving a Blanked Workpiece
Thin layers of material can be removed from blanked surfaces by a process similar to punching. In Fig.
4.18 is illustrated the shaving process for improving the accuracy of a blanked workpiece. If the workpiece,
after shaving needs to have a diameter D,the punch diameter for blanking operation is:
(4.18)

d, = D + 6 .
The die diameter for the blanking operation is:

dm = d,
where:
D
c

+ 2c = D + 6 + 2~

(4.19)

diameter of final workpiece,
= clearance between die and punch,
6 = amount of material for shaving.
=

Workpiece

7

Scrap
;

\ Die
Fig. 4.18 Shaving a blanked workpiece
The value of an amount 6 can be found from Table 4.6; it depends on the kind and thickness of
material.

Material thickness

MATERIAL
Medium-carbon steel
Copper, aluminum, and

I

I High-carbon and alloy steel

I
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BENDING
5.1 INTRODUCTION
One of the most common processes for sheet-metal forming is bending, which is used not only to form
pieces such as L, U, or V- profiles, but also to improve the stiffness of a piece by increasing its moment of
inertia. Bending consists of uniformly straining flat sheets or strips of metal around a linear axis, but it also
may be used to bend tubes, drawn profiles, bars, and wire.
The bending process has the greatest number of applications in the automotive and aircraft industries
and for the production of other sheet-metal products. Typical examples of sheet-metal bends are illustrated in Fig. 5.1.

Fig. 5.1 Typical examples of sheet-metal bend parts.

5.2 MECHANICS OF BENDING
The terminology used in the bending process is explained visually in Fig. 5.2. The bend radius Riis measured on the inner surface of the bend piece. The bend angle a, is the angle of the bent piece. The bend
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Length of bend

Bend allowance

Bendangle

I
;
‘

,

\

Bendradius

Fig. 5.2 Schematic illustration of terminology used in the bending process.
allowance is the arc of the neutral bend line. The length of the bend is the width of the sheet. In bending,
the outer fibers of the material are placed in tension and the inner fibers are placed in compression.
Theoretically, the strain on the outer and inner fibers is equal in absolute magnitude and is given by the
following equation:

e, = el =

1

( 2 4 l T )+ 1

(5.1)

where:

Ri= bend radius
T = material thickness.

Experimental research indicates that this formula is more precise for the deformation of the inner fibers of
the material eithan for the deformation of the outer fibers eo.The deformation in the outer fibers is notably
greater, which is why the neutral fibers move to the inner side of the bent piece. The width of the piece on
the outer side is smaller and on the inner side is larger than the original width. As R/T decreases, the bend
radius becomes smaller, the tensile strain at the outer fibers increases, and the material eventually cracks.

5.3 MOMENT OF BENDING
Suppose we have a long, thin, straight beam having a cross-section (b x r ) and length L, bent into a curve
by moments (M). The beam and moments lie in the vertical plane nxz, as shown in Fig. 5.3 At a distance
x from the left end, the deflection of the beam is given by distance z. Fig. 5.3b shows, enlarged, two slices
A-B and A’-B’ of different lengths dx, cut from the beam at location x.
The planes cutting A-B and A ’-B’ are taken perpendicular to the longitudinal axis x of the original
straight beam. It is customary to assume that these cross-sections will remain planar and perpendicular to
the longitudinal elements of the beam after moments (M) are applied (Bernoulli hypothesis). Laboratory
experiments have in general verified this assumption. After bending, some of the fibers have been extended (B-B’), some have been compressed (A-A’),and at one location, called the neutral surface, no change
in length has taken place (n- n).
The loading of Fig. 5.3 is called pure bending. No shear or tangential stress will exist on the end surfaces A-B and A’-B’, and the only stress will be 0,acting normally on the surface. An equation can be
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0

P

1

1

0

”

c)

Fig.5.3 Schematic illustration of bending beam: a) bending beam;
b) neutral line; c) bending stress in elastic-plastic zone.

derived to give the value of this bending stress at any desired distance z from the neutral surface. Let 0 be
the center of curvature for slice n-n of the deformation beam, d9 the small angle included between the cutting planes, and Rn the radius of curvature. Consider a horizontal element located a distance z below the
neutral surface. Draw a line n-D parallel to 0-B. The angle n-0-n is equal to the angle D-n-C’ and the following proportional relationship results:

Since the total deformation of the element 2d9 divided by the original length dx is the unit deformation or
strain, equation (5.2) indicates that the elongation of the element will vary directly with the distance z from
a neutral surface.
For a more detailed definition of the stress-to-strain relationship in the bending process, the concept
of a reduction in the radius of the neutral curvature (R,,) is useful. This value is the ratio to the bend radius
of the neutral surface-to-material thickness:

R
‘

T

(5.3)

where:

RY = reduction radius of the neutral curvature surface.
Considering the kind and magnitude of stresses that exist during beam bending, as well as the reduction
radius ( R J , bending problems can be analyzed in two ways:
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a) Bending in the centrally located inner zone, on both sides of the neutral zone, is a domain of elastic-plastic deformation, but
b) Bending in the outlying zones (on both the inside and outside of the bend), is a domain of pure
plastic deformation.
) be considered as a linear stress problem.
Bending as a domain of elastic-plastic deformation (Fig. 5 . 3 ~can
The true stresses in the bent beam are in the intervals:

The reduction radius of the neutral surface is in the intervals:

5 I Rr I 200
The following events may occur during the bending process:
a) The core of the beam to a certain level (zo < T / 2) with both sides of the neutral surface may be
elastically deformed, but from that level to zo = T / 2 the fibers may be plastically deformed (Fig.
5.3~-I).Assume that:
Oe = oo2.

Let it be assumed that the material of the beam follows Hooke’s law (see Fig. 2.6). Since the strains at the
yield point (r) are very small, the difference between the true and the engineering yield stresses is negligible for metals, and that is:

k,

= YS = oO2

This phenomenon is bending in the elastic-plastic domain, because the core of the beam is elastically
deformed, and the fibers nearer the outer and inner sides are plastically deformed.
b) The magnitude of the stresses is directly proportional to the fibers’ distance from the neutral surface, but the maximum stresses in the inner (A-A’) and outer (B-B‘) fibers are less than the yield stresses.
Fig. 5.3~-I1shows that stresses in the outer and inner fibers are as follows:

This phenomenon is bending in the elastic domain of the material.
c) The stresses may be constant in all cross-sections of the beam and equal to the yield stress (Fig.
5.3~-111).Providing that the material is ideally plastic and does not harden, (k, = YS = const), this kind of
bending is in the linear-plastic domain. A pure plastic bending of the beam will appear if:
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In that case, true stresses are in intervals:

k, I k <k,
For all cases of bending, Bernoulli’s hypothesis concerning the cutting of the planes is in effect.

5.3.1 Moment of Bending in Elastic-Plastic Domain
The engineering moment of bending in the elastic-plastic domain can be expressed as the sum of the
moments of bending in the elastic and plastic zones for the same axis, and is given by the general formula,

jzdA
zo

1

The first segment of this equation is the moment of resistance in the elastic deformation zone with regard
to the y-axis:

W =-Jz2.dA
2 zo
zo

0

The second segment of the equation is the moment of static at the plastic deformation zone with
regard to the y-axis:
TI2

S = 2 Jz.dA
io

Therefore, the bending moment in the elastic-plastic domain in the final form is:

M = YS(W + S )
where:
YS
W
S

=
=
=

(5.4)

yield strength,
moment of resistance, and
moment of static.

For a rectangular cross-section of a beam, the bending moment in the elastic-plastic domain is given
by the formula:
(5.4a)
The value of zo can be calculated by Hooke’s law:
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Therefore,

When the above expression is substituted for zo (in equation 5.4a) equation 5.4a is changes to:
(5.4b)
Respecting equation (5.3), the bending moment may be expressed as the reduction radius of a curve (Rr):

(5.4c)
However, with bending in the elastic-plastic domain 5 I R,, 5 200 the influence of part of the equation
is very slight, and the engineering calculation can be disregarded. Setting aside this part
of the equation, we may assume, as a matter of fact, that the entire cross-section of the beam experiences
linear-plastic deformation (Fig. 5.3c), so that the moment of the bending beam is loaded by stresses in the
linear-plastic domain:

bT
M = (YS)4

(5.5)

5.3.2 The Moment of Bending in the Purely Plastic Domain
The moment of bending in the purely plastic domain for a rectangular cross-section is given by the formula:

bT
A4rp.k4
where:

p
k
b
T

=
=
=
=

hardening coefficient of material,
true strain of material,
width of beam (length of bending), and
material thickness.

This expression can be simplified to:

hT2

M = n(UTS)-

4

(5.6a)

Bending
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where:
n
UTS
b
T

=
=
=
=

correction coefficient hardening of the material ( n =1.6 to 1.S),
ultimate tensile strength of the material,
width of beam (length of bending), and
material thickness.

5.4 BENDING FORCES
Bending forces can be estimated, if the outer moments of bending and the moments of the inner forces are
equal, by assuming that the process is one of a simple bending beam. Thus, the bending force is a function
of the strength of the material, the length and thickness of the piece, and the die opening.

5.4.1 Force for U-die
The bending force for a U-die (Fig. 5.4a) can be generally expressed by the formula:

2M

F =-(l+sinrp)
1

where:
1 = Ri+ R,

(5.7)

+ T (see Fig. 5.4).

If the bending is in a die with an ejector (Fig. 5.4b), the bending force needs to increase by about 30 percent so that the total bending force for a U-die is:

F, =1.3F

Punch

(5.7a)

Workpiece

Fig.5.4Bending a U-profile a) without ejector; b) with ejector.
If the bottom of the piece needs to be additionally planished (Fig. 5.5), the force required for bending and
planishing is given by the equation:
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F = PA

(5.7b)

where:
p = specific pressure (Table 5.1), and
A = area of the bottom.

\Ejector

Fig. 5.5 Planished bottom.

Material thickness
(mm)

Aluminum

<3
3 to 10

29.4 to 39.2
49.0 to 58.8

MATERIAL
Brass

Low carbon steel
(0.1 to 0.2)%C
78.4 to 98.0
98.0 to 117.6

58.8 to 78.4
59.8 to 78.4

Steel
(0.25 to 0.35)%C
98.0 to 117.6
117.6 to 147.1

5.4.2 Forces for a Wiping Die
The bending force for a wiping die (Fig. 5.6), is two times less than for a U-die, and it is given by the
formula:

M
F = - (1l + s i n q )
where:

1 = Ri+ R, + T , and
= 90'

-a
Material holder

i i

\ Die

Punch holder

1' Workpiece

Fig. 5.6 Bending in a wiping die.
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5.4.3 Forces for V-die
Bending V-profiles may be considered as air bending (free bending) (see Fig.5.7), or as coin bending (Fig.
5.8). What exactly do these terms mean? In the beginning phase of bending, the distance between the holds
is ( l k -2R,), and the force is applied in the middle, between the holds.
The profile of a die for air bending V-profiles can have a right angle as shown in Fig. 5.7a, or an acute
angle, as shown in Fig 5.7b. In this initial phase, the edges of the die with which the workpiece is in contact are rounded at radius R,. The radius of the punch R, will always be smaller than the bending radius.
The force for air bending a V-profile is given by the formula:

(5.9)

where:
lk = die opening, and
v, = bend angle.

Punch

7

1

a>

WorkDiece

IF

b)

Fig. 5.7 Air bending a) right-angle die profile; b) acute-angle die profile.
The coin bend process of the V-profile has four characteristic phases (Fig. 5.8): Phase I is free
bending: the distance between the bend points of the die is unchanged and it is equal to 1,. In Phase
11, the ends of the workpiece are touching the side surfaces of the die, the bend points of the die are
changed, and the bend radius is bigger than the punch radius. In Phase 111, the ends of the workpiece
are touching the punch. Between Phase I11 and Phase IV, the workpiece is actually being bent in the
opposite direction from Phase I and I1 (negative springback). When the workpiece is touching the die
and the punch on all surfaces, the bend radius and the punch radius are equal, phase IV is terminated, and bending the workpiece is completed.
It is usually necessary to flatten the bottom bend area between the tip of the punch and the die surface in order to avoid springback. At the moment of completing phase IV, it is advisable to increase the
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Fig. 5.8 V-profile bending phases.
force for a final reinforcement of the bend and completion of the bottoming operation. The force necessary for this final reinforcement is given by the formula:
(5.9a)
where:
p = specific pressure (Table 5.1),
b = contact length (width of the workpiece), and
c = length of the straight end of the workpiece.
The relationship between the bend forces and the punch travels is shown in Fig.5.9
)M

V

0

Punch travel

-

5.9 Typical load-punch travel curve for coin bending process.
Air bending (interval-OG), has three parts: The first part is elastic deformation (OE). In the second,
the force is mostly constant (EF), and in the third, the force decreases because of material slip (FG). After
that, the force again increases to a definitive point. The workpiece is bent (GH). If the workpiece needs to
be bottomed, the force very quickly increases (HM).
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5.4.4 Curling
Two examples of curling are shown in Fig. 5.10 and Fig. 5.1 1. Curling gives stiffness to the workpiece by
increasing the moment of inertia at the ends, and providing smooth rounded edges.
In the first example in Fig. 5.10, the edge of the sheet metal is bent into the cavity of a punch.

Material holder

Fig. 5.10 Curling process.
In the second example in Fig. 5.1 1, the circular edge of the initial deep-drawn workpiece is curled by
a tool that incorporates a cavity punch.

D

Die
Workpiece

\ Workpiece holder
Fig. 5.1 I Circular edge curling.
The curling force is given by the equation:

F=
where:
M
R,
T

moment of bending,
inside curling radius, and
= material thickness.
=

=

M
Ri+ 0.5T

(5.10)
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Example.
Define the curling force for the workpiece shown in fig. 5.1 1. Assume:
Diameter
D = 400 mm,
Material thickness
T = 1.2 mm,
Ri= 1.2 mm,
Inner radius
The ultimate tensile strength
UTS = 176.5MPu.
Solution:

F=

M
Ri+ 0.5T

bT
3.14~400~1.2~
=143.651Nm
M = n(UTS)-= 1.q176.5)
4
4
143651
= 39903.055N
F=
3 + 0.5 x1.2
Known bend and curl forces often are not so important for the process because very often, the maximum force of the press machine is greater than the bending or curling force. However, knowing the magnitude of these forces is necessary for a definition of the blank-holder forces. Because of the phenomenon
of material fatigue of the blank springs, these forces need to be 30 to 50 percent greater than the bending
or the curling forces.

5.4.5 Three-Roll Forming
For bending differently shaped cylinders (plain round, corrugated round, flattened, elliptical, etc.) or truncated cones of sheet metal, the three-roll forming process is used. Depending upon such variables as the
composition of the work metal, machine capability, or part size, the shape may be formed in a single pass
or a series of passes. Fig. 5.12 illustrates the basic setup for three-roll forming on pyramid-type machines.
The two lower rolls on pyramid-type machines are driven, and the adjustable top roll serves as an idler and
is rotated by friction with the workpiece.

I

Workpiece

1-11

Driven rolls

D

Fig. 5.12 Three- roll bending.
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In most set-ups, short curved sections of circular work are performed on the ends of the metal workpiece in a press brake or on a hydraulic press. Otherwise, the workpieces would have ends that, instead of
being curved, would be straight. In the process described above, the radius of the bend allowance is much
greater than the material thickness of the workpiece; under these conditions, the bending is entirely in the
elastic-plastic domain.
To achieve permanent deformation in the outer and inner fibers of the material, the following relationship must apply:

D
E
-<-+1
T YS

(5.1 1)

Otherwise, the workpiece, instead of being curved, will be straight after unloading. The bending force on
the upper roll is given by the formula:
(5.12)

where:

D
b
T
YS
E
q

outer diameter of the workpiece,
= length of bend,
= material thickness,
= yield stress,
= modulus of elasticity, and
= bend angle.
=

The bend angle can be calculated from the geometric ratio in Fig. 5.12 and is given by the formula:

9 = 2arcsin-

1"
D+d

where:

I,,

distance between lower rolls, and
d = lower rolls diameter.
=

5.5 BEND RADIUS
One of the most important factors that influence the quality of a bent workpiece is the bend radius Ri (see
Fig. 5.3), which must be within defined limits. The bend radius is the inside radius of a bent workpiece.

5.5.1 Minimum Bend Radius
The minimum bend radius is usually determined by how much outer surface fracture is acceptable.
However, many other factors may limit the bend radius. For instance, wrinkling of the inner bend surface
may be of concern if it occurs before initiation of fracture on the outer surface. In developing a description of the minimum bend radius, it is necessary to have some knowledge of the amount of strain imposed
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and the material ductility. We have a good definition of strain, but the term “ductility” is vague, and it is
necessary to have a quantitative measurement of the amount of deformation that the material can undergo
before fracture. As with most mechanical properties, fracture strain can be obtained from tensile testing.
There may be no need to run a bending test if tensile test data are available, which they usually are.
The strain of certain fibers at distance z from the neutral surface is defined by formula (5.2).

z

R - R,,

Rl,

Rll

&=-=-

The greatest tensile strain appears in the outer fibers: R = Ri + T (see Fig. 5.3). When R,
sile strain can be calculated by the following formula (5.13)

e=

1
(2R;l T ) + I

= R,

+ T/2, ten(5.13)

If the strain at which the cracks in the outer fibers appear is defined as ep and the minimum bend radius,
which causes these strains, as Rminthen:
(5.14)
It is apparent from equation (5.13) that as the R j /Tratio decreases, the bend radius becomes smaller, the
tensile strain on the outer fibers increases, and the material may crack after a certain strain is reached. The
minimum radius to which a workpiece can be bent safely is normally expressed in terms of the material
thickness and is given by the following formula:
(5.14a)
The coefficient c for a variety of materials has been determined experimentally, and some typical results
are given in Table 5.2.
Table 5.2 Values of the coefficient c
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The bendability of a metal may be increased by techniques such as applying compressive forces in
the plane of the sheet during bending to minimize tensile stress in the outer fibers of the bend area, or
increasing tensile reduction of area by heating. If the length of the bend increases, the state of stress at the
outer fibers changes from uniaxial stress to biaxial stress, which reduces the ductility of the material.
Therefore, as the length increases, the minimum bend radius increases. Bendability decreases with rough
edges because rough edges form points of stress concentration. Anisotropy of the sheet metal is also an
important factor in bendability. If the bending operation takes place parallel to the direction of rolling, separations will occur and cracking will develop as shown in Fig. 5.13.
Grain direction

Crack

Fig. 5.13 Cracking results when the direction
of bending is parallel to the original rolling
direction of the sheet.

If bending takes place at right angles to the rolling direction of the sheet metal, there should be no
cracks, as shown in Fig. 5.14. In bending such a sheet or strip, caution should be used in cutting the blank
from the rolled sheet in the proper direction, although thimay not always be possible in practice.
Grain direction

-

c

Fig. 5.14 Bending at an angle to the original rolling
direction of the sheet will tend to avoid
cracking.

5.5.2 Maximum Bend Radius

T
2

If it is considered that the bend radius of the neutral surface is R, = Ri + -, the engineering strain rate is:

e=

(R, + T ) - ( R , + T / 2 ) - T / 2
Ri + T I 2
Ri+T/2

Using a large radius for bending (Ri>> r ) means that expression T/2 in the divider will be of very small
magnitude with regard to R , and may be ignored, so:

To achieve permanent plastic deformation in the outer fibers of the bent workpiece, the maximum bend
radius must be:
(5.15)

60 V

Bending

Therefore, the bend radius needs to be:
(5.15a)
If this relationship is not satisfied, then one of two results may ensue:
a) for R j < Ri(minl= cT, cracks will develop on an outer side of the bent workpiece; and

TE

b) for Ri > R(,,,, = -, permanent plastic deformation will not be achieved in the bent work

2VS)
piece, and after unloading, the workpiece will experience elastic recovery (springback).
Example:
Check the maximum bend radius of the U - profile in Fig. 5.15, using steel as the material with:
UTS = 750MPa;
YS = 620MPa;
T = 1 mm, and
E = 215000 MPa
T

Fig. 5.15 U-profile bend.

Solution:
-

Ri(rnax) -

TE - 1x215000
= 173.38mm.
2(YS)
2x620

w = 2Ri(max)
= 2 x 173.38= 346.76mm.
The U - profile cannot be bent because the radius in Fig. 5.15, R j = 400 mm, is bigger than the maximum
bend radius, Ri(max)=173.38 mm, and w max = 2Ri(mm)= 346.76 mm < 400 mm.

5.6 BEND ALLOWANCE
The bend allowance is the length of the arc of the neutral bending line for a given degree value. For a large
inner bend radius ( R J , the neutral bending line position stays approximately at the mid-thickness of the
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material. A large bend radius is generally considered to be larger than 5 times the material thickness
(Ri>5T). For a smaller bend radius, the neutral bending line shifts toward the inside bend surface. Also,
because work material volume is constant in plastic deformation, the blank gets thinner in this elongated
zone. There is also a contraction of the workpiece width, but this is usually negligible when the workpiece
width is at least 10 times the thickness (b>IOT).The amount of neutral bend line shift depends on the inner
bend radius. Table 5.3 gives the coefficient (l),
which determines the amount of the neutral bend line shift
depending on the ratio of the inner bend radius (RJ to the material thickness (T). The general equation for
the length of arc at the neutral bending line is given by:

v

Ln = -Rn
180
where:
v,

(5.16)

= bend

angle, and
Ri = bend allowance radius.

The bend allowance radius (R,) is the arc radius of the neutral bending line between the form tangency, as
shown in Fig. 5.16.

T

Bend allowance radius R ,

Fig. 5.16 Schematic illustration of terminology: form tangency;
Axis of bend, and bend allowance radius.

The bend allowance radius (R,) for various values of a variety of inner bend radii has been determined
theoretically and experimentally. According to the theory by Hill R. the strains at the borderline of the zone
of compression and tension must be zero, then:

Therefore, the bend allowance radius is:
(5.17)
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outer bend radius, and
Ri = inner bend radius.
=

The second method for defining the bend allowance radius is given by the following formula:

Rn = <T + Ri

(5.18)

The final equations for calculating bend allowance are:

Ln =n9 (<T + Ri)=0.017453&T
180

L, =

“‘pm
180

= 0.0174539

+ R i )or
(5.19)

(a)

The majority of bend angles are of 90°, as shown in Fig. 5.16, so it is useful to state the equation for bends.
This equation is:

90n
L, =(<T + Ri)=1.5708@
180

+ Ri)

(5. I 9a)

Ri/T

0.1

0.2

0.3

0.4

0.5

0.8

IO.

1.5

2.0

3.0

4.0

5.0

10.0

5

0.23

0.29

0.32

0.35

0.37

0.40

0.41

0.44

0.45

0.46

0.47

0.48

0.50

The length of the blank prior to bending is shown in Fig 5.17:

L = L, + L,

+ L,

(5.20)

Example:
Calculate the pre-bend length of the blank shown in Fig. 5. I8a.

Solution:
The first thing that must be done is to redimension the drawing so that all dimensions are shown to be internal. This is done in Fig. 5.18b.
The internal radii R,; R,; and R, are:
R , = R, = R, = 5 - 2 = 3 mm, and

Bending
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Fig. 5.17 Schematic illustration of pre-bend length.
the length of L , is:
L , = 1 1 6 - 5 - 111 mm.
The lengths of the legs L,, L,, and L, are unchanged, and they are:
L, - 75 mm, L, = 75 mm, and L, = 40 mm.
Since R , = R, = R, = Ri,then:

Ri 3
-

T

= - = 1.5.

2

From Table 5.4 for value Ri/ T = 1.5 value
the length of arc Ln, is

Ln,=

<

= 0.44,

90z
180
(4T + Ri)=1,5708 ( 0 . 4 4 ~2 + 3)= 6.09 mm.

R5

a)

L2
P

b)

Fig. 5.18 Example developed length of the part.
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The length of arc L,, is

L,,

=E(@
WJ

+ R i ) = 0.017453 (73)(0.44~2+3)=4.94mm.

The length of arc L,, is

Ln3 nq ((T
1
%

+ Ri)= 0.017453

(72) (0.44 ~2 +3)=4.87 mm

The developed length is the sum of all these lengths in the neutral bending line. It is:

L = L, + L,,

+ L, + L,, + L, + L,, + L,
L = 111+ 6.09 + 75 + 4.94+75 + 4.87 + 40 = 116.9 mm.

5.7 SPRINGBACK
Every plastic deformation is followed by elastic recovery. As a consequence of this phenomenon, changes
occur in the dimensions of the plastic-deformed workpiece upon removing the load.
Permanent deformation (EJ is expressed as the difference between the plastic ( E ~ J and the elasticde
( E ,) formations:
E,

= E,,

-E,

While a workpiece is loaded, it will have the following characteristic dimensions as a consequence of plastic deformation (see Fig. 5.19):
bend radius ( R J ,
bend angle (vi= 180" - a,),and
profile angle (al).
All workpiece materials have a finite modulus of elasticity, so each will undergo a certain elastic recovery
upon unloading. In bending, this recovery is known as springback (Fig. 5.19). The final dimensions of the
workpiece after being unloaded are:
Bend radius (Ra,
Profile angle (a2),and
Bend angle (qf= 180" - a2).
The final angle after springback is smaller (qf< vi)and the final bend radius is larger (Rf > Ri)than before.
There are two ways to understand and compensate for springback. One is to obtain or develop a predictive model of the amount of springback (which has been proven experimentally). The other way is to
define a quantity to describe the amount of springback. A quantity characterizing springback is the springback factor (&), which is determined as follows:
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Fig. 5.19 Schematic illustration of springback.
The bend allowance of the neutral line (L,) is the same before and after bending, so the following relationship is obtained by formula:

[

:p [ :)f

L a = Ri+-

i = R

+-

From this relationship, the springback factor is:

T
2
Ks =
T
R, +2

Ri+-

(5.20)

The springback factor (Ks) depends only on the R/T ratio. A springback factor of K, = I indicates no
springback and K, = 0 indicates complete elastic recovery. To estimate springback, an approximate formula
has been developed in terms of the radii Ri and Rf as follows:
(5.21)
Values of the springback factor for similar materials are given in Table 5.4.
Table 5.4 Values of Springback Factor Ks
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InV-die bending, it is possible for the material to exhibit negative springback. This condition is caused
by the nature of deformation as the punch completes the bending operation. Negative springback does not
occur in air bending (free bending) because of the lack of constraints in a V-die.
In practice, compensation for springback is accomplished by:
a) Overbending the workpiece. In practice, a 2% to 8% addition to the angle of bend is sufficient
allowance for spring back. In bending steel parts, the addition to the angle is less than in bending aluminum-alloy parts.
Flanges with a curved surface require greater stress to bend the workpiece and do not spring back as
much as straight-line bends.
In the following sentence, I do not understand the term “shot-terms loading”
b) Bottoming (coining the bend area), is intensive impact-type loading applied at the bottom of the workpiece by subjecting it to high localized stresses between the tip of the punch and the die surface. A problem
with this method of handling springback is that the deformation is not well controlled. Variations in the bend,
the blank thickness, and die and die and punch geometries produce different degrees of deformation.
c) Stretch bending - the workpiece is subjected to tension while being bent in a die.
Example:
Assume the bend V-profile will comply with the following data:
profile angle u2 = 108”
bend radius R f = 8 mm
material 7075-T
material thickness T = 2 mm.
Calculate the nose punch radius (Rt) and the punch angle (at).
Solution:

The value of

Rf

T

is:

T
The value of K, found from Table 5.5 is: K,
The springback factor (K,) - equation (5.20) is:

2R.
+
‘1

T
Ri+-

L

K, =

R.f +;

T

2R,

T
~

rn

L

2
= 0.915.

(pf - 180” -a2
cpi
180O - a,

--

+1

1

The value of the Rj from this equation is:

[

:I:

Ri = K,$ R f +- --=O0.915(8-l)-l=5.4O5~~.
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The bend angle is:

qf =180 n -a2 =180n -108' =72'
The punch angle is:

a, = a ,=180

n

-vi =180

0

9

0

-f=180
K,

72'
= 101.13'
0.915

--

Values of springback are:

AR = R,

- Ri= 8 - 5.405 = 2.595mm

Aa=a, -a, =108-101.13=6.87n.
5.8 CLEARANCE
For a definition of the clearance c between the punch and die during the bending process as shown in Fig.
5.20, it is necessary to know the tolerance of the material at a given thickness, which is given by this
formula:

c = T,,, -0.1

(5.22)

The effect of adequate clearance is a smooth pulling of the material into the die. When clearance is too
small, the material tends to be sheared rather than bent.
Punch

Fig. 5.20 Clearance c between punch and die.
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6.1 Introduction
6.2 Mechanics of Deep Drawing
6.3 Forces
6.4 Blank Calculations for
Symmetrical Shells
6.5 Determining Shape of Blank for
Nonsymmetrical Shells
6.6 Drawing Practice

DEEP DRAWING
6.1 INTRODUCTION
The drawing of metal or “deep drawing” is the process by which a punch is used to force sheet metal to
flow between the surfaces of a punch a die. A flat sheet is formed into a cylindrical-, conic-, or boxshaped part. With this process, it is possible to produce a final workpiece-using minimal operations
and generating minimal scrap-that can be assembled without further operations. The development of
specific methods for the deep drawing process has paralleled general technological development,
especially in the automotive and aircraft industries. However, this process has a broad application for the
production of parts of different shapes and different dimensions for other products, ranging from very
small pieces in the electrical and electronic industries to dimensions of several meters in other branches
of industry.
Deep drawing is popular because of its rapid press cycle times. Complex axisymmetric geometries,
and certain non-axisymmetric geometries, can be produced with a few operations, using relatively nontechnical labor.
From the functional standpoint, the deep drawing metal-forming process produces high-strength and
lightweight parts as well as geometries unattainable with some other manufacturing processes.
There are two deep drawing processes:
deep drawing without a reduction in the thickness of the workpiece material (pure drawing) and
deep drawing with a reduction in the thickness of the workpiece material (ironing).
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4

~

\ Workpiece

Fig. 6.1 Schematic illustration of deep drawing process: pure drawing, b) ironing.
A schematic illustration of these deep drawing processes is shown in Fig. 6.1. From the illustration of the
deep drawing process without a reduction in the thickness of the workpiece material (Fig.6.1 a), it is clear
that the basic tools for deep drawing are the punch, the drawing die ring, and the blank holder.
Deep drawing is one of the most widely used sheet metal working process and is used to produce cupshaped components at a very high rate. Cup drawing, besides its importance as a forming process, also
serves as a basic test for sheet metal formability. Typical products are pots and pans, containers of all
shapes, sinks, beverage cans, and automobile and aircraft panels.

6.2 MECHANICS OF DEEP DRAWING
Deep drawing is the metal forming process by which a flat sheet of metal is cold drawn or formed by a
mechanical or hydraulic press into a seamless shell. As the material is drawn into the die by the punch, it
flows into a three-dimensional shape. The blank is held in place with a blank holder using a certain force.
High compressive stresses act upon the metal, which, without the offsetting effect of a blank holder, would
result in a severely wrinkled workpiece.
Wrinkling is one of the major defects in deep drawing; it can damage the dies and adversely affect
part assembly and function. The prediction and prevention of wrinkling are very important. There are a
number of different analytical and experimental approaches that can help to predict and prevent flange
wrinkling. One of them is the finite element method (FEM). However, an explanation of this method falls
outside the scope of this book, so it is not explained here.
There are many important variables in the deep drawing process and they can be classified as:
material and friction factors,
tooling and equipment factors.
Important material properties such as the strain hardening coefficient ( n ) and normal anisotropy (I?)
affect the deep drawing operation. Friction and lubrication at the punch, die, and workpiece interfaces are
very important to obtain a successful deep drawing process. A schematic illustration of the significant variables in the deep drawing process is shown in Fig. 6.2.
Unlike bending operations, in which metal is plastically deformed in a relatively small area, drawing
operations impose plastic deformation over large areas. Not only are large areas of the forming workpiece
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Factors of Tool
and Equipment

Ri-punch corner radius
Rd-die corner radius

c-clearance
Pd-blank holder pressure
I
1
I
PROCESS
L

t

t

land friction

Final part

t

t

v-speed of the punch
K-limiting drawing ratio
n-strain hardening coefficient
R-normal anisotropy
p- coefficient of friction
between:punch-workpiece-die

I

Fig. 6.2 Significant variables in deep drawing.
being deformed, but the stress states are different in different regions of the part. As a starting point, consider what appear to be three zones undergoing different types of deformation:
the flat portion of the blank that has not yet entered the die cavity (the flange),
the portion of the blank being drawn into the die cavity (the wall),
the zone of contact between the punch and the blank (bottom).
The radial tensile stress is due to the blank being pulled into the female die, and the compressive
stress, normal in the blank sheet, is due to the blank holder pressure. The punch transmits force F to the
bottom of the cup, so the part of the blank that is formed into the bottom of the vessel is subjected to radial and tangential tensile stresses. From the bottom, the punch transmits the force through the walls of the
cup to the flange. In this stressed state, the walls tend to elongate in the longitudinal direction. Elongation
causes the cup wall to thin, which if it is excessive, can cause the workpiece to tear. Fig. 6.3a illustrates the

Die radii
Punch corner radius /

x u

Fig. 6.3 Fracture of a cup in deep drawing: Caused a) by too small a die radius, and
b) by too small a punch radius.
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fracture of a cup in deep drawing caused by too small a die radius R,, and Fig. 6.3b shows the fracture
caused by too small a punch corner radius Ri. Fracture can also result from high longitudinal tensile stresses in the cup due to a high ratio of blank diameter to punch diameter.
The tensile hoop stress on the wall indicates that the cup may be tight on the punch because of its contraction due to the tensile stresses in the cup wall. If drawing is done without blank holder pressure, the
radial tensile stresses can lead to compressive hoop stress on the flange. It is these hoop stresses that tend
to cause the flange to wrinkle during drawing. Also note that, in pure drawing, the flange tends to increase
in thickness as it moves toward the die cavity because its diameter is being reduced. Parts made by deep
drawing usually require several successive draws. One or more annealing operations may be required to
reduce work hardening by restoring the ductile grain structure. The number of successive draws required
is a hnction of the ratio of the part height h to the part diameter d, and is given by this formula:

h
n=d
where:
n = number of draws,
h = part height, and
d = part diameter.
The value of n for the cylindrical cup draw is given in Table 6.1.

< 0.6

Wd

0.6 to 1.4

1.4 to 2.5

2.5 to 4.0

4.0 to 7.0

3

4

5

7.0 to 12.0

~~~~~~

n

1

2

l 6

6.2.1 Deep Drawability
In deep drawing, deformation may be expressed in four ways, thus:
E=---

D- d,
D

*

d
D
m=-r, K=--;

D

d.7

D
cp=ln-.
ds

(6.2)

The relationship between these equations is:
(6.2a)
The ratio of the mean diameter ds of the drawn cup to the blank diameter D is known as the drawing ratio
m , and is given by:
(6.2b)
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Very often, deep deformability is expressed as the reciprocal of the drawing ratio m. This value K is
known as the limit of the drawing ratio:
(6.2~)
where:
D
d,
rn
K

= the

blank diameter
= the mean diameter of the drawn cup
= the drawing ratio
= the limit of the drawing ratio.

The values of the drawing ratio for the first and succeeding operations is given by:

(6.3)
The magnitude of these ratios determines the following parameters:
the stresses and forces of the deep drawing process,
the number of successive draws
the blank holder force
the quality of the final drawn parts.
In view of the complex interaction of factors, certain guidelines have been established for a minimum value
of the drawing ratio. The relative thickness of material is the most important and may be calculated from:

T
T, = -100%
D
As the relative thickness of the material T,. becomes greater, the drawing ratio m becomes more favorable.
In Table 6.2 is given an optimal drawing ratio for a cylindrical cup without a flange.

Table 6.2 Optimal ratio m for drawing a cylindrical cup without flange.

I

T

Relative thickness of the material T, = -1 00%

Ratio Of
drawing

n

I 0.50-0.53

I 0.53-0.55

I 0.6 - 0.3
I 0.55-0.58

0.75-0.76

0.76-0.78

0.78-0.79

0.79-0.80

0.80-0.82

0.78-0.79

0.79-0.80

0.81-0.82

0.8 1-0.82

0.80-0.84

0.80-0.81

0.8 1-0.82

0.80-0.83

0.83-0.85

0.85-0.86

0.82-0.84

0.84-0.85

0.85-0.86

0.86-0.87

0.87-0.88

I

I rnl=dsl/D

rn5=ds5/ds4

1 0.48-0.50

0.80-0.82

Y

1.5 - 1.0

I

1.0 - 0.6

I 0.3 - 0.15
I 0.58-0.60

I 0.15 - 0.08
I 0.60-0.63

I
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6.3 FORCES
The first deep drawing operation is not a steady-state process. The punch force needs to supply the various types of work required in deep drawing, such as the ideal work of deformation, redundant work, friction work and, when present, the work required for ironing. In this section expressions for the force will
be divided between the first drawing operation and the following drawing operations.

6.3.1 First Drawing Operation
In calculating the punch force for the first drawing operation, the radial stresses are sufficient for pure plastic deformation (neglecting friction) and are given by the following formula:

o/,
= 1.lkln-

D

4,

where
of blank
aI,, = mean diameter of cup after the first drawing
k = true stress
d, = inside diameter of cup after the first drawing operation
D

= diameter

The theoretical force for pure plastic deformation is given by the formula:

Because of the many variables involved in this operation, such as friction, the blank holder force, and the
die corner radius, all of which need to be included, the force for the first drawing in final form is given as:

where:
G =

AI

=

p =

k

=

operating stress of drawing

cross-section area of cup after the first drawing,
coefficient of friction (Table 6.3 ),
main value of the true stress after the first drawing operation

k, = k ( ~ , for
)

E, =

-'.TI

or k , = k ( q , for qI = In-

D
d,, = mean diameter of cup after the first drawing,

D

41
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LUBRICANT
Mineral oil
Vegetable oil
Graphite grease
No lubricant

Fd
T
R,
D

=
=
=
=

Steel
0.14 to 0.16
0.06 to 0.10
0 .18 to0.20

DRAWING MATERIAL
Aluminum
Duralumin
0.15
0.16
0.10
0.10
0.08 to 0.10
0.35
0.22

blank holder force,
material thickness,
die corner radius,
blank diameter.

6.3.2 Subsequent Drawing Operations
Subsequent drawing operations are different from the first: drawing operation: in the latter, as the deep
drawing proceeds, the flange diameter decreases; however, in the subsequent drawing operations, the zone
of the plastic deformation does not change, so it is a steady-state process. The punch force for the next
drawing operation can be calculated from the stress, which is given by the formula:

L

where:
a = central conic angle of the drawing ring
d,yi d.y!i-,,
= the mean diameter i and i-1 drawing operations.
3

The punch force for the following operations is given by the formula:

F,

= 40 = d i T o i

Although these expressions for the punch force, when calculated, give much more precise results, sometimes a simple and very approximate formula is used to calculate the punch force, as follows:
(6.8a)
where:

di = punch diameter
D
T

= blank

diameter
= material thickness.

The equation does not include friction, the punch and die corner radii, or the blank holder force. However,
this empirical formula makes rough provision for these factors. It has been established that the punch cor-
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ner radius and the die radius, if they are greater than 10 times the material thickness, do not affect the maximum punch force significantly.

6.4 BLANK CALCULATIONS FOR SYMMETRICAL SHELLS
The volume of the developed blank before drawing should be the same as the volume of the shell after
drawing.

v =vwp
Provided that the thickness of the material remains unchanged, the area of the workpiece will not
change: thus, the blank diameter may be found from the area of the blank before drawing and the area of
the shell after drawing.

A =Awp
where:
A = area of blank
AWP = area of workpiece.

The shell in Fig. 6.4a may be broken into matching components, illustrated in Fig. 6.4b and the area
of each component A A,, A,, ... A, may be calculated. The area of the shell is the sum of the area components, found in the equation:
i=n

4yp =

C4 = A, + 4+ A 3 +...+A
i=l

The diameter of the developed blank is:

0=1.13

(K)

(6.10)

where:

A,
D

=
=

area of the workpiece (sum of the areas)
diameter of the developed blank.

If the clearance c is large, the drawn shell will have thicker walls at the rim than at the bottom. The
reason is that the rim consists of material from the outer diameter of the blank, which was reduced in diameter more than the rest of the shell wall. As a result, the shell will not have uniform wall thickness. If the
thickness of the material as it enters the die is greater than the clearance between the punch and the die,
then the thickness will be reduced by the process known as ironing.
The blank diameter for a drawn shell whose wall thickness is reduced may be found from the constant
volume of the blank before drawing and the volume of the shell after drawing with added correction for
trimming of the drawn shell.
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b)

Fig. 6.4 Blank calculation for symmetrical shell: a) Final workpiece, b) Matching component of shell.
D2
V =Vwp+eVwp=n-T
4
The diameter of the developed blank is:

D=

=l.l3[$)

(6.1 1)

where:
D = blank diameter
T = material thickness of blank
V = blank volume
e = percentage added for trimming.
The value of e is given in Table 6.4

Inner height / inner diameter of piece
(Wd)
e%

<3

8to10

3 to 10

10 to 12

>10

12 to 13
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6.5 DETERMINING SHAPE OF BLANK FOR NONSYMMETRICAL SHELLS

6.5.1 Rectangular Shells
The corner radius Re of a rectangular- or square-shaped shell with dimensions a, b, and c in Fig. 6.5 is the
major limiting factor as to how deeply this shell can be drawn in one stroke of the press. There are other
factors that also have an influence on the maximum depth, such as the relation between the bottom radius
R, and the corner radius Re, the minimum length between the corner radii, and the drawing speed, etc.
There is no formula for determining the shape of the blank for rectangular drawing that will produce
the part as drawn to print. All corner contours must be developed. However, the following will get the die
in the ballpark safely and with a minimum of trials.

Fig. 6.5 Earing in a drawn rectangular shell.
There are three possibilities for developing a corner contour and all are dependent on the relationship
of R, to Re.
1. If R, < Re, the blank radius R of the corner contours in Fig 6.6 is given by the formula:

R=,/Rf+2Re(c-0.47Rh)

(6.12)

where:

c = c,-,+ Ac - height of drawn workpiece
.4c = material added for trimming
CO = height

of final part.

Some values of Ac are given in Table 6.5
2. If R, = Re, the blank radius R of the corner contours in Fig 6.7 is given by the formula:

R = 1/2Rcc

(6.13)
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Fig. 6.6 Developing corner contour: R, < Re.

AC

co 'Re

Number of draws

2.5 to 7.0
7.0 to 18.0
18.0 to 45.0
45.0 to 100

(mm)

(0.03 to 0.0S)co
(0.04 to 0.06)co
(0.05 to 0.08)co
(0.06 to 0.10)co

1
2
3
4

I

Fig. 6.7 Developing corner contour: Rb = Re.
3. If R,

= 0,

the blank radius R of the corner contours in Fig 6.8 is given by the formula:
R = JR:

+ 2R,c

(6.14)
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I

f
l
c

Fig. 6.8 Developing corner contour: Rb = 0.
In all three examples, the center of the radii R and Re is the same. Considering that the flat shell sides are
bent, for calculating the flat blank dimensions of H, the following formula may be used:

(6.15)

H = h+O.SlR,

However, calculating the flat blank size for rectangular drawn shells ( Fig. 6.6, Fig. 6.7, and Fig. 6.8) in
this way is not satisfactory because the sharp transition between the corner arcs and the flat sides will result
in cracks. The shape of the blank needs to be modified as shown in Fig. 6.9, according to the following
steps:
a) Draw a rectangle with dimensions a and b.
b) At each side of the rectangle, add a value H.
c) From the center of radius Re (point 0) draw an arc with radius R, = xR,
where:

[;I

x = 0.0185

-

+ 0.982

d) Reduce the height of each side by the following values:
2

Hsa = 0.7856’ - l
r , and
as

(6.17)

2

H,, = 0.7856’ - 1
F
b
e) Round the comers by radii Ra and R,, whose value is defined graphically. Note that the subtracted
surfaces should be equal to the added surfaces.
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When laying out the blank it is usually advisable to plan for a form that will produce corners a little
higher than the sides. The wear on the die is at the corners, and when it occurs, the metal will thicken and
the drawn part will be low at the corners if no allowance for wear has been made on the blank.

Blank

1

- H

PI

U

I

Fig. 6.9 Modified blank of rectangular shell.

6.5.2 Square Shells
A flat blank for square shells without flanges, Fig. 6.10, has a circular shape whose diameter may be calculated by the formula:

D

+

= 1 . 1 3 4 ~ 4a (c - R, )+2.28 Re2- Re (1.72~
- 5.3 R, )

(6.18)

The height of the workpiece is c = co + Ac; the value of Ac may be found from Table 6.4, or calculated by the formula: Ac = (0.7 t 0 . 8 s .

Fig. 6.10 Blank for square shell.
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6.6 DRAWING PRACTICE

6.6.1 Defects During Deep Drawing
Deep drawing operations are governed by many complex factors that may result in either successful or
defective products.

Clearance. If the shell fractures during the deep drawing operation, the problem may be that the clearance
between the punch and the die is incorrect. This problem can be a direct result of the punch and die having been designed or made with incorrect clearance. Chapter 11 may help in making a correct choice for
the clearance. Fractures can also result if the thickness of the work piece is out of tolerance or not uniform,
or if the punch and die are not properly aligned.
Blank holderpressure. If too much force is applied to the blank, the punch load will be increased (because
of the increase in friction), and this increase will lead to fracture of the shell wall. To calculate the blank
holder force, see Chapter 11.
The corner radius of the punch and die radius. These radii are important for a successful deep drawing
operation. If the radii are too small, the corner may fracture because of the increased force required to draw
the cup. Scratches, dirt, or any surface defect of the punch or die increase the required drawing force and
may cause a shell to tear ( Fig. 6.3a and Fig. 6.3b ). For correct calculation of the corner punch and die
radii, see Chapter 11. If the blank holder exerts too little pressure, or if the die radius is too large, wrinkles
will appear at the top flange of the part, as shown in Fig 6.1 1.

Fig. 6.1 1 Wrinkles on the workpiece.
Drawing beads are useful in controlling the flow of the blank into the die cavity. They are necessary for
drawing nonsymmetrical shells. For the proper design and location of drawing beads, see Chapter 11.

6.6.2 Lubrication in Drawing
During deep drawing, different lubrication conditions exist, from hydrodynamic lubrication in the blank
holder to boundary lubrication at the drawing radius, where breakdown of the film very often occurs.
Lubrication in deep drawing is important in lowering forces, increasing drawability, reducing wear of the
tool, and reducing defects in the workpiece. Lubricant selection is based on the difficulty of the operation,
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the type of drawing operation; and the material; recommendations are given in Table 6.5. In this table, a
mild operation typically is a shallow draw on low-carbon steel, a medium operation is a deep draw on lowcarbon steel, and a severe operation is a cartridge-case draw or a seamless tube draw.
Table 6.6 Lubricants commonly used in deep drawing processes.
DRAWING OF
MATERIAL

Steel - carbon and low alloy

Stainless Steel

Aluminum and Aluminum-alloys

LUBRICANT

Mild Operation:
Mineral oil of medium heavy to heavy viscosity,
Soap solutions (0.03 to 2.0 percent high-titer soap),
Fatty oil + mineral oil, emulsions, and lanolin.
Medium Operation:
Fat of oil in soap-base emulsions, fatty oil + mineral oil, soap +wax, dried soap
film.
Severe Operation:
Dried soap or wax film, sulphide or phosphate coatings + emulsions with finely
divided fillers and sometimes sulphurized oils.
Mild Operation:
Corn oil or castor oil, castor oil + emulsified soap, waxed or oiled paper.
Medium Operation:
Powdered graphite suspension dried on work piece before operation (to be
removed before annealing), solid wax film.
Severe Operation:
Lithopone and boiled linseed oil, white lead and linseed oil in a heavy
consistency.
Mild Operation:
Mineral oil, fatty oil blends in mineral oil (10 to 20 % fatty oil).
Tallow and paraffin, sulphurized fatty oil (blends 10 to 15%) preferably
enriched with 10%fatty oil.
Severe Operation:
Dried soap film or wax film, mineral oil or fatty oil, fat emulsions in soap water
+ finely divided fillers.

Titanium

Chlorinated paraffin, soap, polymer, and wax.

Copper

Fatty oil + soap emulsions, fatty oil + mineral oil, lard oil blends (25 to 50%) in
mineral oil, dried soap properly applied.

I
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7.1 Stretch Forming
7.2 Nosing

7.3 Expanding
7.4 Dimpling

7.5 Spinning

7.6 Flexible Die Forming

VARIOUS FORMING PROCESSES
7.1 STRETCH FORMING
The process of stretch drawing was developed as a method of putting metals under combined bending and
tension stresses at the same time. Sometimes, a part that has been previously bent may be used as an initial material in stretch draw forming. In stretch forming, the sheet is clamped around its edges and
stretched over a die or form block. This process strains the metal beyond the elastic limit to set the workpiece shape permanently.
Workpieces may have single or double curvatures, as in aircraft skin panels and structure frames, or
automobile body parts. To assess the formability of sheet metals while forming a workpiece, circle grid analysis is used to construct a forming limit diagram of the material to be used. In such an analysis, a circular pattern is etched on the sheet blank The blank is then formed in a die. Each circle on the blank will deform in a
different manner due to local forming patterns. After a series of such tests on a particular metal sheet, the
deformed circles are analyzed to produce a forming limit diagram (FLD) that shows the overall forming pattern of the blank during plastic deformation. In the forming limit diagram, the major strain is always positive.
However, minor strains can be positive and negative at the same time. Fig. 7.1 shows the FLD that bounds the
deformation of the sheet metal. Above the curves is the failure zone, and below the curves is the safe zone,
and the actual strains used in stretch draw forming must be below the curve for any given material.
Two methods are used in stretch forming: the form block method and the mating die method.
a) Theform block method is shown in Fig. 7.2. Each end of the'blank is securely held in tension by an
adjustable gripper, which is moved to stretch the blank over a form block. The desired shape of the workpiece
is formed by the action of the form block as the material is moved hydraulically against the block.
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Fig. 7.1 Forming limit diagram (FLD).
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Fig. 7.2 Stretch draw forming with a form block.

b) The mating die method is shown in Fig. 7.3. The blank is held in tension by grippers which, as they
move, perform two actions: they stretch the workpiece by a predetermined amount to approximately 2%
elongation over the form block. The punch then descends onto the blank to thus form the workpiece into
the desired shape by pressing the metal against the dies. The process is used primarily for aerospace and
automobile applications with a variety of materials. The workpieces may have single or double curvatures,
such as in aircraft wings or fuselage skin panels, automobile body parts, etc. Typical shapes of workpieces
formed by these methods are shown in Fig. 7.4.
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Fig. 7.3 Stretch draw forming with mating dies:
a) work material is held in tension; b) punch moves to form workpiece.

Fig. 7.4 Typical shapes of part formed with mating dies.
7.2 NOSING
Nosing is a die reduction method whereby the top of a cup or a tubular shape may be made closer or smaller in diameter than its body.
There are three types of end profiles after nosing:
Frustum of cone
Neck
Segment of sphere.
It is possible to reduce the top of the cup if the material is not too thin, to about 20 % of its diameter in
one operation. Nosing compresses the work metal, resulting in an increase in length and wall thickness.
Fig. 7.5 shows schematic illustrations of three types of die reduction methods. The calculation of the height
of a drawn shell or tubing by nosing its end is different for each type.
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Type 1

Type 11

Type I11

Fig. 7.5 Schematic illustration of different types of nosing.
a) Type I reductions
Fig. 7.6 shows a nosing cup in the shape of a frustum of a cone. The height H of a shell before the
nosing operation may be calculated by the following formula:

D 2- d 2
where:

1

D = mean diameter of a drawn cup before nosing
d = main diameter of a workpiece after nosing
a = angle of cone.

Force - The nosing force for Type I reductions may be calculated by the formula below:

Various Forming Processes

V 89

(7.2)
where:

; C 2 =(l+p.ctga)(3-2cosa)

k, = k (0) for E = 0 - specific deformation impedanc e non- nosing part of shell
d
k' = k ( E ' ) for E ' = 1- - - specific deformation impedance nosing part of shell
D
T = material thickness.
b) Type I1 reductions
For a necking type of nosing, as shown in Fig. 7.7, the height of the workpiece before necking may
be calculated by the formula:

D2 - d 2
(7.3)

Force - The necking force for Type I1 reductions is given by the following formula:

Fll = F, +- F,
d

1

(7.4)

90 V
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F,
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= from

equation (7.2)
, T”
F, = 1.82k -C3
Rm

C, =d+Rm(l-coscx)
T’ = material thickness of necked part of shell
Rm = die ring corner radius.
c) Type 111 reductions
For a segment of sphere type nosing, as shown in Fig. 7.8, the height of the shell before the nosing
operation may be calculated by the following formula:

H = h + 0.25(1+
Note: This formula is applicable for R ,

g)m

= OSD.

Force - The nosing force for Type I11 reductions is given by the following formula:

d

r

(7.5)
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where:

p

= coefficient

of friction.

The thickness of the material in the deformation zone of the workpiece becomes greater as a result of
nosing. The maximum thickness (T’) at the end of the workpiece, after the nosing operation, may be calculated by the following formula:

T‘ = T [ g ]

(7.7)

The median nosing ratio is given by the formula:
(7.8)
Values of m, for steel and brass are given in Table 7.1.
For the first operation, the value of the nosing ratio is:

m, = 0.9m,v.

(7.8a)

For subsequent operations, the value of the nosing ratio is 5 % to 10% greater than ms from Table 7.1. The
nosing diameter for the final phase of nosing is given by this formula:

d, =m,”D

(7.9)

From formula (7.9), the necessary number of nosing operations is:

n=

log d,

- log D

(7.10)

1% m.7
Table 7.1 Median values of nosing ratio ms for different materials.
MATERIAL

1

MATERIAL THICKNESS T (mm)

> 1.0

0.5 to 1.0

<OS

0.70 to 0.65

0.75

Steel

0.80 to 0.70

Brass
~~

~

0.70 to 0.65
~

~
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7.3 EXPANDING
Expanding is a process that is used to enlarge the diameter of the drawn shell or tube in one or more sections by a different kind of punch, such as a flexible plug (rubber or polyurethane), by hydraulic pressure,
or by a segmented mechanical die. Fig. 7.9 shows the characteristic shapes of shells formed by expanding
methods.
Sizing is a term used to describe the hrther flattening or improvement of a selected surface on previously drawn parts to a closer limit of accuracy than is possible by conventional drawing methods. Sizing
consists of squeezing the metal in a desired direction.
Bulging basically involves placing a tubular, conical, or drawn workpiece in a split female die and
expanding it, such as by means of a flexible plug (rubber or polyurethane). The punch is then retracted and
the part is removed by opening the die. The major advantage of using polyurethane plugs is that they are
resistant to abrasion, wear, and lubricants. Hydraulic pressure can also be used in this operation but will
require sealing and hydraulic controls.

rk

1
I

I

I

-@-

I

Fig. 7.9 Characteristic shapes of shells formed by expanding.
Segmented tools are usually used for forming cone rings, sizing cylindrical rings, and expanding
tubular and drawn shells. These tools do not have a female die; the workpiece pulls on the punch, which
has the shape of the final part. Expansion is thus carried out by expanding the punch mechanically. Fig.
7.10 shows the action of force in segmented punches.
The expanding force for this type of tool is given by the formula:

F=

1.lk (tga + p,)ndb

I-(& +P*)tga-P,P*

D

In d

where:
a = half angle of cone,
y1 = coefficient of friction between cone and segmented punch,
y2 = coefficient of friction between segments and lower (supporting) plate of tool,
D,d = outer and inner diameters of workpiece,
k = specific deformation impedance,
b = width of workpiece.

(7.1 1)
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Fig. 7.10 Schematic illustration of segmented punch.
A method of enlarging portions of a drawn shell in a press is shown in Fig. 7.1 1. The value of the
expanding ratio K = D/d is dependent on the kind and heat-treatment condition of the material and the relative thickness of the material d/T. Some values of K are given in Table 7.2.
The thickness of the material at the deformation zone of the workpiece is reduced by the expansion
operation and is given by the formula:

T' =T [

e)

(7.12)

where:
T
T'
d, D

thickness of the material before expanding
= thickness of the material in the deformation zone
= main diameter of workpiece before and after expanding.
=

Punch
\

F
Die

I

Fig. 7.1 1 Expanding a drawn shell with a punch.
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Table 7.2 Values of expanding ratio K for enlargingportions of a drawn shell.

I

Relative thickness of material (d/T)xlOO %

MATERIAL

0.45 to 0.35
Annealed

0.32 to 0.28
Annealed

Hard

Hard

Low-carbon steel

1.20

1.10

1.15

1 .os

Aluminum and copper

1.25

1.20

1.20

1.15

The punch force can be calculated by the formula:

where:

I

k = kSr = 0.5 (ko + k , )
k , = k ( 0 ) for E = 0 and = main deformation impedance.
k , = k ( r ) for

E = ln-

d

7.4 DIMPLING
Dimpling is the process of bending and stretching (flanging) the inner edges of sheet metal components
(Fig. 7.12). A hole is drilled or punched and the surrounding metal is expanded into a flange. Sometimes
a shaped punch pierces the sheet metal and is expanded into the hole. Stretching of the metal around the
hole subjects the edges to high tensile strains, which could lead to cracking and tearing. As the ratio of
flange diameter to hole diameter increases, the strain increases proportionately. The diameter of the hole
may be calculated by the formula:
d = D - (2H

- 0.86Rm - 1.43T)

(7.13)

where:
d = hole diameter before dimpling,
H = height of flange,
Rm = die corner radius (Table 7.3).
T = material thickness.
Table 7.3 Values of die corner radius Rm, for dimpling
Material thickness (mm)

Die corner radius R, (mm)

T<2

(4 to 5)T

T 2 2

(2 to 3)T
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T

I

Final uart

I

I

I

Phase 111

Fig. 7.12 Phases in the dimpling process.

The height of the flange is given by the formula:

H=-

D- d
+ 0.43Rm+ 0.715T
2

(7.14)

The punch force is given by:

F = l.ldT(U7'S) (D - d )

(7.15)

The thickness of the material at the end of the flange is reduced by the stretching of the material. The minimum thickness of cylindrical flanges is given by the formula:
(7.16)
In the dimpling process, the ratio of the hole diameter to the flange diameter is very important and is given
by the formula:

d
m=D
The value of m is given in Table 7.4.

(7.17)
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Relative thickness of material (T/d) x 100%

Process used in
making hole:

2

3

5

8

10

15

20

30

70

Drilling

0.75

0.57

0.48

0.41

0.40

0.34

0.32

0.26

0.22

Punching

0.70

0.60

0.52

0.50

0.50

0.48

0.46

0.45

-

7.5 SPINNING
Spinning is the process of forming a metal part from a circular blank of sheet metal or from a length of
tubing over a mandrel with tools or rollers. There are three types of spinning processes:
Type I Spinning
In type I spinning, also called manual spinning, a circular blank of sheet metal is held against a form
block and rotated while a rigid tool is used to deform and shape the workpiece over the form block. Fig.
7.13 schematically illustrates the manual spinning process. The tools may be operated manually or by a
hydraulic mechanism.

Forming stages

Workpiece

n
,

Form block

Fig. 7.13 Manual spinning process.
Fig. 7.14 illustrates representative shapes that can be produced by manual spinning. The advantages
of manual spinning, as compared to other drawing processes, are the speed and economy of producing
prototype samples or small lots, normally less than 1,000 pieces. Tooling costs are less and the investment in equipment is relatively small. However, spinning requires more skilled labor. In Fig. 7.15 is
shown a relative cost comparison for manufacturing a round sheet metal shell by deep drawing and by
manual spinning.
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I

Fig. 7.14 Characteristic shapes of shells formed by spinning.
I

_ Spinning
_ _ _
Deep drawing

0

1

2

3

Number of parts

4

5

(x 1000)

_

_

6

-

Fig. 7.15 Cost comparison for manufacturing a round sheet shell by conventional spinning and by deep drawing.
Type I1 spinning
Type I1 spinning is the process of forming complex shapes, such as cones with tapering walls; symmetrical-axis curvilinear shapes, such as nose cones; and hemispherical and elliptical tank closures with
either uniform or tapering walls. The process is also known as shear spinning, and the shape is generated
by keeping the diameter of the workpiece constant, as illustrated in Fig 7.16. Although a single roller can
be used, two rollers are desirable to balance the radial forces acting on the form block. During spinning,
normal wall thickness is reduced. In shear spinning over a conical form block, the thickness T'of the spun
part is given by the formula:

T' = T sina

(7.18)

where:

a = half angle of cone
T = blank thickness.
An important factor in shear spinning is the spinnability of the metal. The spinnability is the smallest
thickness to which a work piece can be spun without fracture.
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Roller

Roller&

1

.
.

Fig. 7.16 Shear spinning method.
Type I11 spinning
Type I11 spinning is known as tube spinning and it consists of reducing the thickness of a cylindrical
work piece while it is spinning on a cylindrical form block, using rollers (Fig. 7.17). There are two methods: forward and backward. In either example, the reduction in wall thickness results in a longer tube. The
ideal tangential force in forward tube spinning may be calculated by the following formula:

where:
AT
Ysy
f

=
=
=

T - T',
average flow stress of the material,
feed.

Because of friction and another influencing factors, the force exerted is about twice that of the ideal force.

Roller

Fig. 7.17 Tube spinning method.

v 99

Various Forming Processes

7.6 FLEXIBLE DIE FORMING
In flexible die forming, one of the dies in a set (punch or die) is replaced with a flexible material such as
a rubber or polyurethane membrane. Polyurethane is widely used because of its resistance to abrasion and
long fatigue life. Note that the solid female or male die has been eliminated, thus reducing the cost of the
operation. Furthermore, the surface of the workpiece is protected from damage or scorching during the
forming operation.
There are four basic types of flexible forming: Marform, Verson-Wheelon, Guerin, and hydroform
processes. Fig. 7.18 shows the Guerin process.
A typical setup is illustrated 7.18, which shows the ram containing a flat, thick pad of rubber or
polyurethane. The form block can be made from epoxy, resin, wood, steel, aluminum, or cast iron. In operation, a metal blank is placed on the form block and is formed to the desired shape under continuous pressure during a complete stroke of the press. The hardness of the rubber pad is 60 to70 Shore and the relative elongation is 600 to 700 percent. Used extensively in the aircraft industry, this process is particularly
useful in making parts with shallow flanges.

Ram

I Air space channel

Flexible die

7

/ Blank

\ finch

\Press

piate

Fig. 7.18 Schematic illustration of forming in a flexible die.

7.6.1 Force in Die Forming
The press force for flexible die forming is given by the following formula:

F = PA
where:
A = area of the pad of rubber
p = specific pressure ( Table 7.5).
A specific pressure (MPu) for drawing a workpiece of aluminum alloy is given in Table 7.5.

(7.20)
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Ratio rn = d/D

Relative thickness of material Tsr =(T/D) x 100%

I

1.3

1.o

0.6

25.5

27.5

0.5

27.5

29.5

34.0

37.0

0.44

29.5

32.0

34.4

39.3

0.66

I

32.0

I

0.44
35.5
~~~

In Table 7.6 are given maximum values for the drawing ratio m, the drawing height in one operation
h, and the minimum drawing radius Rm,for different kinds of materials.

MATERIAL

Aluminum
AI-alloy
Low-carbon steel
Stainless steel

h

rn

0.45
0.50
0.50
0.65

1 .Od
0.75d
0.75d
0.33d

Rrn

1.5T
2.5T
4.OT
2.OT

The maximum drawing height h of rectangular and square-drawn shells in one drawing operation is
given by the following:

h 5 3R, - for steel

h I 3.5R,
where:
Re = drawing corner radius.

- for aluminum.
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DIE DESIGN
It is the intention of this part to present as complete a picture as space will permit of the knowledge and
skills needed for the effective design of dies for sheet metal forming. The text is presented in six chapters,
with detailed discussions of die design for each of the manufacturing processes covered in Part 11. Chapter
Thirteen gives data on basic tool and die materials, their properties and applications. Special pay attention
is given to the basic functions of work and die components, their design and necessary calculations.
Although many examples are included, it should be evident that it is not possible to present all the data,
tables, and other information needed to design complicated tools, dies, etc. in one text. The tool and die
designer must have tables, handbooks, and literature available to be completely effective as a die designer.
This part supplies most of the practical information needed by a designer.

I

8.1 Die Classifications

BASIC DIE CLASSIFICATIONS
AND COMPONENTS
8.1 DIE CLASSIFICATIONS
Dies can be classified according to a variety of elements and in keeping with the diversity of designs of
dies. It is possible to classify dies according to:
Manufacturing processes: blanking, punching, bending, deep drawing, etc.
Number of operations: single-operation (simple), and multi-operation (combination) dies.
Number of stations: single station and progressive dies.
Single station dies may be:
a) Combination (a die in which both cutting and noncutting operations are accomplished at one press
stroke), or
b) compound (a die in which two or more cutting operations are accomplished at every press stroke).
Progressive dies are made with two or more stations. Each station performs an operation on the workpiece or provides an idler station so that the workpiece is completed when the last operation has been
accomplished. After the first part has traveled through all the stations, each subsequent stroke of the press
produces another finished part.
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Depending on the production quantities of pieces - high, medium, or low -press dies may be graded as
follows:
Class A-These dies are used for high production only. The best of materials are used, and all easily
worn items or delicate sections are carefully designed for easy replacement. A combination of long die life,
constant required accuracy throughout the life, and ease in maintenance are prime considerations, regardless of tool cost.
Class B-These dies are applicable to medium production quantities and are designed to produce the
designated quantity only. Die cost as related to total production becomes an important consideration.
Cheaper materials may be used, provided they are capable of producing the full quantity, and less consideration is given the problem of ease of maintenance.
Class C-These dies represent the cheapest usable tools that can be built and are suitable for low-volume production.
Temporary dies.-These dies are used for small production and represent the lowest cost tools that
will produce the part.
Fig. 8.1 shows die classifications schematically according to the guide methods used in the upper and
lower die sets:
Plain dies (Fig. 8.la).-These dies are very simple and are used for low and individual production,
Plain dies with movable elastic stripper (Fig.g.lb).-These dies are mostly used for the punching and
blanking of simply shaped parts of thinner sheet metals.
Plain dies with solid stripper (Fig. 8.lc).-These dies are used for the punching and blanking of simply shaped parts of thicker materials.

I

d)

UI

e)

Fig. 8.1 Schematic illustration of die classifications according to the guide methods of upper and lower die sets:
a) plain dies, b) plain dies with movable elastic stripper, c) plain dies with solid stripper, d) dies with
guide plate, e) dies with guide posts.
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Dies with guideplate (Fig.8.ld).-A guide plate aligns the upper set to the lower set of a die and has
the hnction of a stripper. These dies are applicable to medium production quantities.
Dies with guideposts (Fig. 8. le) -These dies represent the best tools it is possible to build. They are
used for high production of high precision parts.

8.2 BASIC DIE COMPONENTS
The components that are generally incorporated in a punching or blanking die with a guide plate are shown
in Fig. 8.2, and in Fig 8.3 with guide system (guideposts and guidepost bushings). These figures show the
die in the conventional closed position.
The upper die subset in Fig 8.2 is made up of the following components: the punch holder, the backing plate, the punch plate, the punch, and the shank. The components are fastened together with screws and
a dowel at the die subset, which is attached to the ram of the press.
The lower die subset is made of the following components: the die shoe, the die block, the guide rails,
and the guide plate. The components also are fastened with screws and dowels at the die subset, which
attaches to the bolster plate.

1 -Shank

2- Shank holder

3

3- Backing plate

4- Punch holder
5- Punch

9-Guide rail
13- Guide plate
b l

10- Die block

11 -Die shoe

Fig. 8.2 Die with guide plate.
The die set in Fig. 8.3 has the same components as the die set in Fig. 8.2, except for the guide system, which consists of the guide posts and guide post bushings.
According to the function of the die, all components may be classified into two groups:
a) The technological components directly participate in forming the workpiece, and they have direct
contact with a material; examples are the punches, die block, guide rails, form block, drawing die, stripper, blank holder, etc.
b) The structural components securely fasten all components to the subset and die set. They include
the punch holder, the die shoe, the shank, the guideposts, the guidepost bushings, the springs, screws, dowels, etc.
Die sets are used to hold and maintain alignment of the technological components. The die set consists of the punch holder, die shoe, guide system, and snap rings. In Fig. 8.4a are shown various guide post
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1

1- Shank

2- Shank holder
3- Backing plate
4- Punch holder
5- Punch

&Guide post bushing
7-Guide post
8 - Stripper
9- Guide rail
1O-Die block

lo/

-

1 1-Die shoe

Fig. 8.3 Die with guide post and guide post bushing.
positions depending upon the type of operation to be done. These designs are referred to as two-or fourpost die sets. A die set and its components are shown in Fig. 8.4b, in which the elevations have been drawn
according to the conventions used by die designers. It consists of the punch holder, die shoe, guide post
bushings, guide posts, shank, and snap rings.

Punch holder

7-

Die shoe

~

~

b)

Fig. 8.4 Die set: a) various post positions, b) die set and its components.
In Fig. 8.5 is shown one type of guide post and guide post bushing. The guide post has two different
diameters the larger diameter is for fastening to the die shoe, and the smaller diameter is for sliding at
~
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Guide post bushing

7

Fig. 8.5 Guide post and guide post bushing.
the guide post bushing. The joint between the die shoe and the guide post is a press fit (usually H7ip6 or
H6ip5), and the joint between the guide post bushing hole and the guide post is a sliding fit (H7ih6 or
G7/h6).
Other mechanical methods may be used to join the die shoe and guide post. Two types are shown in
Fig. 8.6.

Guide post

I

Security screw

s.f.1

'

\Die shoe

Fig. 8.6 Two examples for joining the die and guide post.
The guide post holes may be made directly in the punch holder, as is shown in Fig. 8.4, or as separate
guide post bushings that are press fitted in the punch holder. Inside the guide post bushing is a channel for
lubrication (sometimes the channel is made in the guide post). The best guidance and the most precision
are achieved if a ball cage die set is used, as shown in Fig. 8.7.
To make sure that the setup is correct and to avoid wrong positioning, the guide posts and guide post
bushings on one side must be of a different diameter from the guide posts and bushings on the other side.
The preceding information is generally valid for die components for all sheet-metal forming processes; in the following chapters, more specific information concerning die components for each individual
type of sheet-metal forming process is presented.
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Guide post

Punch holder
\

bushing

I

Fig. 8.7 Ball cage die set.
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9.1 Introduction
9.2 Die Blocks
9.3 Punches

9.4 Strippers
9.5 Guide System
9.6 Center of Die Pressure
9.7 Examples of Die Design

BLANKING AND PUNCHING DIES
9.1 INTRODUCTION
Blanking and punching dies are known as cutting dies. They may be simple, combination, or compound.
A blanking die is generally cheaper to make and faster in operation than a trim die. A single blanking die
can produce either a right or left part, while two trim dies are needed for trimming: one die for right-hand
parts and another die for left-hand parts. When a sheared flat blank drops through the die block (die shoe)
it piles up on top of the bolster plate. If the blank goes through the hole, it is called a drop-blank die. A die
in which the sheared blank returns upward is called a return-blank die. Return-blank dies are slower in
operation and cost more to build than drop-blank dies.
A punching die is a typical single-station die design for production holes made in flat stock, which
may be manually or automatically fed. The stock guide keeps the stock on a straight path through the die.
The amount of stock travel is controlled by the method of feeding, by stops of various designs, or by direct
or indirect piloting. A combination die is a single-station die in which both cutting and non-cutting operations are accomplished at one press stroke.
A compound die is a single-station die in which two or more cutting operations are accomplished at
every press stroke.
In this chapter, the design characteristics of cutting dies, as well as the very important calculations for
the technological parts of cutting dies, are described.

109

110

v

Blanking and Punching Dies

9.2 DIE BLOCKS
A die block is a construction component that houses the opening and receives punches. These die openings may be machined from a solid block of tool steel or may be made in sections. . The die block is predrilled, tapped, and reamed, before being fastened to the die shoe.

9.2.1 Die Opening Profile
Die opening profiles depend on the purpose and required tolerance of the workpiece. Four opening profiles are shown in Fig. 9.1. The profile in Fig. 9. l a gives the highest quality workpiece, but its machining
is the most expensive. Die blocks must frequently be resharpened to maintain their edge; to allow a die
block to be sharpened more times, the height of the die block h, needs to be greater than the thickness of
the workpiece. The value of h is given in Table 9.1. This kind of die opening is used for blanking parts having complex contours with greater accuracy.
The die opening profile in Fig. 9.lb is used for making small parts with low accuracy. The angle of
the cone, a = 10’ to 20’ for material of thickness T< 1 mm, and a = 25’ to 45‘ for material of thickness T
2 (1 to 5)mm . For the angle to be correctly derived, the following relationship must be satisfied:

A
2H

a I arctgwhere:

A = tolerance of workpiece,
H = height of die block.
.
type of profile is used for
The simplest die opening profile is the cylinder, as shown in Fig. 9 . 1 ~This
making relatively large parts. With this profile, after the part is cut out, it is pushed up and away from the die.
The two-cylinder die opening profile, shown in Fig. 9. Id, is used to punch small-diameter (d I 5 mm)
holes. The value of h can be taken from Table 9.1. The diameter of the larger cylinder needs to be D = d
+3 mm.

Fig. 9.1 Types of die opening profile.
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Table 9.1 Value of Dimension h Depends on Material Thickness T
Material thickness T (mm)

<OS
3.0 to 5.0

0.5
5.1 to 10.0

5.1 to 10.0
10.1 to 15.0

9.2.2 Fastening to the Die Shoe
There are many methods for fastening a die block to a shoe. In Fig. 9.2a is shown one method, in which
socket head screws are inserted from the bottom of the die shoe into threaded holes in the die block.
Dowels are used to prevent a shift in the position of the block.
Sometimes the die opening is made from a bushing and inserted into a machine steel retainer. If the
bushing has a shoulder, it is held in the retainer as shown on Fig. 9.2b. If it has no shoulder, it is pressed into
the retainer as shown in Fig. 9 . 2 ~The
. lower end of the bushing has a reduced diameter to insure alignment
when it is pressed into the retainer. The bushing can be fastened into the retainer with a ball and screw, as
shown in Fig.9.2d. The purpose is to save the cost of large amounts of tool steel. This type of fastening is generally used to allow replacement of the die ring if it is worn or damaged. Sometimes a bushing is used at the
bottom, as is shown in Fig. 9.2e. The purpose is to save the cost of large amounts of tool steel.

1 -die shoe

2-die block
3-dowel

/ i \ ; Section A-A

4-socked head screw

Fig. 9.2 a) Fastening a die block to a shoe; b), c), d), e) Methods of inserting a bushing into a machined retainer.
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9.2.3 Sectioned Die
If a workpiece is large, or if the die opening is complicated, and the contours are difficult to machine, the
die may be made in sections. If possible, the die sections should be of approximately the same dimensions
to ensure economic use of the tool steel. Several types of sectional dies and punches are shown in Fig. 9.3.
It is also possible to use a bevel-cut angle on the face of a sectional die. The bevel shear may be convex or
concave (see Fig. 4.6).

1-Segment of die
2-Segment of punch

Incorrect

I

I

Section A-A

4

Section A,-AT
b)

I
~

Incorrect

I

1

-

-

Section A2-A2

_I 1 ~

c>

Fig. 9.3 Types of sectioned die and punches.

To save very expensive tool steel, a die and punch with welded edges, as shown in Fig. 9.4,is often
used, primarily for blanking parts of larger dimensions and material thickness up to T = 1.5 mm. The die
is made of carbon alloy steel, and the edges are welded with a special electrode of alloy steel, and then
machined. The welded edge may have a hardness of up to 60 Rc. This type of die is cheap, and repair is
easy.
Carbide dies are widely used to produce small electrical parts at lower cost per piece compared with
steel dies. When a carbide insert is subjected to high-impact load, it must be supported externally by pressing the carbide ring into a hardened steel holder. Suitable steels for die holders include SAE 4140, 4340,
and 6145 hardened to 38 to 42 Rc. A ratio of 2:l between the case and the carbide insert has been satisfactory for most applications, but the ratio can be less for light work.
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1-die

2-punch
3-punch holder
4-die shoe
5-stripper
6-spring
7-guide post
8-guide bushing
9-guide pin
10-die stop

11-work strip
12-security screw

Fig. 9.4 A die and punch with welded edges.
9.2.4 Calculation of Die Block Dimensions
A die block for blanking and punching operations is loaded at force Z? About 40 percent of this force is
exerted in a way that would fracture the die block in the radial plane. However, the die block is additionally loaded with the friction force produced when the blanked or punched material is pushed through the
opening of the die. The calculations for the die block dimensions are very often simplified, making use of
two empirical formulas calculating only the thickness of the die block H, and the width of the wall e (Fig.
9.5). The height (thickness) H of the die block is calculated by the formula:

H = (10 + 5T + 0.7Ja+b). c
where:

T
a, b

= material

thickness,
= opening die dimensions,
c = constant whose value depends on the mechanical properties of the workpiece material and is
given in Table 9.2.
The wall thickness e is given by the formula:

e = (10 + 12)+ 0.8H

(9.2)

UTS (MPa)

117

245

392

784

C

0.6

0.8

1.o

1.3
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a>

b)

Fig. 9.5 Schematics for calculation of die block dimensions.

If the opening die has a contour with angle less than 90 degrees, the value of e needs to be increased from
15 to 20 percent.
The dimensions of the rectangular die block in Fig. 9.5a are:

A=a+2e
B=b+2e.
The maximal bend moment for a rectangular die block is:

1
M =-FL.

8

The resistance moment at section 1-1 is:

W=

(B - b)H

6

The stress bending of the die block is:

M
W

=-=

(r

'

6F1
8(B-b)H2

= 0.75

Fl
(B- b)H * '

For a rectangular die block, the following formula must be applied:
CT,=0.75

Fl
Ow/
(B-b)H2 <
-

where:
as, = permitted bending stress. For heat-hardened alloy tool steels, the value of osd= 49OMPu.

9.5a)
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If the die block has a shape similar to that in Fig. 9Sb, the bending stress may be calculated by the formula:
(9.5b)
This method of calculation is approximate, but for practical use, it is good enough. More precise calculations are based on mechanical theory.

Example:
For example, it may be required to calculate the dimensions of the rectangular die block of heat treated alloy tool steel. The die block is supported by two supports at a distance of 1 = 120 mm. The workpiece
material has a thickness of T = 3 mm and UTS = 372 MPa. The workpiece dimensions are a = 100 mm and
b = 120 mm.
Solution:

H =(10+5T+0.7Ja+b). c
H = (10+5(3)+0.7~100+120)~(1.0)
=37.2 m.
The height of the die block is:
The height of the die block can be rounded to H
The wall thickness e is:

= 40

mm.

e = (10e-12)+0.8H

e=12+0.8(40) =12+32 =44mm.
The value of e may be rounded to e = 50 mm.
The die block dimensions are:
A = a + 2e = 100+ 2(50) = 200 m.

B=b+2e=200+2(50)=300mm
The blanking force is:

F = 2(a + b)T0.8(UTS)

F = 2(100 +200)(3)0.8(372) =53.662 k N .
The bending stress is:

o,~
= 0.75

F1
( B-b ) H

os=0.75

53.662(120)
= 402.6MPa < os.,
= 490.5MPa
(300 -200)402

These dimensions are acceptable because

os= 402.6MPa < CT,~.,
= 490.5MPa.
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9.3 PUNCHES
Standard punches are available for a wide variety of round, oblong, and square holes. The manufacturers
furnish these punches in standard sizes as well as to special order. The main considerations when designing punches are 1) they should be designed so that they do not buckle; 2) they should be strong enough to
withstand the stripping force, and 3) they should not be able to rotate as a result of the cutting action.

9.3.1 Punch Face Geometry
It is possible to control the area being sheared at any moment by making the punch and die surface at an
angle (beveled), as shown in Fig. 4.7. In Fig. 9.6, several types of punch face geometry are shown:
a) Flat face surface,
b) Concave face surface,
c) Bevel face surface, and
d) Double bevel face surface.
If the surface of the punch and die are flat, the punch force builds up rapidly during cutting because
the entire cross-sectional area is being cut at one time. The punch face geometry in Fig. 9.6 is particularly suitable, with an adequate shear angle on the die, for shearing thick blanks because it reduces the force
required at the beginning of the stroke. The angle also reduces the noise 1evel.Typical combinations are:
a) Flat punch - double bevel die
b) Concave punch - flat die
c) Bevel punch - flat die
d) Flat punch - concave die.

a>

b)

c)

d)

Fig. 9.6 Types of punch face geometry: a) flat, b) concave, c) bevel, and d) double bevel.
It is possible to use other combinations depending on the purpose of the die. When blanking soft and thin
material, a tubular punch without a die block may be used.

9.3.2 Methods for Assembling Punches
There are many methods for assembling blanking and piercing punches on a punch holder. In Fig. 9.7 are
shown several forms at one end of the punches for such assembly.
Piercing punches are smaller in cross-section and generally longer than blanking punches. They must
be designed to withstand shock and buckling. Because of the high probability of damage, they must be
designed so that they can be easily removed and replaced. Deflection or buckling of punches may be avoided by making the body diameter of the punch larger than the cutting diameter or by guiding the punch
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fl

Bushing

Punch

Fig. 9.7 Forms at one end of piercing punches.

through a bushing as shown in Fig. 9.7d and Fig. 9.7e. Sometimes it is necessary to insert a hardened backing plate between the head of the punch and the punch holder. Whether or not it is necessary to use a backing plate is dependent on the specific pressure between the head of the punch and the punch holder. If the
following condition is satisfied,

F 4F
P = A = &2 < pd = 245MPa,
a backing plate is not necessary (Fig. 9.8a). However, a backing plate is necessary under the conditions
illustrated in Fig. 9.8b.
6..
-

5
1-die
2-stripper
3-punch
4-punch plate
5-backing plate
6-punch holder
7-work material

Fig. 9.8 Assembling punch a) without backing plate, b) with backing plate.
Because of the high probability of damage to piercing punches, they must be designed so that they
can be easily removed and replaced. In Fig. 9.9 are shown four methods of designing such punches, which
all allow for quick removal and replacement at the punch plate.
a) Fastening with ball and screw. This type of fastener is used with complex dies.
b) Fastening with a ball under spring pressure. The punch can be released by pushing the ball through
hole a. This type of fastener is used on dies for punching holes of d = 3 to 30 mm in material thickness
T = up to 3 mm.
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1-punch

2-punch plate
3-backing plate
4-screw

5-ball
6-spring
a-hole

Section A-A

d)

9..9 Methods for assembling punches.
c) Fastening with a screw. Screw fasteners are used for simple dies, and the punch is fastened directly on the ram of the press. The domain of application is for punching holes d = 20 to 60 mm.
d) Fastening with a specially shaped screw head. When the screw is turned 90 degrees, the punch is freed
Sometimes, it is more economical to use a machine steel spacer and a tool steel plate or ring for a punch
than it is to make a large blanking punch out of one piece of tool steel.
At other times, it may be easier and more economical to make punches out of sections and fit them
into the desired pattern than it is to attempt to make the punch from one piece. Such a design may be desirable when the punches need to be large or irregularly shaped. Another advantage is that a section may be
removed and replaced if it becomes worn or broken.

9.3.3 Punch Calculations
By using the ratio between the length and the cross-section area of the punch, the dimensions of the punch
may be calculated in two ways:
Compression stress. For short punches may be calculated by the formula:

F
A

Od = - S O
pd

where:
F = punching force
A = punch cross section area
0 = permissible compression stress. For hardened tool steels, steels, apd= 980 + 156MPA.
Pd
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b) Buckling calculation. If the punch is fixed at one end as shown in Fig 9.10a7the critical force F,
should be calculated initially using the Euler formula:

n EZmin
Fcr

where:
Imin.

1
E

=

(9.7)

41

minimal second moment of area,
free length of punch,
= modulus of elasticity.

=
=

If critical force Fcr equals punch force F, then the maximum length of the punch may be calculated by the
following formula:
(9.8)
where:
L = length of cut,
T = thickness of material.
For a punch fixed at one end and guided at the other end, as shown in Fig. 9.10b7the critical force
may be calculated by the formula:

2n El
Fcr

=

(9.9)

l2

The critical force exerted by a guided punch is 8 times greater than that exerted by a free-end punch.
= 2.8 times larger than that of a free-end
Consequently, the maximal length of a guided punch is
punch. Special attention needs to be paid to the design of the die for punching small-diameter holes in thick
material because greater than allowable compression stress in the punch may occur. For punching any
material where the shearing stress is z 2 295MPa, the punch diameter must be greater than the thickness
of the workpiece.

\ \ \ \ \

cr

Fig. 9.10 Different end conditions: a) one end is fixed, and the other end is free.
b) one end is fixed, and the other end is guided.
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9.4 STRIPPER PLATES
When a punch shears its way through a work piece, the material contracts around the punch to the degree
that it takes a substantial force to withdraw the punch from the material.
Efficient removal of the workpiece and scrap from the die increases productivity, quality, and workplace safety.

9.4.1 Stripper Force
The force required to strip the material from the punch, as shown in Fig. 9.1 1, may be calculated by the
following equation:

F, =C,F

(9.10)

where:
C, = stripping constant
F = punch force.
Values for Cs are given in Table 9.3.

MATERIAL
THICKNESS T
(mm)

I

TJnto 1.0

1.0 to 5.0
Over 5.0

Types of work processes
Simple punching or
Compound punching or
blanking
blankin g

1I

0.02 to 0.06

1)

0.06 to 0.08
0.08 to 0. IO

1

I

0.06 to 0.08

I

0.10toO 12
I0.12to0.15

I

I

2

I

Punching and blanking at
same time
0.10 to0.12
0.12 to0.15
0.15 to0.20

1-punch

2-backing plate
3-punch plate
4-stripper spring
5-workpiece
6-stripper
7-die

Fig 9.1 1 Schematic illustration showing positioning of the stripper.

,
I
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9.4.2 Stripper Design
Generally, there are two types of strippers: the solid stripper and the elastic stripper.
a) Solid stripper. The cheapest and simplest design for a stripper is shown in Fig. 9.12. Two additional
methods for mounting solid stripper plates are shown in Fig 9.13. In Fig. 9.13a, a spacer is provided to
raise the stripper so that there is clearance between the work strip and the stripper plate. In Fig. 9.13b, the
stripper plate has had a channel milled into its lower surface.
If a die uses a guide system with a guide plate, as shown in Fig. 9.24, the guide plate has the function
of a stripper plate. In all types of solid strippers for stripping scrap or workpieces, the force of the press is
used for the stripping operation.
1 -die ring
2-p~ch
3-stripper

4-ram motion
5-frame of press

Fig. 9.12 Schematic illustration of mounting a simple solid stripper.
I

/-

1

1-punch
2-die
3-stripper
4-work strip

Fig. 9.13 Schematic illustration of mounting a solid stripper:
a) stripper plate fixed on one side; b) stripper plate fixed on two sides.

b) Elastic stripper. Sometimes it is desirable to hold the scrap strip in a flat position before the punch
makes contact with the workpiece. This arrangement is advisable when it is necessary to be very accurate,
when punching very thin material, or when thin punches are used. These types of strippers use a compression spring or rubber pad to produce the stripping force. The stripper is generally made from a plate
that provides the desired configuration and is suspended from the punch holder with stripper bolts and
compression springs. An example of such a stripper plate is shown in Fig. 9.14.
There are many ways of retaining springs. In Fig. 9.14, both the punch holder and the stripper plate
are counterbored to provide retainers. However, a counterbore in the stripper plate is often not possible.
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1-punch
2-punch holder
3-stripper
4-die
5-die shoe
6-work strip

7-spring
8-stripper bolt
Fig. 9.14 Elastic stripper.
Where it is not desirable that the stripper plate be counterbored, a spring pilot may be used. Also, the counterbore may be in the punch plate rather than in the punch holder. In some instances, small hydraulic cylinders are used instead of springs to produce the force necessary to strip the scrap from the punch.
Helical springs, shown in Fig. 9.15, are used to produce the force necessary to strip the scrap strip
from the punch.

L

Fig. 9.15 Helical spring.
The maximum static force FmMfor the helical spring may be calculated with the following formula:
(9.1 1)
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where:
d
D

=

=

z =
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diameter of wire,
outside diameter of helical spring,
shearing stress z = 490 + 685MPa.

The total deflection of the spring may be calculated by the formula below:
(9.12)
where:
G = modulus of elasticity in the shear (the average value of G for steels used for springs is G = 75,000
to 83,000 MPa),
n = number of active coils.
The spring index is found from:
(9.13)
Therefore, the spring force is:

F

f

= cf = FmaX
-

(9.14)

fll,,

The springs are equally spaced around the center of pressure of the punches. During assembly, the springs
need to be preloaded with a force of (0.1 to 0.2) FmM.The length of the spring may be calculated by means
of the formula:

L = ( n + 1.5)d+ nS

(9.15)

where:
S = distance between two coils (Smj,= O.ld at maximum loaded spring).
If rubber pads, as shown in Fig. 9.16, are used to produce the force necessary to remove the scrap strip
from the punch, the rubber pads should have a minimum hardness of 68 Shore. The rubber pad has a cylindrical shape with a height-to-diameter ratio of 0.5 to 1.5. Maximum deflection is:

f,,, = (0.35 t 0.40)h

(9.16)

The stripper force may be calculated by this formula:

F = PA

(9.17)
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where:
A = cross sectional area of rubber pad. [According to Fig. 9.16, the cross-sectional area is
7r

A = -(D2 -D”,
4
p
p

= permitted

specific pressure for rubber pad. Forfmax= 0.40h and rubber pad hardness 68 Shore

= 3.5MPa.

..s

I

i

I
D
I
Fig. 9.16 Rubber pad: a) non-loaded b) loaded.

9.5 DIE COMPONENTS FOR GUIDING AND STOPPING
The group of die components known as guides and stops includes the following components: stock guides,
guide rails, French notch punches, pilots, and die stops.

9.5.1 Stock Guides and Guide Rails
a) Stockguide. A good stock guide design always allows for staggering the entryway so that the workpiece will not snag; a good design also allows for the stock guide to be removable from the die without
components having to be disassembled. Fig. 9.17 shows one possible design for a stock guide.

Extension

-)!?-(

Stripper

\ Guide rail
Fig. 9.17 Stock guide.
b) Guide rails. Guide rails are used to guide the work strip through the die; they are placed between
the stock shelf or die block and the stripper plate or guide plate.
The tunnel dimension A in Fig. 9.18 should allow free passage for the width of the stock and is calculated by the following formula:

A=B+2c
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where:
B = strip width,
c = clearance.

The clearance c for fixed guide rails is c = 0.25 to 0.75 mm. For the elastic-type guide rails (see Fig. 9.19),
the clearance is c = 2.5 to 4.0 mm.
The tunnel height H in Fig. 9.18 provides clearance in the vertical direction. This dimension depends
on the material thickness and method of work-strip feeds (manual or automatic). Advisable values for H
and h are given in Table 9.4.
Table 9.4 Values for H and h.
Automatic feed

Sometimes, to provide smooth movement to the workpiece in the production of large and complicated parts, four guide pins (two on each side) may be used instead of guide rails (see Fig. 9.4).

1-guide rail

2-stop pin
3-punch
4-die
5-guide plate
6-work strip

A

J

Fig. 9.18 Schematic illustration of fixed guide rails.
In compound dies, the elastic type of guide rails are used. Fig. 9.19 shows two types of design for
elastic guide rails. These designs provide positive guidance of the work strip, and facilitate feeding through
the die.
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1

I

1-elastic guide

2-spring

-3

,

1

3-work strip

Fig. 9.19 Elastic guide rails.
9.5.2 Die Stops and French Notch Punch
a) Die stops are used to stop the material strip after each feed movement is completed. Solid pins,
with or without heads, may be used as stops. The pin should be lightly press-fitted into the die shoe and
should extend above the die block face. The extension h of the die stops is a function of the thickness of
the material. The value of h is given in Table 9.4. A clearance hole should be provided in the stripper plate
and under the pin in the die shoe for removal of the pin when necessary.
b) The French notch punch is used for trimming away a length of work strip that is equal to the progression of the die. This action provides a fixed stop feature for strip progression such as is shown in Fig.
9.20. French notching is one of the best ways to control the problems of strip width tolerance, strip cam-

1-French notch punch

2-punch

3-punch
4-work strip
I

5-stop

Fig. 9.20 Die with French notch punch.
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ber, and progression control. If French notching is used on only one side of the strip, a pilot punch must
be used to allow the strip to back up 0.05 mm.
The value of the notch width (w)is a function of the thickness and kind of material. These values are
given in Table 9.5.

Material thickness T
(mm)
Up to 1.5
Over 1.5

Kind of material

Steel
(2to3)T
1.5T

Other softer materials
(2 to 3)T
2T

Sometimes the back gage is extended and used to support a stop. This arrangement is especially useful with long workpieces. Such a stop is shown in Fig 9.2 1. Finger stops are used to stop new strips in the
proper location in a die. They are operated with the finger by pushing them into the stock channel until
they seat. The press is tripped when the stop is released to its “out” position and it is not used again until
a new strip is started. One type of finger stop is shown in Fig. 9.2 1. The die shown is sometimes used for
punching holes and cutting workpieces.

Cutoff punch

punch
\

-

Fig. 9.2 1 Compound die for punching holes and blanking long parts with finger stop and adjustable stop.

9.5.3 Positioning the Individual Blank
There are many design options for positioning individual blanks or workpieces. The selection depends on
the shape and dimension of the workpiece. Fig. 9.22 shows three methods of positioning the individual
workpiece by using:
a) Three dowels,
b) A ring, or
c) A combination of dowels and guide-rails.
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Fig. 9.22 Methods of positioning the individual blank or workpiece: with dowels, b) with ring, c) with rail.
9.5.4 Pilots
Pilots are used in progressive and compound dies to position the work strip so that the relationships
between stations or previously punched holes and the outside blanked contours of work pieces may be
maintained. In Fig. 9.23 are shown various methods for mounting pilots in punches.
The hole that receives the pilot should be extended through the punch so that the pilot may be
removed if it breaks.
The pilot should fit the work hole with a tolerance of from 0.02 to 0.15 mm. Pilots are generally made
from tool steel, hardened and polished. They may have a radiused end that terminates in the diameter of
the pilot, or the end of the pilot may be blunt.

3

1

1-punch
2-punch holder
3-punch plate
4-pilot

5-backing plate
6-die
7-stripper
8-bushing

9-spring
10-screw
1l-die shoe
12-work strip

Fig. 9.23 Various methods mounting of pilots in punches.
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1-die

11

2-blanking punch
3-pilot
4-punch
5-French notch punch

6-guide plate

I-punch plate
8-backing plate
9-punch holder
10-die shoe
11-guide rail

__

12-stock guide

Al

13-shank

Fig. 9.24 Compound multi-row die.

Pilots are generally made from tool steel, hardened and polished. They may have a radiused end that
terminates in the diameter of the pilot, or the end of the pilot may be blunt. In Fig. 9.24 is shown a multirow compound die in which the pilot is press-fitted into a hole in the center of the blanking punch.

9.6 CENTER OF DIE PRESSURE
The die pressure should be centered on a vertical line passing through the specific point that defines the
resultant force of the punching and blanking forces. There are two ways to determine the center of the die
pressure: mathematically and graphically.
a) Mathematical solution. As is known from statics, the coordinates of the point of resultant force are
given by the formulas:

(9.18)
i=l

i=l

where:

Fi= partial punch and blank forces,
xi ,yi= coordinate center of gravity of partial punching and blanking parts.
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Assuming that the punch and blank forces are directly proportional to the length of the cut edges Li,
the center of the die pressure may be determined by the following formulas:

x=’=l-

2Li

- &x,

+ Lpc* + ...+ L,,x,

r, +L,+...+L,
(9.19)

i=l

i=l

where:
X, Y = coordinates of the center of the die pressure,

xi, y j = coordinates of the center of gravity of a partial length of cut edge
Li= partial length of cut edges.
b) Graphical solution: subdivide the total length of the cut edges in Fig. 9.25 into partial lengths L,,
L,, .. .Ln, of which the center of gravity is known. The size of each partial length is represented as a force
applied to the center of each partial length. Use the force polygon and link polygon closed to determine
the main forces LRx and LRy operating in any two directions (preferably at right angles). The point of intersection of the lines of application will indicate the position of the center of die pressure.

P

Li-cut edge length of punch 1
LZa4-cut edge length of punch 2
Lwxt edge length of punch 3
1 -blanking punch

2-French notch punch
3-punching punch
4-work strip
s-center of die gravity

Fig. 9.25 Determinatjon of center of die gravity.
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9.7 EXAMPLES OF CUTTING DIE DESIGNS
In this section are shown some examples of designs for punching, blanking, compound, and combination
dies. Fig. 9.26 shows a design for a single blanking die. The die can produce either a right- or left-hand
part.
A flat blank, sheared by a blank-through type of blanking die, drops through the die block (lower
shoe) and piles up on top of the bolster plate, or falls through a cored hole in the plate. . The die consists
of a punch holder (l), and a die shoe (2), with a guide post (8), and a guide post bushing (9). The guide
posts are press-fitted into the die shoe and secured. The blanking punch (4), is directly (ie., without a
punch plate) fixed to a punch holder with screws (12), and dowel (13). On the die shoe (2) is fixed the die
block (3), the stripper (5), the guide rails (6), and the strip stop (7).

1 -punch shoe

A 2-dieshoe
3-die
4-punch
5-stripper
6-guide rail
7-strip stop
8-guide post
9-guide post bushing
10-security ring
1 1 -spring of guide rail
12-screw
13-dowel
~

Section A-A

14-work strip

Fig. 9.26 Single blanking die.

In Fig. 9.27 is shown a punching die with a series of punches, which are staggered to reduce the force
required to shear through metal, and to prevent punch breakage. The offset of the outside punches over the
center punch is one f d l thickness of the material.
The die consists of a punch holder (1) and die shoe (2), with guide post (9), and guide post bushing
(10). The guide posts are press-fitted into the die shoe and secured. The punches (4) and the stripper (5),
with the punch plate (3) and screws and dowels are fixed to the punch holder.
The die shoe holds the die block (7), which also has the function of guiding the workpiece (14), the
workpiece stop (8), which is attached to the die shoe with a screw (12), and dowels (13).
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1 -punch holder

2-die shoe
3-punch plate
4-punching punch
5-stripper
6-bellevile spring
7-die
8-workpiece stop
9-guide post
10-guide pist bushing
1 1 -security ring

Fig. 9.27 Single punching die with a

13-dowel

series of punches staggered.
I

l J

14-workpiece

1-punch holder
2-die shoe
3-die
4-punch
5-workpiece stripper
6-scrap stripper
7-blanking punch
8-strip guide bolt
6

7

9-stop pin
1 0-guide post

A

Fig. 9.28 Compound die with parallel
positions for punching and
blanking operations.

T

rA

1I-guide post bushing
12-workpiece

V 133

Blanking and Punching Dies

Fig. 9.28 shows a compound die with punching and blanking operations in parallel positions. The die
consists of a punch holder (1) and a die shoe (2), with guide post (10) and guide post bushing (1 1). The
guide posts are press-fitted into the die shoe and secured. The blanking die (3) is fitted on to the punch
holder, along with the punching punch (4), and the workpiece stripper. On the lower shoe are fixed the
blanking punch (7), and the scrap-strip stripper (6), the stop pin (9), and the strip guide-bolts (8), which
also function as guide bolts for the scrap-strip strippers.
Fig. 9.29 shows a compound die with progressively placed punching and blanking operations. On the
punch holder (9) are mounted a punching punch (4),a blanking punch (2), and a French notch punch (5).
Socket head screws and locating dowel pins are used to hold the punch plate (7) and the backing plate (8)
to the punch holder.
The die holder (10) carries the die block, which consists of a die plate (I), a guide plate (6), and a
strip guide (1 1). The shank (13) is used to hold the upper set of the die to the press ram.
The first punching holes are of 10 mm diameter; the blanking work piece is of 20 mm diameter. Pilots
(3) are inserted into the blanking punches (2) to center the inner and outer contours.
The die is four-serial, so that every press stroke makes four pieces.

1-die

2-blanking punch
3-pilot
4-p~ch
5-French notch punch
6-guide plate
7-punch plate

Section A-A
I1

-/-

8-backing platc
9-punch holder
10-die shoe

A

1 1 -guide rail

T-

12-strip guide

13-shank

1 I '319.8H9

Final part

Fig. 9.29 The four-serial compound die.
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10.1 Introduction

BENDING DIES
10.1 INTRODUCTION
Bending dies may be conveniently classified according to their design, whether simple or complex, and
according to their universality of application, whether universal or specific. The design of bending dies
depends on the complexity of the workpiece shape, its dimensions, the type of material, the tolerances,
etc.

10.2 SIMPLE DIE DESIGNS
Some die sets are designed to perform a single bending operation, which may include V, L, U, or Z, bends
and other profiles. Such dies are called single-operation dies or simple dies. One operation is accomplished
with each stroke of the press.

10.2.1 U-Profile Bend Dies
Fig. 10.1 illustrates a simple die for bending a U-profile. In this example, the blank of length L , width 6,
and thickness T, is positioned on the die (1) between stop pins (1 1). The die (1) is mounted on the lower
plate (3) in the conventional position. The punch (2) is attached to the punch holder (4), which is fitted a
shank (6) for that purpose, to the ram of the press. The pressure pad (10) applies pressure to the blank so
that as the punch pushes the blank into the die, the workpiece is formed by a single stroke of the press. The
bent workpiece is ejected from the die by the pressure pad mechanism (a) when the press ram retracts. For
bending workpieces of small dimensions and thin material, the punches and dies are made from a single
block of metal.
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4-punch holder

8-cushion pin

a-spring type pad
mechanism

Fig. 10.1Simple bending die.
For bending a larger workpiece, using a heavier die set (see Fig. 10.2), the die is made up of segments
which in turn are generally made from alloy tool steel. The advantages of this design are the same as with
punching and blanking dies, as described in Chapter 9.
The segments (4) are fixed to the die shoe with screws and dowels. The stop pin (7) is fixed to a pressure pad plate (6), which holds the blank in position while it is being worked on. The pressure plate also

2 .
7

3

1-fixed stripper
2-punch
3-punch holder
4-die segment
5-cushion pin
6-pressure pad plate
7-stop pin
8-die shoe
9-workpiece

Fig. 10.2 Simple bending die with segments.
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provides resistance to the bending operation, which is needed to perform the operation. An air cushion or
hydraulic cylinders are used to generate the force necessary for this resistance. If the width of the workpiece is large, it is necessary for the die to have a stripper. In the following description of a die set console,
the stripper (1) is fixed to the die shoe, and the punch holder has a slot so that the upper set of the tool can
move up and down without obstruction when the press ram cycles.

10.2.2 V-Profile Bend Dies
Fig. 10.3 shows a simple die set for bending different shapes with bending angles of (O<a<l8Oo).These
types of die are known as dies for V-profile bends. The die (1) is mounted on the die plate (4) in the
conventional position. The punch (2) is attached to the punch holder (3). The pad ( 5 ) holds the blank
in position while it is being worked on. It also provides the resistance needed to perform the bending
operation. An air cushion or hydraulic cylinders are used to power this resistance. The lower and upper
parts of the die set are guided by the guide post (7). The blank is positioned on the die (l), between the
stop pins (6), and with a single stroke of the press the workpiece is bent into its required shape.
Corrections to the punch angle, if necessary, are made after a try-out, when the exact springback angle
is known.

3

2

1-die
2-punch
3-punch holder
4-die shoe
5-pressure pad
6-stop pin
7-guide post
8-cushion pin
9-workpiece

Final piece

Fig. 10.3 V-profile bend die.
Fig. 10.4 shows a single-operation bending die for a V-profile workpiece being bent on one end, with
the other end of the piece already curled.
The die consists of a punch holder (3) and a die shoe (4) with guide posts (7). The guide posts are
press fitted into the die shoe and secured. The bending punch (2) is fixed to the punch holder with screws
and dowels. The die shoe carries the die (1) the blank guide (8), and the stop pin (6). The pad (5) provides
the resistance to the bending operation, needed to perform the operation. An air cushion or hydraulic cylinders are used to power this resistance.
The bent piece is ejected from the die with a pressure pad mechanism when the press ram is moved
to the “up” position.
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1-die
2-punch
3-punch holder
4-die shoe
5-pressure pad

Bending Dies

Blank

6-stop pin
7-guode post
8-blank suport
9-blank
10-workpiece

i
Final piece

Fig. 10.4 Single operation bending die.
10.2.3 Universal Bending Dies
In Fig. 10.5 is shown a typical simple universal die and an example of a workpiece bent in four phases.
The die consists of a die shoe (4), on which are assembled the universal die (2) and adjustable stops (3).
The die has several slots of different shapes. The punch (1) is attached directly to the press ram. Selecting
an appropriate profile on the die (2) with an appropriate punch (1) allows the workpiece to be bent into
different shapes as desired.

1-punch
2-die
3-adjustable stop
I/

4-die shoe

Bending phases

Fig. 10.5 Universal bending die.
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10.3 DIES OF COMPLEX DESIGN
“Complex” refers to dies that are made up of many elaborately interrelated or interconnected parts.
Considerable study and knowledge are needed to design complex die systems.

10.3.1 Closing Profile Dies
A bent profile often is used as a starting point for the next bending operation to be performed on the final
piece. The composite drawing in Fig. 10.6 illustrates both “before” and “after” stages of a bending die for
closing a U-profile bend. The closing die consists of a punch holder (1) and die shoe (2), which is guided
by two guide posts and guide post bushings. The punch holder (l), carrries a housing (3), with movable
side slides (4) that function as punches. Segments (6) are held in die shoe recesses with screws and dowels. The workpiece (U-profile, seen at the right, and in the die), with the insert ( 5 ) inside, is located on the
central die segment. When the press ram is moved down, the side slides of the punch slide toward the die
segment and with a single stroke of the press, the workpiece is bent to shape. The springs (7) return the
slides to the start position when the ram press moves up.

1-punch holder
2-die shoe
3-holder
3-ho1der
4-side slide

IA m

[-y

5-insert
6-segment of die
6-segment of die

Tnitial form

AA

7-spring
8-axle
9-security screw
10-workpiece

Final piece

Fig. 10.6 Closing profile

10.3.2 Special Bending Dies
If great precision is required in the bent pieces, a special design of die is used for bending and coining
operations. One design of such a die is shown in Fig. 10.7. The die consists of a punch holder (1) and die
shoe (2) with guide post and guide post bushing.
The punch holder carries the punch, which consists of an immovable segment (3) and two movable
segments (4), which are arranged to move transversely as the die closes. Attached to the die shoe are the
die (6), with stop pin (8) and stop latch (9). After the bending operation is finished, the fixed segment of
the punch ( 3 ) pushes the slide punches (4) so they move transversely and coin the outside of the workpiece.
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If the inside dimensions of the workpiece need to be more precise, the punch is made of one piece,
and the die is made of both movable and immovable segments. After the bending operation is finished, the
punch bears against the movable segments of the die additionally so they move transversely and coin the
inside of the workpiece.

1-punch holder
2-die shoe
3-fixed punch
4-slide punch

,/

/

5-spring
6-die
7-slide punch
8-stop pin
9-guide lath

Final piece

10-blank

~*11-security ring
Fig. 10.7 Special bending die.

In Fig. 10.8 is shown a die for bending a double closed L-profile. The die is shown in Fig. 10.8a and
includes the die shoe (8), and the punch (2), which is directly attached to the press ram by means of the shank
(5). The die shoe embodies the die block, which consists of the immovable part of the die (l), movable segments (3), the workpiece stop (4), a pressure pad (9), pegs (6), and Belleville springs (7). The pressure pad
holds the blank in position while it is being worked on, and provides the resistance to the bending operation
needed to perform the operation. An air cushion or hydraulic cylinders are used to power this resistance.
In the first bending phase, the punch (2) bends the blank to a double L-profile of 90 degrees. In the
first bending phase, the pegs hold the movable segments of the die in the horizontal position. The Belleville
springs are used to provide resistance until the blank has been bent to 90 degrees.
The second bending phase begins at the moment when the punch (2), touches the die segments (6).
At this moment, the resistance of the Belleville springs (7) begins to be less than the force of the punch,
the segments incline, and the workpiece is bent past 90 degrees. The stop (4) limits the inclination of the
segments (6). When the press ram is moved up, the springs return the segments to the horizontal position,
and the pressure pad ejects the workpiece.
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Final piece

I

13-spring

Fig. 10.8 Double closed L- profile die.

Instead of the segments shown in Fig. 10.8a, roller cylinders may be used, as shown in Fig. 10.8b.This
concept is simpler but has a weakness, which is the possibility of the blank slipping because it is not held
during the bending operation.

10.3.3 Curling and Hinge Dies
Curling dies provide a curled or coiled-up end or edge to the piece. Hinge dies make use of a curling
operation. The curl may be centered, or it may be tangential to the sheet as shown in Fig. 10.9. The
edge of the blank should have a starting bend and, if possible, the burr should be inside the bend. The
blank (1 3) is located on the lower plate (12) where it is held by the pressure pad (6). The pressure pad
holds the blank in position while it is being worked on. It also provides resistance to sideways movement of the blank. The spring (7) is used to provide force to power this resistance. At the start of the
operation, the bent edge of the blank is curled by a horizontally-moving cam slide die (1) that is
forced inward by the cam driver (2). On the upstroke of the press, the spring (10) returns the sliding
die to the starting position. The swallowtail die guide latch (1 1) provides a reliable guide for the cam
slide die.
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Blank

2-driver
3-driver plate
4-upper shoe
5-shank

6-pressure pad
7-spring
8-slide
I

Final piccc
A

9-spring suport

-I

1 1-die guide lath
12-lower shoe
13-workpiccc

AI-

Fig. 10.9 Curling die design.

10.3.4 Tube-Forming Dies
Tube-forming dies may be single or multiple. Fig. 10.10 shows a single die for forming a tube in three
phases. The edges of the blank are bent in the first phase between the punch (1) and the die (2). The
pressure pad (10) holds the blank in position while it is being worked on, and provides the resistance
needed to perform the operation. The spring (11) provides resistance to the pressure pad. The workpiece is transferred by hand from the first position, phase one, to the second position, phase two. At
the same time, a new blank is located at the first position. In the second phase, the workpiece is bent
between the punch (3) and the die (4). The workpiece is then transferred to the third position, the second workpiece moves to the second position, a new blank is located at the first position, and so on. At
phase three, the third position, forming of the workpiece is completed between the punch ( 5 ) , the die
(6), and the insert (7).
Even though each single press stroke makes one new piece after the completion of the first, productivity of this die design is low because the workpiece is transferred by hand. For mass production, the
process needs to be automated. For production of more precise tubular pieces, a much better design for the
die is shown in Fig. 10.1 1.
The tube-forming die in Fig. 10.1 1 consists of the punch holder (10), die shoe (1 l), with guide system: guide post (8) and guide bushing (9). The punch (1) and driver ( 5 ) are attached to the punch holder.
The die cam (4), the die segment (2), and the cam slide die ( 3 ) , with springs (6) and (7), are fixed to the
die shoe.
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13-cushion pin
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Fig. 10.10 A single die for forming a tube.

blank

,

1-punch
2-half segment die

8-guide post

3-cam slide die

10-punch holder

9-bushing

Fig. 10.1 1 Tube-forming die.
In operation, the blank (12) is located on the cam slide die. At the beginning of the bending operation, the blank is free bending. At the end of the downstroke of the press, the driver (5) pushes the
die segments (3) to coin the workpiece around the punch (1) into its final dimensions. On the upstroke
of the press, the springs (6 and 7) return the die segments to the start point and the tube is slipped
off the punch (1).
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10.3.5 Multiple-Bend Dies
Multiple-bend dies offer an infinite variety of possibilities. Commonly used in mass production, these dies
can accomplish, in a single stroke, an operation that would require several operations with a single-bend
die. Such a die requires much greater pressures than do dies for individual operations, and an example is
shown in Fig. 10.12.

/

Blank

Phase I

Phase I1
1-punch

2-die
3-pressure pad
4-ejector
5-spring
6-spring

1-die shoe
&punch holder
9-guide post bushing
1O-guide post
1l-workpiece

Final piece

Fig. 10.12 Multiple-bend die.
Attached to the punch holder (9) is the punch (l), whose inside surface has the function of a die during the final bending phase. The die shoe carries the die (2) and the pressure pad (3), with the spring (5).
The pressure pad functions as a punch during the final bending phase. The first blank is bent into a U-profile by the action of the outside of the punch (1) and the die (2). Then the pressure pad (3) and the inside
of the punch (1) act to form the final shape of the piece. The piece is removed by means of the ejector (4)
and the spring (6), located in the upper set of the die.

10.3.6 Combination Dies
A combination die is a simple-station complex die in which both cutting and non-cutting operations are
accomplished at one press stroke. An example of such a die is shown in Fig. 10.13.
The die in Fig. 10.13 consists of the punch holder (l), the die shoe (2), with guide systedguide post
(lo), and the guide post bushing (I 1). The punch holder carries the bending punch (3), which functions as
a punch plate for the punch (4). The punch (4), bears the pressure pad (6), and the spring (15) is also
attached to the punch holder as well as the strip cutting punch (13).
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1-punch holder
2-die shoe
3-punch
4-punching punch
5-ejector
6-pressure pad
7-central die
8-side die
9-cutting die
10-guide post
1 1-guide post bushing
12-work strip
13-cutting punch
14-ejector spring
15-pressurepad spring

Fig. 10.13 Combination die.
The die shoe carries a central die (7) for bending and punching operations; a side die (8) for bending
one end of the workpiece; and a side die (9) for cutting the work strip (12), and bending the other end of
the workpiece. The die shoe also supports the workpiece ejector (5) and spring (14).
In the first operating phase of the combination die in Fig. 10.13, the cutting punch (13) cuts the work
strip, and the punch (4) then punches a hole. As the punch continues to descend, the bending punch (3),
the central die (7), and the side dies (8 and 9), bend the workpiece into its final shape.

10.3.7 Progressive Dies
Individual operations in a progressive die are often relatively simple, but when they are combined into several stations it is often difficult to devise the most practical and economical strip design for optimum operation of the die.
In designing a die to produce good pieces, the sequence of operations for a strip and the details of
each operation must be carefully developed. A tentative sequence of operations should be established and
the following items should be considered as the final sequence of operations is developed:
1. Arrange for piloting holes and piloting notches to be punched in the first station. Other holes may
be punched that will not be affected by subsequent non-cutting operations.
2. Develop the blank for drawing or forming operations for free movement of strip.
3. Distribute punching areas over several stations if they are close to each other or close to the edge
of the die opening.
4. Analyze the shapes of blanked areas in the strip for division into simple shapes, so that commercially available punches may be used for simple contours. .
5. Use idle stations to strengthen die blocks and stripper plates, and to facilitate strip movement.
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6. Determine if strip grain direction will adversely affect or facilitate any operation.
7. Plan the bending or drawing operations in either an upward or a downward direction, whichever
will assure the best die design and strip movement.
8. The shape of the finished piece may dictate that the cutoff operation should precede the last noncutting operation.
9. Design adequate carrier strips or tabs.
10. Check strip layout for minimum scrap. - Use a multiple layout if feasible.
1 I. Locate cutting and forming areas to provide uniform loading of the press slide.
12. Design the strip so that the scrap and part can be ejected without interference.
Fig. 10.14 shows a progressive die with four workstations. In this die, after four press strokes down, every
following press stroke down makes one final piece. The die block is machined from four pieces and fastened to the die shoe. This arrangement permits the replacement of broken or worn die blocks.
The stock is fed from the right. The first strip is stopped by a finger stop (not shown). The first down
stroke of the press (Fig. 10.14-1) produces a bigger hole and two notches. These notches form the left end
of the first piece.
The press ram retracts, and the stock moves to the next station. The second station is idle (Fig. 10.14I1 ). The right end of the second piece and a second bigger hole have now been punched.
The press ram retracts a second time, and the scrap moves to the third station (Fig. 10.14-I11). The
third ram stroke punches the four small holes as shown in Fig. 10.14-I11 . The fourth ram stroke (Fig.
10.14-IV ) bends the sides, and cuts off and forms the end radii of the finished piece. Thereafter every press
down stroke produces a finished piece, as shown in Fig. 10.14-V.

Fig. 10.14 Progressive punching, notching, bending and cutting-off die.
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DEEP DRAWING DIES
11.1 INTRODUCTION
The important variables in the technical components of deep drawing dies are the punch corner radius, the
die ring profile, the clearance between punch and die ring, and the configuration of the surfaces of the die
rings and the blank holder that are in contact with the blank.

11.2 DRAW RINGS
The die ring profile substantially influences both the deep drawing process and the quality of the drawn
workpieces. Because the material is pulled over the profile, it is necessary that the die ring profile have an
optimum value. The most frequently used draw rings use a corner radius or conic profile, even though
other kinds of draw rings are used as well.

11.2.1 Draw Ring with Corner Radius
A draw ring with a corner radius (Rp) is the most frequently used for the first drawing operation without a
reduction of the thickness of the materials, whether a blank holder is used or not. Fig. 11.1 shows a deep
drawing die with a draw ring having a corner radius.
A draw ring with a corner radius, as shown in Fig. 1 1.2, can also be used for subsequent drawing operations without any reduction in the thickness of the materials if a blank holder is not used. If a blank holder is used, however, the conditions for drawing are much better using a draw ring with a conic profile than
one with a corner radius.
a) Cylindrical shells. The value for the optimum radius on the draw ring is defined experimentally, and
it depends on the type and thickness of material being drawn, the order of the drawing operation, the height
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1&
di I

1 -punch
2-draw ring
3-die shoe
4-workpiece
5-nut

Fig. 11.1 Die for the first drawing operation: die ring with comer radius.
of the workpiece, and the drawing ratio. The smaller the draw ring corner radius, the greater the force needed to draw the shell. If the corner radius of the draw ring is too large, too much of the material will not be confined as it passes over the radius. The material will thicken, fold, and wrinkle. Recommendations for approximating the draw ring radius can be found in the technical literature,. E. Kaczmarek recommends the following formula for defining the draw ring corner radius for the first drawing operation:
(11.1)

RP = 0.8,/where:
D = blank diameter
d, = inside workpiece diameter after the first drawing operation
T = material thickness
The draw ring corner radius for the next drawing operation is:

1-punch
2-draw ring
3-die shoe
4-workpiece
5- ring for centering

Fig. 11.2 Typical die for subsequent drawing operations using a draw ring with comer radius.
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where:
d,, = inside shell diameter after n th drawing operation.
The height of the cylindrical part of the draw ring (h,) in Fig. 11.1 can be calculated by the following
formula:

h, = ( 3 t 5 ) T

(11.2)

b) Noncylindrical shell. The die draw radius (Rp) for drawing a rectangular or
square shell is given by the following formulas:
For longer side (a)

Rp(a)= 0.035[50+2(L, - u J ] f i

(11.3)

For shorter side (b)

[

(1 1.3a)

= 2*5R,(a,)

(1 1.3b)

Rp(b)= 0.35 50 + 2 (4- bi)]&
For a corner radius (Re),the draw radius is:
&e)

where:
La, L,
a,, b,
T

=
=
=

blank dimensions
shell dimensions after the first drawing operation
material thickness.

11.2.2 Draw Ring with Conical Profile
A draw ring with a conical profile as shown in Fig. 11.3 is used for the first drawing operation only if the
blank is drawn without a blank holder. However, a draw ring with a conical profile is frequently used for
later drawing operations with a reduction of wall thickness, as well as for subsequent drawing operations
without a reduction in the wall thickness of the drawing shell, because such a profile is better able to hold
the workpiece.
The central angle of the cone on the draw ring for deep drawing without a reduction in workpiece
thickness is:

a = 40'to 45', sometimes to 52'.
For drawing with a reduction in the thickness of the workpiece wall, the angle is:

a = 12' to18'
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Fig. 1 1.3 Draw ring with conical profile.
To perform deformations by diameter (bending deformation) separately from deformations by wall
material thickness (drawing deformation), for drawing operations with a reduction of the wall thickness of
the shell, the draw ring profile often combines both radius and conic shapes. Fig. 11.4 shows this type of
draw ring. Such a draw ring may be solid as shown in Fig. 11.4a, so that the deformations accomplished
by reducing the diameter are performed by a draw ring with a corner radius. Draw rings may also be made
as a combination of two rings as in Fig. 1 1.4b, so that deformations that result in a change in the thickness
of the material are performed by a draw ring with a conic profile.
Using a combination of two draw rings works better because separate draw rings are easier to make
and easier to replace if worn or broken. The draw ring (5), Fig 11.4b, used for deformations by diameter,
and the draw ring (4), Fig. 11.4b, used for deformations involving wall thickness. are assembled into a die
shoe (3) and fixed with screws and a blank centering plate. This combination of draw rings enables good

1-punch

2-draw ring
3-die shoe
4- draw ring for
deformation by
thickness
5-draw ring for
deformation by

diameter
6- plate for blank

centering

7-workpiece
I

b)

Fig. 1 1.4 Drawing die with composed draw ring profile a) Solid draw ring b) Draw ring composed of two rings.
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drawings to be made, as opposed to those achieved with draw rings having a corner radius. The difference
occurs because the maximum forces of deformation by diameter and deformation by wall thickness of the
workpiece do not occur at exactly the same time and therefore do not apply excessive forces.
A draw ring with only a corner radius may be chosen to perform simultaneous deformation by diameter and reduction in the thickness of the workpiece in the first drawing operation. If this procedure is
selected, the maximum forces of both deformation by diameter and deformation by thickness will be superposed, and may result in cracks in the workpiece.

11.3 CLEARANCES AND TOLERANCES
The clearance between the walls of the punch and the die is a very important parameter in deep drawing
operations. In a drawing operation with no reduction in workpiece thickness, the material clearance should
be greater than the thickness of the material. If the clearance is too small, the blank may be pierced or
sheared by the punch. The clearance value may be defined either as a percentage of material thickness or
by an empirical formula depending on the kind and thickness of the material:
(11.4)

c =T + k ( f i )
where:
c = clearance
T = material thickness
k = coefficient (Table 11.1)

Table 11.1 Values of coefficient k for different materials.
MATERIAL
Steel sheet
Aluminum sheet
Other metal sheet

Coefficient k
0.07
0.02
0.04

11.3.1 Calculation of the Dimensions of the Punch and Die
When the value of the clearance c is known, calculation of the punch dimensions can be according to
whether it is the outside or the inside dimension of the final piece that must be within a given tolerance.
The calculations will be different for the inside and outside dimensions:
a) If the outside diameter of the final piece must be within a certain tolerance, the draw ring diameter (dp)is equal to the minimum outside diameter of the final piece, and the punch diameter is less than
the draw ring diameter by 2c. The nominal draw ring diameter is:

d,, = d o - A

(11.5)

The draw ring and punch are assigned working tolerances ($, t2),given in Table 1 1.2, where d is the
nominal diameter of the final piece and T i s the thickness of the work material.
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Table 11.2 Work tolerances for draw ring and punch.

The maximum draw ring diameter is:

(1 I S a )
The nominal punch diameter is:

d j = d p- 2 c = d o - A - 2 c

(11.6)

The minimum punch diameter is:

dicmin,
= d i -ti = d o - A- 2~ - t i
where:
dp7dj
do
A
$, ti
c

=
=
=
=

=

(1 I .6a)

nominal draw ring and punch diameter
nominal diameter of the outside of final piece
final piece’s working tolerance
work tolerance of draw ring and punch
clearance.

b) If the inside diameter of the final piece is within the tolerance, the punch diameter (dj)is equal to
the minimal inside diameter of the final piece, and the draw ring diameter is larger than the punch diameter
for 2c
The nominal punch diameter is:

dj = d,

(1 1.9)

d r(mn)
. . = d i-ti = d U - t .I

(1 1.9a)

The minimal punch diameter is:
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The nominal draw ring diameter is:

d, =di +2c=d, + 2 ~

(11.10)

The maximum draw ring diameter is:
(1 1.loa)
where:
d,

= nominal

diameter of the inside of the final piece.

It is very important that the clearance be kept constant during deep drawing operations; otherwise, the final
piece may have unequal wall thickness. The best solution to centering the punch and draw ring are dies
with a guide post system, which is better than other solutions such as dies with self-centering elastic rings.
c) The punch nose radius for deep drawing operations without wall thickness reduction may be calculated by the following formula:
(11.11)
d) Sometimes, instead of a punch nose radius, a conic-shaped punch nose may be used with a bevel
angle /3 = 45" to 50" and transfer radius:
(1 1.1la)
where:

RiOJ =
di , dp-lJ =
Rp(,+I)=
/3 =

punch radius i-th drawing operation,
punch diameter i-th and ( i - I ) drawing operation,
draw ring diameter ( i + l ) drawing operation,
conic bevel angle.

A punch with a conic nose is used in combination with a conic draw ring. The punch must have a ventilation channel to avoid deformation of bottom of the workpiece, e) The punch profile for drawing operations with wall thickness reduction is shown in Fig. 11.5. The punch is made with two conic shapes. The
first cone has a bevel angle PI = 2" to 4" for the first drawing operation, and for the next drawing operations, this angle is gradually reduced depending on the workpiece form.
The second cone follows the first cone and has a bevel angle al I 1" for the first operation. For the
following operations, this angle is gradually reduced until the final inside dimension of the workpiece is
attained. The second cone is used to ease removal of the workpiece from the punch.
The punch nose radius depends on the thickness and type of workpiece material. For the first drawing operation the punch nose radius is:

(1 1.1lb)
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Ri
J

I

\

Air vent

Fig. 1 1.5 Draw punch with two conic angles.

For the following operations, this value is gradually reduced until the final inside dimension of the workpiece is reached.

11.4 BLANK HOLDER
The blank holder’s hnction is to prevent the appearance of wrinkles in the top flange of the shell. The most
important parameter is the blank holder pressure. If the blank holder exerts too little pressure, or if the
punch or draw ring radii are too large, wrinkles will appear. Wrinkles are sometimes caused by too much
metal trying to crowd over the draw ring, which usually happens when the clearance between the punch
and the die is not great enough.

11.4.1 Blank Holders
To determine whether or not it is necessary to use a blank holder, consider:
the ratio of the relative material thickness (T,) and
the drawing ratio (m).
A shell can be drawn without a blank holder if the following conditions are satisfied:
a) Cylindrical shell
For the first operation:

T 100 2 2% and rn, = dl 2 0.6
T, = D
D

(11.12)

For subsequent operations:

d.

T
T,. =-10021.5%
d i-1

and m i= 1 - 2 0 . 8

(1 1.12a)

di-l

b) Hemisphere
For all operations:
T

T, = 1 1 0 0 2 3%
D

(1 1.13)
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where:

D = blank diameter
d,, di,d ( j - l=
) cup diameter after the first, i , and (i-1) operation
T = material thickness.
If these conditions are not satisfied, a blank holder is necessary.

11.4.2 Blank Holder Pressure
The blank holder pressure can be calculated by the following formulas:
For the first drawing operation:
(11.14)

p d l = (0.2+0.3)[[:-1]

+&].(UTS)

where:
D = blank diameter
T = material thickness
d, = inside cup diameter after the first drawing operation
UTS = ultimate tensile stress of material.
For subsequent drawing operations:

pdi = ( 0 . 2 + 0 . 3 ) [ [ ~ - 1 ]200T
+~].(UTS)

(1 1.14a)

11.4.3 Blank Holder Force
The blank holder force can be calculated by the following formula:
For the first drawing operation:
7r
Fdl

=-[D2-(dp]+2RpI)

4

2

I'Pd]

(11.15)

For subsequent drawing operations (see Fig. 11.6):
7r

Fdi = -[ d k , - ( d , + 2 T )2]. (1 + pztg a ) p d i
4
where:

a = die ring conic bevel angle
p

= coefficient

of friction @ 0.1 to 0.15).

(1 1.15a)
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1-punch

2-blank holder
I'

3-draw ring

Fig. 11.6 Schematic diagram of blank holder for subsequent drawing operations.
For a die with a large draw ring radius, for example (Rp = 20T), and a wide punch nose radius (Ri=
25T), it is necessary to use two blank holders, as shown in Fig. 1 1.7.
-l

1-punch

2-draw ring
3-workpiece
4-blank holder

5-workpiece holder

6-rubber ring
7-driver
8-nut

Fig. 11.7 Drawing die with two holders.

The type of die in Fig 11.7 is designed for use on a double-action press. At first, the press ram
moves the blank holder (4) down, putting pressure on the blank so that the punch (1) pushes the blank
through the draw ring (2). The driver (7), which is attached to the punch and fixed with a nut (8), moves
down at the same time, putting pressure on the rubber ring (6), and the second holder (5). The workpiece
is held with sufficient force to allow the material to slide from under the holder and move over the draw
ring radius.

11.4.4 Draw Beads
Draw beads are often necessary to control the flow of the blank into the die ring. Beads help or restrict the
flow of the material by bending or unbending it during drawing.
The draw beads that help the flow of the material are located on the die ring. The dimensions of these
draw beads are shown in Fig. 11.8.

c
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Punch force

2R-T

I

Workpiece

,/

Draw ring//l

Fig. 11.8 Draw bead for helping flow of the material.
Radius R can be calculated by the following formula:

R = 0.05diJT'
where:
T
dj

(11.16)

material thickness
= punch diameter.
=

b) Draw beads for restricting the flow of material are located on the blank holder and in corresponding places on the die ring there are slots. In Fig. 11.9 are shown the bead design, their arrangement around
the workpiece's drawing contour, and recommended dimensions. These draw beads are especially necessary in drawing rectangular shells and nonsymmetrical pieces. Draw beads also help reduce required blank
holder forces.
Punch

Blank holder

A

SECTION A - A

Fig. 11.9 Draw beads for restricting flow of the material and their disposition
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11.5 SINGLE-OPERATION DIES
These types of dies can be designed for single or for double-action presses. In the first case, the blank holder gets its power fiom a mechanism located below the bed of the press.
Fig. 1 1.10 shows a die for a drawing operation on a single-action press.
The die in Fig. 11.10 consists of the upper shoe (2) and lower shoe (9), with guide posts (7). The die
ring (3) and ejector (5) are attached to the upper shoe. The punch (4),the pressure pad (6), and the cushion pin (8) are attached to the lower shoe. A workpiece with a flange that has been previously drawn, is
inserted between the elastic stop pins (lo), which are inserted in the pressure pad. The punch is vented to
aid in stripping the workpiece from the punch.

1-shank

2-upper shoe
3-die drawing ring

J

y& j

4-p~ch

SECTIONIA-A

5-ejector plate
6-pressure pad
7-guide post
8-cushion pin
_
AT -

_

~

9-lower shoe
10-elastic stop

Fig. 11.l o Single-operation drawing die for single-action press

Fig. 11.1 1 shows a single-operation drawing die of similar conception, but with a'different workpiece
pressure pad. The die consists of the upper shoe ( 5 ) and the lower shoe (7), with guide posts (8) and (lo),
and guide post bushings (9). To the upper shoe are attached the die ring (2), held by the die ring holder (6)
and the workpiece ejector (4). To the lower shoe are attached the punch (3) and the pressure ring (l), powered by a mechanism located below the bed of the press. This kind of die is used for the second and later
drawing operations.
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1-pressure pad
2-die ring

6-die ring holder

3-punch
4-ejector

8-guide post

5-upper shoe

10-stop bushing

7-lower shoe
9-guide post bushing

Fig. 11.11 Single-operation drawing die.

A single-operation die for the first drawing operation on a double-action press is shown in Fig.
11.12. The die consists of the upper shoe (6) and lower shoe (7). To the upper shoe is attached a pressure pad (1). To the lower shoe are fixed the die ring (3); elastic blank stop pins ( 5 ) , inserted into the
die ring; and the workpiece ejector (4).The punch is attached directly to the inner slide, and the pressure pad to the outer slide. The pressure pad puts sufficient pressure on the blank so that as the punch
pushes the blank through the draw ring, the workpiece is held with a force great enough to prevent the
material from rising and light enough so that the material is able to slide from under the pad and move
over the die ring radius. The workpiece ejector is powered by a mechanism located below the bed of
the press.

6

2
1-blank holder
2-punch
3-die drawing ring
4-ejector
5-elastic blank stop
6-upper shoe
7-lower shoe
8-cover

Fig. 11.12 Single-operation die for double-action press.
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11.6 MULTI-OPERATION DIES
Multi-operation dies are combination dies designed to perform both drawing and non-drawing operations
in one press stroke. Fig. 11.13 shows a multi-operation die intended for use in a single-action press. First,
a blank is cut from a strip of stock at contour A with a blanking punch (2), and blanking plate (1); then,
the drawing operation is performed at contour B with the drawing punch (3) and the inside of the blanking punch (2), which functions as the draw ring.
The pressure pad (4) puts pressure on the blank so that as it is pushed through the drawing ring, the
blank is held in place. Enough force is exerted to prevent the material from rising but not enough to prevent the material from being able to slide from under the pad and over the die ring radius. When the press
slide moves up, the stripper pulls scrap strip from the blanking punch, and the knockout bar pushes the
workpiece out. A strip of stock is guided by the guide pins (8) and stopped by a stop pin (9). The pressure
pad gets power from a mechanism located under the press bed.

1-blanking plate

7 - ~ o c k o ubar
t

%trip stop

2-blanking punch

&guide pin

10-strip

5-scrap stripper

11-pressure pad pin
12-work piece

3-drawing punch

4-pressure pad

6-knockout plate

Fig. 1 1.13 Multi-operation die for single-action press.

11.7 PROGRESSIVE DIES
Progressive drawing dies are designed to do separate operations: blanking, punching (if necessary), drawing, and redrawing shells in successive workstations. These dies are used to produce pieces of smaller
dimensions in mass production. A strip of stock is usually moved automatically through the die. Moving
the drawn shell from one station to the next through progressive dies is sometimes difficult, especially if
the shell is drawn deeply. There are two drawing methods: in the first, the workpiece is not initially cut so
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2nd reduction
1(i),(ii),(iii)-drawingpunches
2(i),(ii),(iii)- die rings
3-punching punch
4-punching die ring
5-extrusion punch
6-extrusion die ring
7-blanking punch
11-stripper
8-blanking ring
9-pressure pad
12-ho0k
10-pressurepad spring
13-cam

14-spring
15 -spring
16-helical spring

Fig. 1 1.14 Progressive die and scrap strip: a) progressive die;
b) scrap strip with successive shells drawn in this die.

that it may be carried from one station to the next until it reaches the last station, where it is cut and pushed
out of the die. In the second method, the blank is partially retained in the strip (called "cut and carry") and
carried to the scrap strip from one station to the next until the workpiece reaches the last station, where it
is finally cut clear and pushed out of the die.
Fig. 11.14 shows a progressive die for the drawing of a bushing by the first method, and the scrap strip
with successive shells drawn in this die (Fig. 11.14a). Drawing, with successive reductions of the shell's diameter is done at the first three stations with punches l(i), l(ii), and l(iii) attached to the lower die block set, and
drawing rings 2(i), 2(ii), and 2(iii) attached to the upper die block set. At the fourth station, the bottom is
punched with the punch ( 3 ) , and punching die ring (4). In the fifth station the bushing wall is extruded to the
final dimensions with the punch ( 5 ) and the die ring (6). At the sixth station, the flange is blanked with the
blanking punch (7) and blanking die ring (8). The final piece is dropped through the hole in the lower die block.
The pressure pad (9) functions as the upper stripper when the press slide is moved up. The lower stripper (1 1) allows all operations to be done without interference between the die components and the workpiece. The die is equipped with a mechanism for advancing the strip stock. The mechanism is equipped
with a hook (12), a cam slide (13), a leaf spring (15), and a helical spring (16). The mechanism pulls the
strip left when the press slide is moved up. The leaf spring (14) prevents the strip stock from sliding while
the pulling mechanism returns to its previous position as the press slide is moved up.
Progressive dies for drawing by the second method - "cut and carry" - are of similar design to dies
for drawing by the first method. The layout for drawing a similar bushing, where metal movement from
the strip into the cup must be allowed for, is shown in Fig. 11.15.
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2nd drawing

Punching
Extrusion
Blanking flange

\

I

/Notching

I

I

I

I

Feed

Fig. 1 1.15 The scrap strip with successive shells drawn in a “cut and carry” die
An I-shaped relief cutout is notched at the first station of the die in Fig. 11.15. The cup is successively

drawn at the second and the third stations. During all the drawing stages, metal is pulled in from the cutout
edges as well as from the edges of the strip, thus narrowing the strip width. At the fourth station, the bottom
hole is punched. At the sixth station, the bushing is extruded to its final dimensions. At the seventh station the
flange is blanked, and the workpiece is separated from the strip and pulled out from the station. This type of
relief cutout can be used when a series of shallow draws needs to be made without wrinkling the strip skeleton.

11.8 DRAWING DIES FOR PIECES OF SPHERICAL AND PARABOLIC SHAPE
General problems in drawing these kinds of pieces include a tendency to wrinkles appearing at the top
flange of the cup, and thinning of the material at the lower part of the drawn pieces. To avoid these problems, the following are necessary:
The blank diameter needs to be a little larger than calculated;
The excess the material must be cut off after each drawing operation;
The order of drawing must be divided into two stages.
In the first stage, the workpiece is drawn with a spherical bottom, with or without a flange. In the second
stage of the drawing operations, two methods are used:
Reverse drawing,
Drawing in the die with a circular draw bead.
Fig. 11.16 shows a design for a die for drawing spherical pieces. In the first operation a piece with a convex bottom is drawn. Then a reverse drawing method is used for the final drawing of the spherical piece.
This method is used for drawing different shapes of pieces that must have a very fine surface without wrinkle marks. With this process, wrinkles do not form because the forces of compression encountered during
the drawing operation are changed to forces of tension.
The technical components of the reverse die are as follows: the die drawing ring (2), with a die ring
radius which should be not less than 4 times the material thickness; a pressure pad (3); a reverse drawing
punch (1); and a workpiece ejector (4). If this method is used for drawing a parabolic piece, a reverse drawing to the next radius reduction, finally resulting in the final dimension, sometimes needs to be done by a
spinning process.
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ring

Fig. 11.16 Die for drawing spherical piece.

Fig. 11.17 shows a design for a die with a circular draw bead ring. The components of the die are the
die ring with circular draw bead (2), the punch (l), the pressure pad (3), and the ejector (4).The die is used
on a double-action press. The first blank forms a spherical shell in a separate die, which is then drawn in
the die as shown in Fig. 11.17. The punch is attached to the inner slide and the pressure pad to the outer
slide. The pressure pad puts pressure on the spherical workpiece, so that the punch forms it into a parabolic shape. The workpiece is held with a force great enough to prevent the material from rising and light
enough that the material is able to slide out from under the pad without wrinkles being formed.
The ejector (4) is designed with a parabolic inside contour matching the shape of the final piece so
that it performs a coining die function before the workpiece is ejected from the die. This method is much
more reliable than the reverse drawing method. The next radius reduction, which results in the final dimensions, is done by a spinning process.

1 st drawing

1-punch

2-die drawing ring
3-pressure pad
4-ejector
5-punch holder
6-die shoe

Fig. 11.17 Die with a circular
draw bead ring.
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11.9 IRONING DIES
Frequently, the final operation in a series of draws consists in ironing the shell walls to reduce the thickness of the material and ensure a smooth uniform surface throughout. This work is done by making the
clearance between the punch and the die ring slightly less than the thickness of the workpiece wall, so that
the material is both thinned and elongated. Fig. 11.18 shows an ironing die.
The ironing die consists of the punch holder (9) and the die shoe (lo), without a guide system. The
punch is attached to the punch holder by the ring (8), whose inner side has a conic profile and whose outside is threaded. The punch is made of two parts: the technical part of the punch (1) is made of tool steel,
and the extension part (7), is made of carbon steel. The upper set of the die is fixed to the ram (12), by a
clamp (15). In the die shoe (10) are fixed the die ring (2), the workpiece centering ring (4), and the segmental stripper (5), with the helical spring (6). The lower set of the die is attached to the bed of the press
by the clamp (1 6). The segmental stripper consists of four segments connected by the ring of the helical
spring (6), located in slots in the segments.
When the ram moves down, the segments are moved apart by the radial pressure on the workpiece,
and when the ram is moved up, the sharp edges of the stripper strip the workpiece from the punch. The
most efficient drawing process occurs when the first drawing achieves a reduction by diameter; reduction
of the wall thickness of the workpiece occurs after that. Deformation by diameter done separately from
deformation by wall-thickness reduction is advisable not only because of the favorable drawing ratio but
because for wall-thickness reduction operations, ironing dies are simple and may be used on single-action

\

I ‘

I

J

1-punch
7-punch extension
2-die ring
8-ring
3-workpiece
4-workpiece centering ring 9-punch holder
10-die shoe
5-segmental stripper
11-backing plate
6-helical spring

-

Fig. 1 1.18 An ironing die

12-ram
13-bed of press
14-holder plate
1 5-clamp

16-clamp
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presses. However, reduction by both diameter and wall thickness of the workpiece may be combined in one
multi-stage drawing die. Fig. 1 1.19 shows one design for a multi-stage ironing die.
In the multi-stage ironing die, a precut blank is inserted into a nest and held there by the pneumatic
pressure pad (10). The blank is pushed through the die ring (2) for reduction by diameter, and then it is
drawn. I Ironing operations are then done by the punch (1) and three reduction draw rings (3, 4, and 5).
The distance rings (6,6a, and 6b) assure the correct distances between the draw rings. If the workpiece, in
process of drawing, leaves one draw ring before beginning to enter into the next draw ring, the machinery
may perform another stroke that will often cause a crack or cracks in the workpiece.

1 -punch

2-die ring for deformation by
diameter
3-die ring for 1st reduction
4-die ring for 2nd reduction
5-die ring for 3rd reduction
6, 6a, 6b,-distance ring
7-segmental stripper
%helical spring
9-die shoe
1O-pressure pad

1 1-air pressure cilinder

Airvent. /I31

a

12-screw
13-workpiece

Fig. 11.19 Multi-stage ironing die
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VARIOUS FORMING DIES
12.1 NOSING DIES
Deep drawn shells or tubes are used as initial working material in nosing type dies. Chapter 7 describes
three types of nosing processes. Fig. 12.1 shows a schematic arrangement of a nosing die of Type I.
Nosing type dies are designed in two simple variations: In the first, shown in Fig. 12.la, the top of
the workpiece is reduced from a larger to a smaller diameter. An immovable nosing die ring (1) is fixed to
the lower shoe, and a movable punch (3) fixed to the upper shoe of this die.
1

r

C

1-nosing die ring
2-workpiece

3 -punch

4-outside holder
5-ejector

a)

Fig. 12.1 Schematic illustration of a Type I nosing die.
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In the second variation, shown in Fig. 12.lb, the top of the workpiece diameter is reduced so that the
workpiece, after nosing, has a conic shape. In this second die, the nosing die ring (1) is fixed to the upper
shoe so that it is movable, and the workpiece is held with an outside holder (4), attached to the lower shoe.
In both variations, the workpiece is ejected by the ejector ( 5 ) after the nosing operation is finished.
The weakness of these kinds of die designs is that there is no provision for the die components to
locate the workpiece: if the height of the workpiece is greater than the diameter, deflections or wrinkles
may appear in the workpiece during the nosing operation.
Fig. 12.2 shows a design for a Type I1 nosing die. To the upper shoe (9) is attached the nosing die ring (l),
the inside support (6) with the spring (8), and the driver ring (5). To the lower shoe (10) are attached the outside support (3) and the segmental bushing (4) with helical springs (7). A pre-drawn workpiece is inserted into
a nest on the outside support (3). When the press slide moves down, the driver ring ( 5 ) pushes the segmental
ring (4), which then holds the workpiece; at the same time, the inside support (6) enters the the workpiece to
provide a positive guide and prevent deflection and development of wrinkles during the nosing operation.

1-nosing die ring
2-workpiece
3-outside support
4-segmental bushing
5-driver
6-inside support
7-spring
8-spring
9-upper shoe
10-lower shoe
Fig. 12.2 Schematic illustration of a Type I1 nosing die.

’

During the nosing operation, a die of Type 111, as shown in Fig. 12.3, provides the best location for
the workpiece.
The Type I11 die consists of the upper shoe (7) and the lower shoe (8). To the upper shoe is attached
the nosing die ring (l), and to the lower shoe is fixed the outside support (3). The workpiece, which has
been pre-drawn, is inserted into a nest on the outside support (3) and located by the outside bushing (4),
which is powered by a mechanism positioned below the bed of the press. The workpiece is not then supported from the inside (Fig. 12.3a). Fig. 12.3b shows a similar die design for nosing a tube, but this type
of die has an inside support ( 5 ) that holds the workpiece during the nosing operation.
A complete nosing die design is shown in Fig. 12.4. The die consists of the upper shoe (8) and the
lower shoe (9), guided by a guide post and guide post bushing. To the upper shoe is attached the nosing
die ring (l), with the nut (2), which holds the die ring and the driver (4). To the lower shoe is fixed the
inside support (5), the slide (6) with handle (7), and the segmental cam slide (3).

'
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7

7
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1-nosing die ring

2-workpiece
3-outside support
4-guide bushing
5-inside support
6-cushion pin
7-upper shoe
8-lower shoe

4

b)

Fig. 12.3 Schematic illustration of a Type I11 nosing die.
a) without inside support of workpiece. b) with inside support of workpiece.

8

4

1

2

I

VIEW "A"

1-nosing die ring

6-slide

2-nut

7-handle of slide

3-segmental cam slide

8-upper shoe

4-driver

9-lower shoe

5-inside support

Fig. 12.4 Nosing die.
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To place the workpiece on the inside support (5), the slide (6) needs to be pulled out of the work zone
of the die before the nosing operation begins. The stop pin (not shown) positions the slide for nosing, which
is done in three phases. In the first phase, the top of the workpiece is formed as a conic shape with a central angle of 40 degrees. In the second phase, the top of the workpiece is formed as a conic shape with a
central angle of 75 degrees. In the third and last phase, the top of the workpiece is formed into a final hemispherical shape.
For all three phases, the same die is used except that the nosing die ring (1) is changed. When the
press slide has gone down, the driver (4), pushes the segmental cam slides so they hold the outside of the
workpiece, and with the inside support (5), the die is provided with a positive location, resulting in a good
quality workpiece. When the press slide is moved up, the driver pushes the segmental cam slides to the
sides and the workpiece is freed.

12.2 EXPANDING AND BULGING DIES
Drawn shells of varying sizes and shapes, including tubular stock, can be expanded or bulged to produce
such articles as teapots, water pitchers, kettles, doorknobs, parts of musical instruments, and various aircraft components.

12.2.1 Expanding Dies
Expanding dies are commonly used to enlarge the open end of a drawn shell or tubular stock with a punch.
In most such operations, the workpiece is first annealed. Fig. 12.5 shows a die for expanding one end of a
tube (3). The die consists of a punch holder ( 5 ) and a die shoe (6) with guide post (7). To the punch holder is fixed the punch (l), and to the die shoe is attached the expanding die ring (S), and the stripper (2).

3

-.

1

5

7

1-punch

5-punch holder

2-stripper

6-die shoe

3-blank tube

7-guide post

4-workpiece

8-die

Fig. 12.5 Expanding die.
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The die consists of a punch holder (5) and a die shoe (6) with a guide post (7). To the punch holder
is fixed the punch (l), and to the die shoe are attached the die (8) and the stripper (2). After the tube has
been inserted in the die, the punch moves downward and expands the end of the tube. When the press slide
is moved up, the stripper (2) pulls the workpiece (4)from the punch.

12.2.2 Bulging Dies
Vertical or horizontal segmented dies are commonly used for bulging, the force being applied by either
hydraulic or mechanical means. In Fig. 12.6 is shown a schematic design for a mechanical bulging die with
a segmental punch for bulging a ring of a tube. This die does not have a die cavity, the tube being pulled
on the segmental punch (1). The force is applied to the segmental punch (1) by the ram pressing down onto
the support plate (3). The segmental punch slides down over the cone (2) and forms the tube into its final
shape. When the press slide moves up, the stripper plate lifts the segmental punch, which is pulled inward
by springs, so that the workpiece is freed. This type of bulging die is used for the production of symmetrical cylindrical components.

3

I

L

/'"p"""

.......~ ...
~
.. .....~
.............................

1-segmental punch
2-cone
Bolster' plate

3-support plate

~

4-stripper
5-cushion pin

Fig. 12.6 Mechanical bulging die.

In Fig. 12.7 is shown a schematic design for a bulging die with an elastic insert. The form of the finished piece is machined into a split die (l), so that when pressure is applied to the rubber insert (2), the
workpiece is forced into the forming cavity.
When the press slide is moved up, the die is opened and the rubber insert is removed from the component. For this type of die, medium-hard rubber or polyurethane is used and is easy to handle. The major
advantage of using polyurethane inserts is that they are resistant to abrasion, water, and lubricants.
Furthermore, they do not damage the surface finish of the piece.
Hydraulic means can also be used for bulging operations, but they require sealing and control of the
hydraulic pressure.
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1 -split die
2-rubber insert
3-punch
4-insert
5-ring
6-workpiece
7-conic ring
8-outside support

Fig. 12.7 Bulging die with an elastic insert.

12.3 FLANGING DIES
There are two kinds of flanges: the convex-shrink flange and the concave-stretch flange. The convex flange
is subjected to compressive hoop stresses, which, if excessive, cause the flange edges to wrinkle. In concave flanging, the flanges are subjected to tensile stresses which, if excessive, cause cracks at the edges.
This section discusses only dies for the flanging of a hole; they can be single-operation dies or combination dies. In Fig. 12.8 is shown a single-operation die for flanging a hole on the bottom of a drawn shell.
The die consists of the upper shoe (7) and the die (lower) shoe (8), which are located by the guide
post (3). The flanging die ring (1) and the ejector (6) are attached to the die shoe. The flanging punch (2)
and the pressure pad (4), with the springs (5), are fixed to the punch holder. When the angle of the flange
is less than 90 degrees, the process is called dimpling. The dimpling operation has been used very extensively in aircraft production.

1-flanging die ring
2-flanging punch
3-guide post
4-workpiece holder
5-spring
6-ejector
7-upper shoe

8-lower shoe

Fig. 12.8 Flanging die.
A combination die for punching, blanking, and flanging is shown in Fig. 12.9. The die consists of the

punch holder (12) and the die shoe (13); they are guided by posts and bushings (not shown).
The punch holder carries the punch (l), a blanking punch (2), a pressure pad (9), and knockout pins
(1 I), plate (lo), and knockout pin plate (3).
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1-punching punch
2-blanking punch
3-knockout pin plate
4-blanking die plate
5-workpiece ejector
6-punching die ring
7-cushion pin
8-strip stop pin
9-pressure pad
10-plate
11-knockout pin
12-punch holder
13-die shoe

Fig. 12.9 Combination die for punching, blanking, and flanging.
To the die shoe are attached the blanking plate (4), the punching ring (6), the workpiece ejector plate

(9,and the strip stop pin (8).
The strip stock is positioned by the stop in (8), and guided by a guide rail (not shown) and held by the
pressure pad (9), which functions as a scrap stripper. First, the blank is cut out with the punch (2) and the
blanking plate (4), so that the hole is simultaneously punched with the punch (l), and the punching die ring
(6). The hole is then flanged with the inside of the blanking punch (2) and the outside of the punching die
ring (6). The workpiece is ejected from the die by the knockout plate (3) and the workpiece ejector (5).
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TOOL AND DIE MATERIALS
13.1 INTRODUCTION
The composition and physical properties of the principal materials used in die design for sheet metal forming are discussed in this chapter. A die component must be made of a material that has properties suitable
for the conditions of service. The die material is just as important as are considerations of the loads and
stresses, dimension, and form of the piece, as well the quantity of the pieces which need to be manufactured with the die. Frequently, the limitations imposed by available materials are the controlling factor in
a die design. The designer must be familiar with the effects that the methods of manufacture of die components and heat treatment have on the properties of the die materials. The manufacturing processes used
for fabrication of workpieces will also influence the types of material that can be used. Sometimes, the
help of a professional metallurgist is needed to ensure the best possible choice of material and heat treatment. The emphasis of this text will be on the steels needed to produce dies for sheet-metal forming. Other
materials, such as nonferrous and nonmetallic materials, will be included to complete the picture.

13.2 CARBON AND ALLOY STEELS
Steel is an alloy of iron and carbon, or of iron, carbon, and other alloying elements. Carbon must be present to the extent of about 0.05% by weight in order for the material to be known as steel rather than commercial iron.
Carbon and alloy steels are among the most commonly used metals and have a wide variety of applications. The composition and processing of steels are controlled in a manner that makes them suitable for
numerous applications. They are available in various basic product shapes: plate, sheet, strip, bar, wire,
tube, and they may also be cast or forged.
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13.2.1 Designations for Carbon and Alloy Steels
The numbering system of the Society of Automotive Engineers - SAE - and the American Iron and
Steel Institute - AISI - is based on the chemical composition, of materials and provides a simple means
whereby any particular steel can be specified. In general, this catalog system uses a number composed of
four digits. The first two digits give the type or alloy classification; the last two (and in some instances,
three) digits give the carbon content. For example, steel 1020 indicates plain carbon steel containing
0.20% carbon.
The basic designations by AISI and SAE for carbon and alloy steels are given in Table 13.1
Table 13.1 Basic designation for SAE and AISI steels.
Carbon steels:
- Plain carbon steel
- Resulphurized carbon steel

1 Ixx

Manganese steels

13xx

Nickel steels:
3.50% Ni
5.00% Ni
Nickel-chromium steels:
1.25% Ni, 0.60% Cr
1.75% Ni, 1.OO% Cr
3.50% Ni, 1.50% Cr
Molybdenum steels:
- Carbon-molybdenum steels
- Chromium-molybdenum
- Chromium-nickel-molybdenum
- Nickel-molybdenum 1.75% Ni
- Nickel-molybdenum 3.50% Ni

2xxx
23xx
25xx
3xxx
31xx
32xx
33xx
4xxx
40xx
41xx
43xx
46xx
48xx

Chromium steels:
- Low chromium
- Medium chromium
Chromium-vanadium steels:
1 .OO% Cr

Chromium-nickel-molybdenum steels:

Silicon-manganese steels:
2.00% Si

52xx
6xxx
61xx
81xx
86xx
87xx
88xx

9xxx
92xx

13.2.2 Effects of Various Alloy Elements in Steels
Various elements are added to steels to impart properties of hardenability, strength, wear resistance, workability, and machinability. In Table 13.2 these elements are presented with both their beneficial and detrimental effects.
In Table 13.2, the sign "+" connotes positive effects, and "-" means negative effects. Double marks
mean greater effects.

13.2.3 Carbon Steels
Carbon steels are generally classified in the fallowing ways:
Lowcarbon steel Also called mild steel, low-carbon steel has less than 0.30% carbon. Structural,
cold- and hot-rolled, flat steel is used in the construction of large or small jigs and fixtures. These steels
need not have high strength or wear-resistant properties. They may be carburized and case-hardened if better mechanical properties are desired. Cold rolled steels have a good finish and therefore need not be
machined, whereas hot rolled steel has an oxide scale surface and must be machined if a smooth surface
is required. It should be noted that rolling stresses are locked into the surface of cold rolled steel.
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Table 13.2 Influence of alloying elements on the characteristic properties of steels.

Medium-carbon steel. Medium-carbon steel has a carbon content of between 0.30% and 0.70%. It is
generally used in applications requiring higher strength than low-carbon steel, such as automotive, machinery, and railroad equipment, and parts such as gears, axles, etc.
High-carbon steel. High-carbon steel has more than 0.70% carbon. It is generally used for parts
requiring high strength and high hardness. The higher the carbon content of the steel, the higher its hardness, strength, and wear resistance after heat treatment.

13.2.4 Alloy Steels
These kinds of steels contain significant amounts of alloying elements and are usually made with more care
than are carbon steels. Alloy steels are used in applications where strength, hardness, creep/fatigue resistance, and toughness are required. These steels may also be heat-treated to obtain the desired properties.

13.2.5 Machinability of Steels
The relative ease with which a given material may be machined, or cut with sharp edged tools, is called
machinability. Machinability ratings are based on a tool life of T = 60 min. The standard is AIS1 1112 steel,
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which is given a rating of 100. Thus for a tool life of 60 minutes, this steel should be machined at a cutting speed of 100 ft/min ( 0 . 5 d s ) . A higher speed will reduce tool life, and lower speeds will increase it.
For example, tool steel AIS1 A2 has a machinability rating of 65. This means that when this steel is
machined at a cutting speed of 65 ft/min (0.325 d s ) , tool life will be 60 minutes. Some materials have a
machinability rating of more than 100. Nickel has a rating of 200, free-cutting brass of 300. In Table 13.3
ratings are given for some kinds of carbon and alloy steels.

AIS1

1010

1020

1040

1060

3140

4340

6150

8620

Rating

55

65

60

53

55

45

50

60

13.2.6 Mechanical Properties of Steels
Typical mechanical properties of selected carbon and alloy steels are given in Table 13.4.

Table 13.4 Mechanical properties of selected carbon and alloy steels.
CONDITION

I

UTS
(MW

YS
(MW

Elongation

As-rolled
Normalized
Annealed
As-rolled
Normalized
Annealed

448
44 1
393

330
346
294

36
35
36
25

143
131
111

As-rolled
Normalized
Annealed

813
775
625

482
420
372

17
18
22

341
229
179

As-rolled
Normalized
Annea1ed

965
1010
615

586
524
375

12
11

24

293
293
174

Normalized
Annealed

89 1
689

559
422

19
24

262
197

Normalized
Annealed

1279
744

86 1
472

12
22

229
197

Normalized
Annealed

939
667

615
412

21
23

269
197

Normalized
Annealed

632
536

357
385

26
31

189
149

Normalized
Annealed

632
536

357
385

26
31

189
149

(%I

Hardness
(HB)

~~~~

1020

I

E
8620

I ::
,
I

I

I
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Table 13.5 Mechanical properties of quenched and tempered carbon and alloy steels.
AIS1

Tempering
temperature ( c 0 )

1040

205
425
625

779
758
634

1060

205
425
650

1076
800

524

23

229

1080

205
425
650

1310
1289
889

979
95 1
600

12
13
21

388
375
255

4340

205
425
650

1875
1469
965

1675
1365855

10
10
19

520
430
280

6150

205
425
650

1931
1434
945

1689
1331
84 1

8
10
17

538
420
282

~

~~~~

~

1

593
552
434

~~~

Table 13.5 gives typical mechanical properties of selected carbon and alloy steels in quenched and
tempered condition.

13.2.7 Applications of Carbon and Alloy Steels
Characteristic and typical applications of various carbon and alloy steels are given in Table 13.6.

13.3 TOOL AND DIE STEELS
Tool and die steels are specially alloyed steels that are designed for high strength, impact toughness, and
wear resistance. They are commonly used in the forming and machining of metals at both room and elevated temperatures.
The steel for most types of tool and dies must be in a heat-treated state, generally hardened and tempered, to provide the properties needed for the particular application. Thus, tool and die steels must be able
to withstand heat treatment with a minimum of harmful effects, dependably resulting in the intended beneficial changes in material properties.

13.3.1 Designation and Classification of Tool and Die Steels
The designation and classification system established by AIS1 and SAE for tool and die steels has seven
basic categories. These categories are associated with the predominant application characteristics of the
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Table 13.6 Typical applications and characteristics of various carbon and alloy steels.

TYPE

AIS1

Condition

Low-carbon
(Carburizing Grades)

1117 1020
1030 4320
8620 93 IO

Soft

Typical applications

Poor abrasion resistance and metal-to-metal
wear resistance do not hold a cutting edge or
sustain high loads. They provide satisfactory
service life as pins, guides, shafts, etc.

Carburized
to>600 HB

Excellent metal-to-metal wear resistance.
Suitable for guide posts and guide rails

Medium-carbon
(Direct Hardening)

High-carbon
(Direct hardening)

Same as low carbon. Widely used for parts
requiring good strength and toughness:

I

52100
1080
1095

I

The low stress abrasion and metal-to-metal wear
resistance are better than with soft low- and
medium -carbon steels. 1080 strip at 450 HB
can be used for Rule dies.
Hardened and
tempered to>500

HB

52100 at 655 - 680 HB is standard steel for
rolling elements. It also has suitable wear
properties for short-run dies. 1080 and 1095
steels in strip are widely used for flat springs.

tool and die steel types they comprise. A few of these categories are composed of several groups to distinguish between families of steel types that, while serving the same general purpose, differ with regard to
one or more dominant characteristics. In Table 13.7 are given the basic types of tool and die steels.

Table 13.7 Basic types of tool and die steels.

I AIS1

I TYPE
High speed

I BASE CATEGORIES

I

I Molybdenum base

I

I

I

H1 to H19
H20 to H39
H40 to H59
D
A

Tungsten
- base
Chromium base
Tungsten base
Molybdenum base
High
- carbon, high
- chromium
Medium alloy, air hardening

PI to P19

Low carbon

Mold steels

P20 to P39
L

Others
Low alloy

F
W

Carbon - tungsten

Water hardening

Hot work
Cold work

Mold steels

~

_

_

~

~
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13.3.2 Cold Work Tool and Die Steels
Cold work steels (A, D, and 0 steels) are used for cold working operations as well as for sheet-metal forming operations, and they are described in more detail in this section. They generally have high resistance
to wear and cracking. These steels are available as oil-hardening or air-hardening types.
Major alloying elements. Typical analysis results of alloying elements for these types of steels are
given in Table 13.8.

Table 13.8 Typical alloying elements for cold work tool and die steels.

D7
01
02
06

2.35
0.90
0.90
1.4s

0.40
1.25
1.60
0.2s

12.50
0.50
0.25
0.50

1.oo
0.30
0.25

4.00
0.2s
0.20
0.2s

0.40
0.2s
0.2s
0.2s

0.50
1.5s

Characteristics and applications. Machinability and typical applications of common die steels are
given in Table 13.9.
Table 13.9 Typical applications of common tool and die steels.
AIS1
A2

A6

A8

A9

Machinability
Rating

Approximate
Hardness (HRc)

A2

57 to 62

Characteristics and Applications
Good combination of wear resistance and toughness,
good size stability in heat treatment, good
hardenability .
Typical applications involve blanking and forming
dies, punches, and forming rolls.
Air hardening from low temperature, excellent size
stability in heat treatment, deep hardening.
Typical applications involve blanking and forming
dies, punches, coining and bending dies and plastics
molds.
Optimum combinations of wear resistance and
toughness, superior size stability, suitable for highly
abrasive hot work requirements.
Applications include shear blades, trim dies, forging
dies, and plastics molds.

>
57 to 60

70

56 to 59

65

35 to 56

Medium resistance to decarburization and to wear.
Solid cold heading dies, die inserts, coining des,
forming dies, punches, and rolls.
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Table 13.9 continued
50

57 to 62

D3

35

57 to 64

D5

50

59 to 63

Very high wear resistance, optimum size stability, and
superior resistance to tempering.
Applications include blanking dies, shear blades,
forming rolls, hot and cold punches, swaging dies, and
cold trimming dies.

01

90

59 to 61

Moderate wear resistance, relatively safe to harden,
easy to machine.
Common applications include blanking and forming
dies, bending and drawing dies, plastics molds, and
shear blades.

02

fairly

57 to 61

Fairly good wear resistance, relatively safe to harden,
fairly easy to machine.
General-purpose tooling with a combination of wear
resistance and moderate toughness.

06

125

45 to 63

Excellent machinability, outstanding resistance to wear
and galling, easy hardening.
Typical applications are gages, punches, cold forming,
blanking, and trimming dies, bushings, and other
machine tool parts.

D2

Very high wear resistance. Excellent size stability, deep
hardening in air.
Typical applications include blanking dies, drawing
dies, shear blades, forming rolls, and trim dies.

~

Excellent abrasion resistance, very high compressive
strength, high hardening response.
Typical applications include blanking dies, drawing
dies, shear blades, forming rolls, punches, and cold
trimming dies

~

13.4 NONFERROUS METALS
Many nonferrous metals are used in tool and die, jig, and fixture design. Such materials include alloys of
aluminum, magnesium, brass, bronze, zinc-base alloys, and beryllium. Although more expensive than ferrous metals, nonferrous metals and alloys have important applications because of their numerous positive
characteristics, such as low density, corrosion resistance, ease of fabrication, and color choices.
Aluminum alloys. The most important factors in selecting aluminum alloys for use in tool and die
design are their high strength-to-weightratio, ease of machinability, resistance to corrosion by many chemicals, and nonmagnetic properties.
Aluminum alloys of series 2024 and 7075 are two of the more widely used alloys for temporary dies,
limited production runs, fixture bodies, or other special purposes.
Copper alloys. Copper alloys are often attractive for applications where a combination of desirable
properties, such as strength, corrosion resistance, thermal conductivity, wear resistance, and lack of mag-
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netic polarization are required. The most common copper alloys used in tool and die design are bronzes.
Bronze is an alloy of copper and tin. There are also other bronzes, such as aluminum bronze, which is an
alloy of copper and aluminum; beryllium bronze; and phosphor bronze. Aluminum bronze is most widely
used in die design for guide bushings.
Zinc-based alloys. These alloys are used extensively in die-casting. They may be cast into shapes
quickly for the purposes of being used as short-run punches and dies for either short-run production or for
experimental short runs.
One of the better-known zinc-based die materials is Kirksite. Kirksite is a nonferrous alloy for the
production of press tooling, sheet metal forming, and plastics molds. . Kirksite is a zinc-based alloy of
99.99 % pure zinc and contains precise amounts of alloying elements that give it very high impact strength.
It is also very free flowing when molten. Kirksite has good machinability and abrasion resistance with relative freedom from loading and galling (wearing away by friction), and it can quickly be polished to a high
surface finish. It is very useful for blanking dies using no reinforcement at all, the Kirksite being simply
cast around a steel punch that may have a very complex profile. Another advantage of this material is that
it may be remelted and used over again.
Bismuth alloys. These low-melting alloys expand upon solidification, especially those with high
bismuth content. This characteristic of bismuth makes it possible to use these alloys for duplicating
mold configurations that would otherwise require many operations to reproduce. The material is suitable for making forms used in stretch forming and has also been used for other components in punches and dies.

13.5 NON-METALLIC MATERIALS
In addition to the ferrous and nonferrous metals, there is a wide variety of non-metallic materials that are
important to the tool designer. Several of these are discussed in this text.
Plastics. Plastics are composed of polymer molecules and various additives. Polymers are long-chain
molecules formed by polymerization, that is, by linking and cross-linking of different monomers.
Thermosetting plastics such as epoxy, polyester, and urethane are used widely as tooling material. These
thermosets cure (harden) at room temperature. Although curing takes place at ambient temperatures, the
heat of the reaction cures the plastics. To impart certain specific properties for tooling material, polymers
are usually compounded with additives. These additives modify and improve certain characteristic of plastics, such as their stiffness, strength, hardness, abrasion resistance, dimensional stability, color, etc. In
some instances, steel wear plates are inserted in the plastics. Plastics tooling is used in many operations,
such as drawing and forming dies, drill jigs, and in assembly and inspection fixtures. These materials have
advantages over many other materials. They are resistant to chemicals, moisture, and temperature.
Generally they are easy to machine, rework, and modify.
Elastomers comprise a large family of amorphous polymers having a low glass-transition temperature. They have a characteristic ability to undergo large elastic deformations without rupture; they are also
soft and have a low elastic modulus.
The terms “rubber’ and “elastomer” are often used interchangeably. Generally, an elastomer is
defined as being capable of recovering substantially in shape and size after a distorting load has been
removed. Rubber is defined as being capable of recovering from large deformations quickly. A rubber pad
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confined in a container is used as the forming die. Operations such as forming, blanking, bulging, and
drawing may be done with a rubber or polyurethane member as one of the components of the die set.
Polyurethane has very good overall properties of high strength, stiffness, hardness, and exceptional
resistance to abrasion, cutting, and tearing. Typical applications as a tool material include cushioning and
diaphragms for rubber forming of sheet metals.

BLANK DIAMETER OF D M W N SHELLS
In the accompanying diagrams it should be noted that the solid line is the mean line of the drawn part. This
line and its associated dimension should be used when calculating the diameter for drawn shells. In Table
A1 .lare given some equations for blank-diameter calculation of symmetrical shells.
Table A l . l Equations for calculating blank-diameters of drawn shells

I.

2.

tqq
I

R

D = d d 2+ 4dh

D = Jd: +4d (H +0.75R)+4d

3.

D=Jd2+d?

D=,/d2+4d(h+0.75R)
185

fi
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6.

D = 1.414Jd2 + f (d + d , )
17.

8.
di

D = , / d * + 4dh + 2f (d + d , )
10.
d

di

R=d/2

D=&%-iZ
11.

-

D=\jd: + 4 d [ h + 0 . 5 7 ( R p +K)]

12.

di

R=dn

D = d d ? + 4(dH

+ d,h)
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14.

113.
h<R
F A R . -

R=&

lR
D = d 8 R 2 = 1.414d
16.

115.
di

1

D = 1.41Jd2 + 2dh + f ( d + d , )
18.

117.

I

di

I

D=Jd2+2s(d+dl)
20.

19.
r

di
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21.

22.
d
I

1
D=

JKi@zg

d

:1

(

D = d 2 +4d 0.57R+h+-

24.

di

r

d

1

D=

Jm)

+2d,f -0.:

7

1

7

D = dd,’ +4d(0.57R+h)-0.57R’
26.

di

c

r d i i

Ip!4;1
-I

--I---

3
D = J d Z + 6.28Rd

+ 8R2

D

= Jdz

+ 2[s(d + d,)+ 2d,h]

28.

D = $2

+ 4[HZ + d h + O S ( d + d,)]

I

d2

1

D = J6.28R+8R2 + d 2 + (& - d : )

I

2

Appendix

METRIC SYSTEM TOLERANCES
ON LINEAR DIMENSIONS
A2.1 DEFINITIONS
In the metric system, several terms are used to describe features of dimensional relationships between mating parts:

Dimensional tolerance. Dimensional tolerance is defined as the permissible or acceptable variation in
the dimensions of a part.
Nominal size. The dimension that is used for the purpose of general identification. It is written into
drawings and other technical documentation.
True size. The dimension that is measured on a finished part. Like all other sizes, this size includes
inaccuracy of measuring.
Limit sizes. Limit sizes are two given sizes, between which must be the true size of a correct piece.
Upper limit size. Upper limit size is the maximum allowance for the dimension of a correctly made
piece.
Lower limit size. Lower limit size is the minimum allowance dimension of a correctly made piece.
Maximum material condition. A piece whose dimensions are at the upper limit size.
Minimum material condition. A piece whose dimensions are at the lower limit size.
Deviation. Algebraic difference between some certain size and nominal size. The value is positive if
this size is larger than nominal size and negative if it is less than nominal size.
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Zero line. A straight line that, in a graphical interpretation of tolerance, corresponds with nominal
size, so it is the beginning line for the calculation of deviations.
Upper deviation. Algebraic difference between upper limit size and nominal size.
Lower deviation. Algebraic difference between lower limit size and nominal size.
True deviation. Algebraic difference between true size and nominal size.
Tolerance. Tolerance is the algebraic difference between upper limit size and lower limit size.
Fit. The relationship between mating parts of the same nominal size, which stem from the differences
in the true sizes before assembling.
Clearance. The relationship between mating parts of the same nominal size that stems from the difference in their true sizes if the true size of the hole is bigger than the true size of the shaft before assembling. Accordingly, the clearance is always positive.
Clearancefit. Fit that allows for rotation or sliding between mating parts.
Interference. The relationship between mating parts of the same nominal size that stems from differences in their true sizes: if the true size of the hole is smaller than the true size of the shaft, before assembling, the clearance is always negative.
Interference fit. A fit that everywhere provides interference between the hole and the shaft when
assembled, i.e. the maximum size of the hole is smaller than the minimum size of the shaft.
Transitionfit. A fit that may provide either a clearance or interference between the hole and the shaft
when assembled, depending on whether the hole and shaft overlap completely or in part.
Hole-basis system. Tolerances are based on a zero line on the hole; also called the basic hole system.
The tolerance position with respect to the holes is always represented by the capital letter H (lower limit
size equals zero). The desired fit is achieved by selecting the correct tolerance position of the mating shaft
(indicated by a lower-case letter) of the same nominal size.
Shaft-basis system. Tolerances are based on a zero line on the shaft; also called the basic shaft system. The tolerance position is always represented by the lower-case letter h (upper limit size equals zero).
The desired fit is achieved by selecting the correct tolerance position of the mating hole (indicated by a
capital letter) of the same nominal size.
FigA2.1 shows a graphical interpretation of nominal size, limit size, deviation, and tolerance on shaft
and hole. FigA2.2 shows tolerance positions with regard to the zero line.

A2.2 SYSTEM OF LIMITS AND FITS
Tolerances in the metric system are designated by the nominal size in millimeters, the letter designation of
the tolerance position with regard to the zero line, and the grade of the tolerance position.
Example:
@ 50 a1 1, @lo0 H8.

Designation of fits in the metric system of tolerances is expressed as the nominal size (mm), followed by
the tolerance position for the hole over the tolerance position for the shaft.
Example:

P6
$SO H6/sS or $30h7
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\

LEGEND

Shaft

D-nominal size

Dd-lOWer limit of hole size

dd-lower limit of shaft size

Dg-upper limit of hole size

&-upper limit of shaft size

Ad-lower deviation of hole

ad-lower deviation of shaft

Ag-upper deviation of hole

T-tolerance

ag-upper deviation of shaft

Fig.A2.1 Limit sizes, deviations, and tolerance.

,

Clearance fit

I

Transition
fit

I

Interference fit

I

H

Tolerance position of the hile-basis system
Tolerance position of the shaft-basis system

Fig. A2.2 Schematic illustration of tolerance positions. a) Hole-basis system, b) Shaft-basis system.

192 V

Appendix 2

Table A2.1 gives an example of the metric system fits classified by the International Standards
Organization (IS0 ) using the hole-basis system. Table A2.2 gives the most-used metric tolerances for
holes. Table A2.3 gives the most-used tolerances for shafts.
Table A2.1 Preferred fits using the hole-basis system
Fit classifications

Description

Hole-basis

Directive for using

Loose running

HI l / c l l ;
c 1l h l l
H9/d9; D9/h9

Fit for commercial tolerance or allowances
on external members.
This fit is not for use where accuracy is
essential, but is good for large temperature
variations, high running speeds, or heavy
journal pressures.
Fit for running on accurate machines and for
accurate locations at moderate speeds and
journal pressures.
Fit not intended to run freely, but to move
and turn freely and locate accurately.
Fit provides snug seat for locating stationary
parts, but can be freely assembled and
disassembled.
Fit for location, a compromise between
clearance and interference.
Fit for more accurate location where greater
interference is uermissible.
Fit for parts requiring rigidity and alignment
with prime accuracy of location but without
special bore pressure requirements.
Fit for ordinary steel parts or shrink fits on
light sections, the tightest fit usable with cast

Free running

Clearance
fits

Close running

Sliding
Location clearance

H7k6; H6/g5

H7/k6;K7/h6

Transition fits

Location-slight
interference
LocatiodTransition

Interference fits

Locationinterference

H7/p6; P 7 h 6

Medium drive

H7/s6: S 7 k 6

Force

H7/u6; U7/h6

H7/n6: N7/h6

Fit suitable for parts, which can be highly
stressed or for shrink fits where the heavy
pressing forces required are impractical.

Table A2.2 Metric system tolerance for holes.
Nominal hole size (mm)
over
inc.

13
16

I6
I 10

I
I

10
18

I 18
I 30

I 30
I40

I40
I 50

I 50 I 65 I 80 I
I 65 [ 80 I 100 I
+94
+72
+I07
+72
+292
+72
+422
+72

100
120

I
I

120
140

I
I

140
160

I
I

160
180

I 180 I 2 0 0
I 200 I 225

1 +I10

I +129

I

I +146

I +85

I

+125
+55
+335
+85
+485
+85

I +lo0

+loo
+390
+loo
+560
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Table A2.2 (continued)
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-11
-29
-18
-45
-20
-31

-14
-35
-22
-55
-24
37

-17
-42
-26
-65
29
45

21
-5 1
-32
-78
-35
-54

-37
-56

-24
-59
37
-91
-44
-66

-16
-34

-20
-41

-25
-50

-30
-60

-32
-62

-38
-73

-28
-68
-43
-106
-

-

47

56

69
-

81
48

41

-

-

88

-58
-83

-61
-86

-50
-90

-53
-93

-33
-79
-50
-122
-68 -71
-97 -100

-60
-

-63
-109

106

76

Table A2.3 Metric system tolerance for shafts.
Nominal shaft size (mm)
over
inc.
a12

cll

d6
e6

e13

f5
f6

f7
g5
86
87

h5
h6
h7

13
16

16
IO

I

I
I

10
18

I
I

18
30

I 30
I40

I 4 0 I SO I 6 5
50 I 6 5 I 8 0
micrometers

I

[

I

80
100

I
I

100
120

I
I

120

140

I
I

140
160

I
I

160 I 180
180 I200

I

-

270

280

290

340

340

340

340

360

520

520

520

520

580

390
-70

430
-80

470
-95

640

640

640

640

660

920

920

920
-20

920

980

-

I200
I225

~

-

-660
-1120

240

-740
-

120
0
-260
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Table A2.3 (continued)

A2.3 SYSTEM OF GEOMETRIC TOLERANCES
In manufacturing, geometric tolerances are used to specify the maximum allowable deviation from the
exact size and shape specified by designers.
Geometric tolerances provide a comprehensive method of specifying where the critical surfaces are
on a part, how they relate to one another, and how the part should be inspected to determine if the tolerance is acceptable.
There are five types of geometric tolerance:
Form tolerance. How far an actual surface or feature is permitted to vary from the desired form specified by the drawing: flatness, straightness, circularity (roundness), and cylindricity.

196 V

Appendix 2

Projile tolerance. How far an actual surface or feature is permitted to vary from the desired form on
the drawing: profile of a line and profile of a surface.
Orientation tolerance: How far a surface or feature is permitted to vary relative to a datum or datums:
coverring angularity, perpendicularity, and parallelism.
Location tolerance. How far a surface is permitted to vary from the perfect location implied by the
drawings as related to a datum, or other features; for position, concentricity, and symmetry.
Runout tolerance. How far a surface or feature is permitted to vary from the desired form implied by
the drawing with fill 360" rotation of the part on a datum axis: covers circular runout and total runout.
Table A2.4 gives metric standard symbols for geometric tolerances.
Table A2.4 I S 0 standard system for geometric tolerances

1
I

GEOMETRIC CHARACTERISTIC

SYMBOL

Straightness
Flatness

DEFINITIONS

Straightness
All points on the indicated surface or axis
must lie in a straight line in the direction
shown, within the specified tolerance zone.
Flatness
All points on the indicated surface must
lie in a single plane, within the specified
tolerance zone.

1

Angularity
Perpendicularity
Parallelism

t

t

I

Position
Concentricity/Coaxiality

1
1

1

Symmetry
Circular Runout
Total Runout
At Max. Material Condition

I At Least Material Condition-

1
1

1
1
II

Regardless of Feature Size
Projected Tolerance Zone
Diameter
Basic Dimension
Reference Dimension
Datum Feature
Dimension Origin

Circular&
If the indicated surface were sliced by any
plane perpedicular to its axis, the resulting
outline must be a perfect circle, within the
specified tolerance zone.
Cylindricity
All points on the indicated surface must lie in a
perfect cylinder around a center axis, within the
specified tolerance zone.
Linear Profile
All points on any full slice of the indicated
surface must lie on its theoretical
two-dimensional profile, as defined by
basic dimensions, within the specified
tolerance zone. The profile may or may not
be oriented with respect to datums.
Surface Profile
All points on the indicated surface must lie
on its theoretical three-dimensional profile,
as defined by basic dimensions, within the
specified tolerance zone. The profile may or
may not be oriented with respect to datums.
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Table A2.4 I S 0 (continued)

Feature Control Frame

I
I
1

Conical Taper
Slope
Square (Shape)
Dimension Not to Scale

Feature
m
i 0
2
.I ADatum
triangiewhich designates a physical feature of

Il

b

I n

I
l

I

20

Number of TimedPlaces
Arc Length

5x

Radius

1

Spherical Radius

1

SR

1

I Spherical Diameter

1

s$

I

the part to be used as areference to measure
geometric characteristics of other part features.
Maximum Material Condition
A tolerance modifier that applies the stated
tight tolerance zone only while the part
theoretically contains the maximum amount
of material permitted within its dimensional
limits allowing more variation under normal
conditions.
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Appendix

MISCELLANEOUS INFORMATION
This appendix offers the reader many reference to subjects related to the sheet metal forming processes,
die design, and the die making trade that are not easily found on one place.

A3.1 SHEET METAL
Sheet metal is thin, flat metal mass rolled from slab or ingot, and is typically provided in widths from 24
to 80 inches (600 to 2000 mm), and thicknesses between 0.05 inch and 0.250 inches (1.25 to 6.25 mm).
Sheet metal can be supplied in cut-to-length pieces or rolled into large, heavy coils.

A3.1.1 ASTM Standards for Steel and Non-Ferrous Sheet and Strip
This group of ASTM standards covers sheets, coils, and strips for steel and non-ferrous metals used in various applications.
Table A3.1 gives a list of ASTM standards specification and a description of each. This table is simply to assist engineers, technicians, and other users of this book in finding the correct numbers.

A3.1.2 Sheet and Strip Thickness
Table A3.2 gives nominal thicknesses of sheet and strip in gauge, decimal inches, and millimeters, for steel
and non-ferrous materials. Note that sheet and strip thicknesses for non-ferrous material are not the same
as for ferrous materials for the same gauge number.
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Table A3.1 Group of ASTM standards for sheet, and strip

A424-00

A606-98

DESCRIPTION
Steel sheet, and strip
Specification for Sheet and Strip, Hot-Rolled, Carbon, Structural, High -Strength LowAlloy, and High-Strength Low-Alloy, with Improved Formability.
Specification for Steel, Strip, Carbon (0.25%max.), Cold Rolled.
Specification for Corrosion-Resisting, Chromium, Steel-Clad Plate, Sheet, and Strip.
Specification for Commercial Steel (CS) Sheet, Carbon (015% max) Cold-Rolled.
Specification for Steel, Sheet, Carbon, for Pressure Vessels.
Specification for Steel, Sheet, for Porcelain Enameling.
Specification for Steel, Sheet and Strip, Alloy, Hot-Rolled and Cold-Rolled, General
Requirements for
Specification for Steel, Sheet and Strip, Alloy, Hot-Rolled and Cold-Rolled, Regular
Quality and Structural Quality.
Specification for Steel, Sheet and Strip, Alloy, Hot-Rolled and Cold-Rolled, Drawing
Quality
Specification for Steel, Sheet, Carbon, and High-Strength,
- Low-Alloy, Hot-Rolled and
Cold-Rolled, General Requirements for
Specification for Steel, Sheet, and Strip, High-Strength, Low-Alloy. Hot-Rolled and
Cold-Rolled, with Improved Atmospheric corrosion-Resistance. .
Specification for Steel, Sheet, and Strip, High-Strength, Low-Alloy, Columbium or
Vanadium, or Both, Hot-Rolled and Cold-Rolled.
Specification for Structural Steel (SS), Sheet, Carbon, Cold-Rolled.
Specification for Drawing Steel (DS), Sheet, Carbon, Cold-Rolled
Specification for Drawing Steel (DS), Sheet and Strip, Carbon, Hot-Rolled
Specification for Steel, Sheet and Strip, Heavy-Thickness Coils, Carbon, Hot-Rolled.
Specification for Commercial Steel (CS), Sheet and Strip, Carbon (0.16 to 0.25 % m a ) ,
Hot-Rolled.
Specification for Steel, Strip, High-Carbon, Cold-Rolled, General Requirements for
Specification for Steel, Strip, High-Carbon, Cold-Rolled.
Stainless Steel Sheet, and Strip
Specification for Stainless and Hot-Resisting Chromium-Nickel Steel Plate, Sheet, and
Strio.
Specification for Stainless and Hot-Resisting Chromium Steel Plate, Sheet, and Strip
Specification for Stainless and Hot-Resisting Chromium-Nickel Steel Plate, Sheet. and

t
A611-97
A620lA620M-97
A622lA622M-97

A167-99

I

~

A666-00

I
A693-93 (1 999)

Specification for Precipitation-Hardening Stainless and Heat- Resisting Steel Plate,
Sheet, and Strip.

Non-Ferrous Sheet, and Strip
Specification for Brass Plate, Sheet, Strip, and Rolled Bar.

B 169M-96

,
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Table A3.1 (continued)
Specification for Copper-Beryllium Alloy Plate, Sheet, Strip, and Rolled Bar
Specification for Copper-Aluminum-Silicon-Cobalt Alloy, Copper-Nickel-Silicon~.
Magnesium Alloy, Sheet, and Strip.
B465-0 l e
B534-01
B591-98a
B747-02
B768-99

Specification for Copper-Iron Alloy Plate, Sheet, Strip, and Rolled Bar.
Specification for Copper-Cobalt-Beryllium Alloy and Copper-Nickel-Beryllium Alloy
Plate, Sheet, and Strip.
Specification for Copper-Zinc-Tin and Copper-Zinc-Iron-Nickel Alloy Plate, Sheet,
Strip, and Rolled Bar.
Specification for Copper-Zirconium Alloy Sheet and Strip.
Specification for Copper-Cobalt-Beryllium Alloy and Copper-Nickel-Beryllium Alloy
Sheet and Strip.
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A3.2 INTERNATIONAL SYSTEM OF UNITS (SI)*
The International System of Units, abbreviated SI (from the French Le Systeme International d'llnites), is
the modernized version of the metric system established by international agreement. The metric system of
measurement was developed during the French Revolution and was first promoted in the U.S. by Thomas
Jefferson. In 1902, proposed congressional legislation requiring the U.S. Government to use the metric system exclusively was defeated by a single vote.
The SI was established in 1960 by the 1 lth General Conference on Weights and Measures (CGPM).
SI provides a logical and interconnected framework for all measurements in science and industry. The metric system is much simpler to use than the English system because all its units of measurements are divisible by 10.

A3.2.1 SI Base Units
The SI is founded on seven SI base Units for seven base quantifies assumed to be mutually independent,
as given in Table A3.3
Table A3.3 SI base units

length

SI base unit
Name
Symbol
meter
m

mass

kilogram

kg

time

second

S

electric current

ampere

A

thermodynamic
temperature

kelvin

K

Base quantity

Amount of substance

I mole

Luminous intensity

candela

I mol

cd

Definitions

I
I

The meter is the length of the path traveled by light in
vacuum during a time interval of 1/299 792 458 a second.
The kilogram is the unit of mass; it is equal to the mass of
the international prototype of the kilogram.
The second is the duration of 9 192 63 1 770 periods of the
radiation corresponding to the transition between the two
hyperfine levels of the ground state of the cesium 133
atom
The ampere is that constant current which, if maintained
in two straight parallel conductors of infinite length, of
negligible circular cross-section, and placed 1 meter apart
in vacuum, would produce between these conductors a
force equal to 2 x 10.' newton per meter of length.
The kelvin, unit of thermodynamic temperature, is the
fraction 1/273.16 of the thermodynamic temperature of
the triple point of water.
I . The mole is the amount of substance of a system that
contains as many elementary entities as there are atoms in
0.012 kilogram of carbon 12; its symbol is "mol."
2. When the mole is used, the elementary entities must be
specified and may be atoms, molecules, ions, electrons,
other particles, or specified groups of such particles
The candela is the luminous intensity, in a given direction,
of a source that emits monochromatic radiation of
frequency 540 x 1012 Hertz and that has a radiant
intensity in that direction of 1/683 watt per steradian.

A3.2.2 SI Derived Units
Other quantities, called derived quantities, are derived in terms of the seven base quantities via a system
of quantity equations. The SI derived units for these derived quantities are obtained from these equations
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and the seven SI base units. Examples of such SI derived units are given in Table A3.4, where it should be
noted that the symbol 1 for quantities of dimension 1, such as mass fraction, is generally omitted.
Table A3.4 Examples of SI derived units
SI derived unit
Name

Derived quantity

1

square meter
Cubic meter
meter per second
meter per second squared

Area
Volume
speed, velocity
Acceleration

Symbol
m
m3

1

m/S

m/S2

Derived quantity SI derived unit Name Symbol Area square meter m Volume Cubic meter speed,
velocity meter per second m/s Acceleration meter per second squared d s 2 wave number reciprocal meter
m- 1 mass density kilogram per cubic meter kg/m3 specific volume cubic meter per kilogram m3/kg current density ampere per square meter A/m2 magnetic field strength ampere per meter A/m amount-of-substance concentration mole per cubic meter rnoUm3 Luminance candela per square meter c d m 2 mass fraction kilogram per kilogram, which may be represented by the number 1 kg/kg = 1
For ease of understanding and convenience, 22 SI derived units have been given special names and
symbols, as shown in Table A3.5.
Table A3.5 SI derived units with special names and symbols

power, radiant flux
electric charge, quantity of
electricity
electric potential difference,
electromotive force
capacitance
electric resistance

1

watt

I coulomb

I

IC

s.A

volt

V

WIA

m2.kg.s-3.A-I

farad

F

ohm

fl

CIV
VIA

m-2.kg-l.&A2
m2.kg.s-3.A-2
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Table A3.5 SI continued

(a) The radian and steradian may be used advantageously in expressions for derived units to distinguish between quantities of a different nature but of the same dimension; some examples are given in Table 4.
(b) In practice, the symbols rad and sr are used where appropriate, but the derived unit "1" is generally omitted.
(c) In photometry, the unit name steradian and the unit symbol sr are usually retained in expressions for derived units.
(d) Other quantities expressed in sieverts are ambient dose equivalent, directional dose equivalent, personal dose equivalent, and
organ equivalent dose.

Note on degree Celsius. The derived unit in Table 3 with the special name degree Celsius and special
symbol "C deserves comment. Because of the way temperature scales used to be defined, it remains common practice to express a thermodynamic temperature, symbol T, in terms of its difference from the reference temperature To = 273.15 K, the ice point. This temperature difference is called a Celsius temperature, symbol t, and is defined by the quantity equation
t= T- To.

The unit of Celsius temperature is the degree Celsius, symbol "C. The numerical value of a Celsius temperature t expressed in degrees Celsius is given by

K

t = --273.15

1

C

It follows from the definition o f t that the degree Celsius is equal in magnitude to the kelvin, which in turn
implies that the numerical value of a given temperature difference or temperature interval whose value is
expressed in the unit degree Celsius ("C) is equal to the numerical value of the same difference or interval
when its value is expressed in the unit kelvin (K). Thus, temperature differences or temperature intervals
may be expressed in either the degree Celsius or the kelvin using the same numerical value. For example,
the Celsius temperature difference At and the thermodynamic temperature difference AT between the melting point of gallium and the triple point of water may be written as At = 29.7546 "C = AT = 29.7546 K.
The special names and symbols of the 22 SI derived units with special names and symbols given in
Table A3.5 may themselves be included in the names and symbols of other SI derived units, as shown in
Table A3.6.

Appendix 3

v 205

Table A3.6 Examples of SI derived units whose names and symbols
include SI derived units with special names and symbols.

A3.2.3 SI Prefixes
The 20 SI prefixes used to form decimal multiples and submultiples of SI units are given in Table A3.7.
It is important to note that the kilogram is the only SI unit with a prefix as part of its name and symbol. Because multiple prefixes may not be used, the prefix names of Table 5 are used for the kilogram with
the unit name “gram” and the prefix symbols are used with the unit symbol “g.” With this exception, any
SI prefix may be used with any SI unit, including the degree Celsius and its symbol “C.

Table A3.7 SI prefixes
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A3.2.4 Units outside the SI
Certain units are not part of the International System of Units, that is, they are outside the SI, but are
important and widely used. Consistent with the recommendations of the International Committee for
Weights and Measures (CIPM, Cornitk International des Poids et Mesures), some of the units in this category that are accepted for use with the SI are given in Table A3.8

1

Name
minute( time)
hour
day
degree (angle)
minute (angle)

1

second (angle
metric ton

‘a)

I’

1

Valuei nS I units
l m in = 60s
1h = 60 min = 3600 s
Id =24h = 8 6 4 0 0 s
1” =(nllSO)rad
1’ =( 1/60)”= (n/10 800) rad

I

I

1” = (1/60) = (n/648 000) rad

Symbol
Min
H
D

”

TI

I

t=

I
I

10’ kg

A3.3 METRIC STYLE AND CONVERSIONS
a) Capitals
Units: The names of all units start with a lower case letter except, of course, at the beginning of the sentence. There is one exception: in “degree Celsius”(symbo1 “C) the unit “degree” is lower case but the modifier “Celsius” is capitalized. Thus, body temperature is written as 37 degrees Celsius.
Symbols :Units symbols are written in lower case letters except for liter and those units derived from
the name of a person(m for meter, but W for watt, Pa for pascal, etc.).
Prefixes: Symbols for prefixes that mean a million or more are capitalized and those less than a million are lower case (M for mega-millions, m for milli-thousandths).

b) Plurals
Units: Names of units are made plural only when the numerical value that precedes them is more than one.
For example, 0.25 liter or !A liter, but milliliters. Zero degrees Celsius is an exception to this rule.
Symbols: Symbols for units are never pluralized (250 mm = 250 millimeters).

c) Spacing
A space is used between the number and the symbol to which it refers. For example: 7 m, 37.4 kg, 37 “C.
When metric value is used as a one-thought modifier before a noun, hyphenating the quantity is not
necessary. However, if a hyphen is used, write out the name of the metric quality with the numeral and the
quantity. For example:

a 2-liter bottle, NOT a 2-L bottle;
a 100-meter relay, Not a 100-m relay;
35-millimeter film, NOT 35-mm film.
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Spaces are not used between prefixes and unit names nor between symbols and unit symbols. Examples:
milligram, mg; kilometer, km.

d) Period
DO NOT use a period with metric unit names and symbols except at the end of a sentence.

e) Decimal Point
The dot or period is used as the decimal point within numbers. In numbers less than one, zero should be
written before the decimal point. Examples: 7.038 g; 0.038 g.

f) Conversions
Conversions should follow a rule of reason: do not use more significant digits than are justified by the precision of the original data. For example, 36inches should be converted to 9 1 centimeters, not 9 1,44 centimeters (36 inches x 2,54 centimeters per inch = 9 1.44 centimeters), and 40.1 inches converts to 101.9
centimeters, not 101354. Table A3.9 lists many commonly used conversion factors.

Table A3.9 Metric conversion factors (approximate).
Symbol

When You Know Number of

Multiply By

To Find Number of

Symbol

in

inches

2.54 (exact)

centimeters

cm

ft

feet

0.3

meters

m

Yd
mi

yards

0.9

meters

m

miles

1.6

kilometers

km

in2

square inches

6.5

square centimeters

cm 2

ft 2

square feet

0.09

square meters

m2

Yd2

square yards

0.8

square meters

m2

mi2

square miles

6.5

square kilometers

km2

acres

0.4

Hectares

ha

oz

ounces

28

Grams

g

lb

pounds

0.45

Kilograms

kg

short tons (2000) pounds)

09

metric tons

t

~
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Table A3.9 continued
Volume
r

tSP

Teaspoon

5

Milliliters

mL

TbSP

Tablespoon

15

Milliliters

mL

in3

1 Cubic inches

I 16

1 milliliters

fl oz

Fluid ounces

30

milliliters

mL

C

cups

0.24

liters

L

Pt

Pint

0.47

liters

L

9t

Quarts

0.95

liters

L

gal

Gallons

3.8

liters

L

ft 3

cubic feet

0.03

cubic meters

m3

yd 3

cubic yards

0.76

cubic meters

m3

inHg

inches of mercury

3.4

kilopascals

kPa

psi

pounds per square inch

6.9

kilopascals

kPa

OF

degrees Fahrenheit

?(OF - 32)

degrees Celsius

9
*Information by courtesy of National Institute of Standards and Technology (NIST)

“C.

GLOSSARY
AGING.

AIR BENDING

AIR HARDENING
(Air Quenching).
AIRCRAFT QUALITY.
AISI.
ALCLAD.
ALLOTROPISM.
ALLOYS.
ALLOYING ELEMENT.
ALLOY STEEL.
AMORPHOUS.
ANISOTROPY.
ANNEALING.

ASTM.
BEADING.
BED.
BEND ANGLE.
BEND RADIUS
BEND TEST.
BIAXIAL STRESS.
BLANK.
BLANKING.
BLANK DEVELOPMENT.
BLANKHOLDER.
BOTTOMING.

A process of change in the mechanical properties of metals and alloys. Aging takes
place over a period of time at room temperature, but it occurs more quickly at higher
temperatures.
A forming operation in which the metal part is formed without the punch striking the
bottom of the die. Contact between work material and tool is made at only three points
in the cross section.
The process by which an alloy steel is heated to the proper hardening temperature and
then allowed to cool in air.
“Aircraft quality” metals and alloys are tested during manufacturing processes and
approved as having a quality appropriate for use in aircraft parts.
American Iron and Steel Institute
A very thin layer of highly pure aluminum is used to coat sheets or plates of stronger
aluminum alloy.
Reversible phenomenon of metals existing in more than one crystal structure.
Pure metal that has been melted together with other chemical elements into a new metal
structure having specific physical and mechanical properties.
A chemical element added to a pure metal during melting processes to impart certain
physical and mechanical properties.
Steel that is alloyed with significant quantities of chemical elements such as nickel,
chromium, molybdenum, or vanadium.
Without definite form; non-crystalline; having no crystal structure.
The property of having different qualities when a material is tested in various directions.
Heating and slowly cooling a metal to remove stresses; this treatment can make the metal
softer, refine its structure, change its ductility, or change its strength, toughness, or other
qualities.
American Society for Testing and Materials
A sheet-metal forming operation in which a narrow ridge is formed in a workpiece to
strengthen it.
Bottom stationary structural member of a press, used as a holder for a die.
The angle through which a part is bent.
The inside radius of a bend in a formed section.
A test to determine the bendability of a given metal by bending a specimen between two
fixed points.
The stress experienced by metals in which applied stresses are limited to two principal
axes.
An unformed piece of sheet metal before the beginning of forming operations; a workpiece resulting from a blanking operation.
Die cutting of the outside shape of a part.
Determining the best shape and size to make a blank for a specific part.
The part that holds the sheet metal in place while forming operations such as deep drawing
are being performed.
Sheet-metal forming operation in which the punch and the die make complete contact
with the workpiece by the use of increased bending force.
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BRITTLE.
BULGING.
BURNISH.

CAM.
CARBON STEEL.
CARBURIZING.
CAST IRON.
CLEARANCE.
CLEAVAGE.
COIL.
COLD ROLLING
COLD WORKING.
COMPOUND DIE.
COMPRESSIVE STRENGTH.
CRANK PRESS
CREEP.
CRIMPING.
CROSS-ROLLING.
CROWN or CAMBER.
CRYSTAL.
CRYSTAL LATTICE.
CUPPING.
DAYLJGHT
DEBURRING.
DENDRITE.
DIE BLOCK.
DIE CUSHION.
DIFFUSION.
DILATATION.
DOUBLE-ACTION PRESS.

Glossavy
An adjective describing a quality of material in which breakage takes place easily, with
little or no bending or other plastic deformation.
Expanding the diameter of a tube or other deep-drawn part by pressure from inside.
Shiny, smooth area above the breakout on a sheared edge. Also a shiny, smooth surface
produced by application of pressure and movement.
A device used to control the motion of slides of the die components during the press
stroke.
A steel with up to I .7% carbon and without any substantial amount of other alloying elements. Also termed plain carbon steel.
Adding carbon to the surface of steel by heating it in contact with one of a number of
carbon-rich media.
Iron that contains between 1.7 and 4 percent of carbon.
The free space between two mating parts. In closed contours, clearance is measured on
one side.
Breakage or planned fracture made by splitting a material to follow a crystallographic
plane.
A length of steel that has been rolled.
Passing unheated metal through rollers to reduce ts thickness. Creates a smooth surface
with slightly increased skin hardness.
Any operation of plastic deformation that is performed at room temperature.
A die that can perform more than one operation with one press-stroke.
The ability of a material to withstand compressive loads without being crushed when the
material is in compression.
A press in which the ram is powered by a crankshaft.
The phenomenon of a material’s elongation under tension, over a certain period of time,
usually at higher-than-room temperatures.
Securing a seam or folding part of a sheet over another part by a forming operation.
Rolling a sheet at an angle of 90-degrees to the direction that it was previously
rolled.
When a sheet or roll of metal is contoured so that the thickness or diameter is greater at
the center than at the edges, the condition is termed “crown” or “camber.”
In solid materials, the repetitive structure in which atoms are arranged.
The pattern of arrangement of atoms in a crystalline structure.
Producing a cup-shaped part from a sheet-metal blank by means of a forming operation.

The maximum distance between the bed and the upper, movable, pressing surfaces of a
press.
Removing burrs from metal by various procedures.
A branched or leaf-like crystalline structure, usually occurring during the solidification
of metals.
A block of die material prior to its being shaped into a die.
Pressurized cylinder which is used to apply upward pressure to the ejector of a part or
stripper.
The movement of atoms or molecules across mating metal surfaces or within the material itself.
A change in volume or dimension.
A press that performs two parallel movements independently; the machine may have an
interior slide to form the part and an exterior slide for the blank holder.

Glossary
DRAW RING.
DRAWABILITY.
DRAWING QUALITY STEEL.
DUCTILITY.

EARING.
ECCENTRIC PRESS.
EJECTOR.
ELASTICITY,
ELASTOMER.
ENGINEERING STRAIN.
ENGINEERING STRESS.
FIXTURE.
FLANGE.
FLOATING DIE.
FOIL.
FORMABILITY.
FRACTURE STRESS.
GRAIN.
GRAIN BOUNDARY.
GRAIN GROWTH.
GRAIN DIRECTION.
GRAPHITE.
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A circular-shaped part of the die that is used in a deep drawing operation to control
material flow and wrinkling.
The ability of a sheet metal to be formed, or drawn, into a cupped or cavity shape without cracking or otherwise failing.
Flat-rolled steel sheet that can undergo forming (especially deep drawing) without defects.
The ability of a material to be stretched under the application of tensile load and still
retain the new shape when the load is removed.
The formation of wavy edge projections around the top edge of a deep-drawn part.
A machine that exerts working pressure, using an eccentric shaft.
A mechanism operated by mechanical, hydraulic, or pneumatic power mechanism for
removing a workpiece from a die.
The property of a material that allows it to deform under load and immediately return to
its original size and shape after the load is removed.
A rubberlike synthetic polymer such as silicone rubber.
See Strain.
See Stress
A device to locate and hold a workpiece or components in position.
The formed rim of a part, generally designed for stiffening and fastening
A die that is mounted so that it can tolerate lateral or vertical movement during the forming process.
Extremely thin sheet or strip of metal.
The capacity of a material to undergo plastic deformation without fracture.
Nominal stress at fracture.
A single crystalline structure within a microstructure. Examples are polycrystalline metals or alloys.
The interface or meeting plane at the boundaries of grains.
An increase in the size of the grain, usually occuring when a metal is heated.
Crystalline orientation of material in the direction of mill-rolling.
Carbon; the hexagonal crystalline structure is layered.

HEAT TREATMENT.
HOT ROLLED STEEL.
HOT WORKING.
HYDRAULIC PRESS.

Partial penetration by piercing, making a locating button with a height no more then half
the material thickness.
The ability of steel that determines the ease of transformation of austenite to another
structure. when cooled from hardening temperature.
The process of heating and cooling or quenching a metal to increase its hardness.
The ability of a metal to resist indentation, scratching, and surface abrasion by another
hard object.
The process or bending or folding sheet metal over itself to produce a smooth border.
Steels that are made to be used at high temperatures; they keep most of their strength
and are able to resist rust or oxidation under high-temperature conditions.
Process of heating and cooling of a metal (or alloy) to obtain certain chosen qualities.
Steel that has been roller-formed into a sheet or another shape from a hot plastic state.
The process of forming metals at temperatures higher than their recrystallization point.
Machine that exerts working pressure by hydraulic means.

INCLUSIONS.

A solid or gaseous foreign substance encased in liquid metal during solidification.

HALF SHEARING.
HARDENABILITY.
HARDENING.
HARDNESS.
HEMMING (FLATTENING).
HEAT-RESISTANT STEEL.
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INSERT.
ISO.
ISOTROPIC.
KILLED STEEL.
KNOCKOUT.

Glossary
A part of a die or mold made to be removable.
International Standards Organization
Having physical and mechanical properties of material that are the same regardless of the
direction of measurement.
Deoxidized steel.
A mechanism for freeing a workpiece from a die.

LATTICE.
LEVELING.
LIMIT DRAW RATIO (LDR).

The arrangement of atoms in a given crystalline structure
The process of flattening a sheet or strip that has been rolled.
The greatest ratio of a blank diameter to a punch diameter that can be cup-drawn without cracking or producing other defects in the workpiece.

MACROSTRUCTURE.
MALLEABILITY.

Crystal structure that can be viewed when magnified from 1 to 1OX.
The capability of material to be deformed permanently into various shapes, under the
application of a compressive load, without breaking..
The production of parts in large quantities, usually over 100,000 per year.
The normal reduction in thickness that takes place during metal-forming operations.
Crystalline structure that can be seen at magnifications greater than IOX.
Carbon steel that has no more than 0.25 percent carbon.
The ratio of stress to strain in the elastic domain in tension or compression.
Area under the elastic portion of a stress-strain curve, representing the energy that can
be absorbed without permanent deformation.
The ratio of shear stress to shear strain in the elastic range.
Single crystal.

MASS PRODUCTION.

METAL THINNING.
MICROSTRUCTURE.
MILD STEEL
MODULUS OF ELASTICITY.
MODULUS OF RESILIENCE.
MODULUS OF RIGIDITY.
MONOCRYSTAL.
NATURAL STRAIN.
NECKING.
NOMINAL STRAIN.
NOMINAL STRESS.
NORMAL ANISOTROPY.
NORMALIZING.
NOTCHING.

OIL QUENCH.
ORANGE PEEL.

PARTING LINE.
PICKLING.
PICKUP.
PLANAR ANISOTROPY.
PLASTIC DEFORMATION.
PRESSWORKING.
PROGRESSIVE DIE.
PUCKERING.

True strain.
A reduction in the cross-section of a localized area of a part that has been subjected to
tensile stress during the process of plastic deformation.
Engineering strain.
Engineering stress.
Anisotropy normal to the plane of a sheet or plate.
The process of heating a metal to about 50 degrees centigrade above the critical temperature and cooling again, in still air, to room temperature.
Punching operation in which the punch removes material from the edge of a strip or
blank.
Operation in which the material is quenched from the hardening temperature in oil as the
cooling medium.
Surface condition appearance on metals; bears a resemblance to orange skin texture due
to the coarse grain size after forming.
The plane of two mating surfaces of a die or mold
The process of removing surface oxides by exposure to chemical or electrochemical
reaction.
The inadvertent transfer of metal from a workpiece to the surface of the die.
Anisotropy in the plane of a sheet or plate.
Permanent change in the shape of the work material.
General sheet-forming operations performed in a press.
A die that can perform two or more operations sequentially with one stroke of the press.
Formation of small folds or wrinkles in a cup in a deep-drawing operation.

Glossary
QUENCH CRACKING.
QUENCHING.
RAM.
RD.
RECOVERY.
RECRYSTALLIZATION.
REDUCTION.
RESIDUAL STRESS.
RESIN.
SHAVING.
SHEAR MODULUS.
SHEAR STRENGTH.
SINGLE ACTION.
SLIP.
SPRINGBACK.
STRAIN (ENGINEERING).
STRAIN (TRUE).
STRAIN ENERGY.
STRESS (ENGINEERING).
STRESS (TRUE).
STRINGER.

STRIPS.
STROKE.
STRUCTURAL DAMAGE.
SUBGRAIN.
SUPERPLASTICITY.

TEMPERING.
TOUGHNESS.
TRANSFER DIE
TRIMMING.

Appearance of cracks in a metal piece during the process of quenching from a high
temperature.
The quick cooling of a heated workpiece in water or oil.
A moving member of a press to which a die or punch is attached.
Rolling direction.
Removal or reduction of the effects of cold working without motion of grain boundaries
Recrystallization occurs when new equiaxial strain-free crystal grains form after a metal
has been heated to or above its recrystallization temperature.
Change in a material’s thickness or cross-section in the process of plastic deformation.
Any stress remaining in a body after external forces have been removed.
Natural or synthetic polymer that has been neither filled nor reinforced.
Removal of a thin layer of material with a sharp edge of die or punch.
Modulus of rigidity.
The ability of a material to withstand offset or transverse loads without rupture
occurring.
A press utilizing only one moving element.
Plastic deformation by shear along a crystallographic plane.
Elastic rebounding of formed material, as in bending.
The ratio of the change in dimension from the original dimension as a result of the application of stresses in working.
The natural logarithm of the ratio of the final to the original dimensions.
The amount of energy used in the process of plastic deformation.
The ratio of the load to the original cross-sectional area.
The ratio of load to the instantaneous cross-sectional area.
Elongated inclusions or impurities, such as oxides and sulfides, which appear in worked
metals. Generally, these impurities occur in the same direction as that of the plastic
deformation.
Sheet metal sheared into long, narrow pieces.
Ram travel from top dead center to bottom dead center.
Damage or defects that occur in a material as a result of plastic deformation.
A part of a grain that is not lined up in the same direction as the neighboring grains.
Unusual capability of a material to withstand large uniform strains before it necks and
fails.
Reheating to a temperature below the critical range after a steel has been quenched; tempering is done to relieve quenching stresses or to develop desired strength characteristics.
The ability of a material to withstand shatter. A material that shatters easily is brittle.
Progressive die in which the workpiece is transferred from station to station by a
mechanical system.
Adjusting the size of a workpiece by removing small amounts of excess metal.

ULTIMATE TENSILE STRENGTH. The greatest value of engineering stress determined by a tension test.
UNIFORM STRAIN.
Strain experienced by a tensile test bar before necking.
The smallest unit in a repetitive crystalline structure.
UNIT CELL.
UTS.
Ultimate tensile strength.
VACANCY
VENT.
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A blank space that should be occupied by an atom in a crystalline structure.
An opening, usually quite small, to allow the escape of gases from a mold.
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Glossary

WOOD’S METAL.

Working a metal at a temperature between the ambient temperature and the recrystallization temperature: neither hot nor cold working.
A specific alloy made of lead, tin, bismuth, and cadmium.

YIELD STRESSES.
YOUNG’S MODULUS.

Stress at which the material yields and begins to deform plastically.
Modulus of elasticity.

WARM WORKING.
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INDEX
A
Air bending, 53
Air cushion, 138
AISI, 176
Allotropic, 5
Allotropism, 5
Allowance radius, 61
Alloying elements, 175
Aluminum alloys, 182
ASTM, 199
Atomic architecture, 3
Atomic structure, 5
Axisymmetric, 69

B
Back angle, 26
Backing plate, 117, 133
Ball cage, 107
Blank holder force, 155
Bazooka bushing, 40
Beam, 46
Bend allowance, 57, 61
Bend angle, 62, 67
Bend radius, 62,65
Bendability, 59
Bending dies, 135
Bending forces, 5 1
Bending stress, 47
Bernoulli hypothesis, 47
Bevel angle, 153
Bevel punch, 116
Bevel-cut edges, 34
Bismuth alloys, 183
Blade edges, 29
Blades, 23
Blank diameter, 7 1
Blank holder pressure, 82, 154
Blank holder, 82, 154
Blanking die, 131
Blanking, 29
Body-centered cubic, 4
Bottom radius, 78
Bottoming, 54,66
Brittleness, 13

Buckling, 1 16
Bulging dies, 171
Bulging, 92
Burnish zone, 30
Bushing, 117

C
Capitals, 206
Carbide dies, 112
Carbon steels, 175
Carbon, 175
Cavity of a punch., 55
Celsius temperature, 206
Center of the die pressure, 129
Clearance between cutters, 25
Clearance, 30, 82, 190
Closing profile dies, 139
Coefficient of friction, 74
Coin bending, 53
Cold work steels, 181
Combination die, 103, 144
Complex contours, 1 10
Complex die, 117, 144
Compound die, 125
Compression stress, 1 18
Compression., 6 1
Concave punch, 116
Concave-stretch flange, 172
Conductors, 3
Conic profile, 164
Conversions, 207
Convex-shrink flange, 172
Copper alloys, 182
Cracks, 58
Creep, 12
Critical force, 119
Crystalline structure, 3
Crystallographic, 5
Curling dies, 141
Curling, 55
Cutters:, 23
Cutting dies, 109
Cutting planes, 47
Cylindrical shell, 147
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D
Deep drawing dies, 147
Deep drawing, 75
Deformation, 47
Deformations by diameter, 150
Deformations by wall, 150
Derived Units, 204
Designations, 176
Die block, 109
Die corner radius, 75
Die opening profiles, 110
Die opening, 5 1
Die ring conic bevel angle, 155
Die ring corner radius, 90
Die ring profile, 147
Die sets, 105
Dies with guide plate, 105
Dies with guide posts, 105
Dies with solid stripper, 104
Dimensional tolerance. 189
Dimpling, 94
Direction of rolling, 59
Dislocation, 10
Distance ring, I65
Dodecahedron, 5
Double curvatures, 85
Draw beads, 157
Draw ring with conical profile, 149
Draw ring with corner radius, 147
Drawing beads, 82
Drawing ratio, 72, 100
Drawing speed, 78
Ductility, 4, 10, 58
Dull tools. 3 1

E
Ejector, 5 1
Elastic deformation, 6
Elastic insert, 171
Elastic limit, 17
Elastic recovery, 60
Elastic strain, 6
Elastic stripper, 121
Elasticity, 16
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Elastic-plastic deformation, 48
Electrons, 3, 4, 6
End relief angle, 26
Engineering strain, 14
Engineering stress, 14
Equipment factors, 70
Expanding dies, I70
Expanding, 92

Heat treatment, 177
Helical, 122
High-carbon steel, I77
Hill R, 61
Hole-basis system, 190
Hooke’s law, 16, 48
Hydraulic cylinders, 137

I

F
Face-centered cubic, 4
Failure zone, 85
Fastening with a screw, 1 18
Fastening with a ball, 117
Flanging punch, 172
Fibers, 46
Flange, 71
Flanging die ring, 172
Flat punch, 1 16
Flexible die forming, 99
Flexible material, 99
Form block method, 85
Form tangency, 6 1
Form tolerance, 19.5
Formability, 8.5
Forming limit diagram, 85
Fracture of a cup, 72
Fracture, 23
French notch punch, 126
Friction factors, 70
Friction work, 74
Friction force, 113
Frustum of cone, 87

G
Gradual punch, 41
Grain boundary, 10
Grain, 19
Guerin, 99
Guide plate, 105
Guide post bushing, 107
Guide post, 107
Guide rails, 124
Guide system, 105

H
Hardness, 13

Ideal work, 74
Imperfections, 3
Individual blank, 127
Inner bend radius, 62
Inside diameter, I52
Inter-atomic forces, 8
Interference fit, 190
Interference., I90
ISO, 192

K
Kelvin, 204
Kirksite, 183

L
Lattice, 7
Limit of the drawing ratio, 73
Limit sizes, 189
Line defects, 8
Lip angle, 26
Location tolerance1 96
Longitudinal tensile stresses, 72
Low-carbon steel, 176
Lower deviation, 190
Lower limit size, 189
Lower rolls, 56
Lower shoe, 131
Lubrication conditions. 82

Material holder, 25
Mating die method, 86
Maximum bend radius, 60
Maximum deflection, 123
Maximum material condition, 189
Mean diameter, 72
Mechanical behavior, 13
Mechanical bulging die, 171
Mechanical Properties, 178
Medium-carbon steel, 177
Metric conversion factors, 207
Metric system, 189
Metric tolerances, 192
Micro-cracks, 30
Minimum bend radius, 58
Minor strains, 85
Modulus of elasticity in the shear, 123
Modulus of elasticity, 5
Moment of bending, 46
Moment of inertia, 55
Moment of resistance, 49
Moment of static, 49
Multiple-bend dies, 144

N
Neck, 87
Netting planes, 5
Neutral bend line, 6 1
Neutral curvature, 47
Newton, 203
Nominal size, 189
Nonferrous metals, 182
Nonmetallic materials, 17.5
Nosing die, 167
Nosing force, 90
Nosing operation, 168
Nosing, 87
Nucleation, I O
Number of draws, 72

M
Machinability of Steels, 177
Macro-cracks, 30
Major alloying elements, 181
Major strain, 85
Malleability, 13
Malleable, 3
Manufacture of die, 175
Marform, 99

0
Opening die, 114
Opposite direction, 53
Orientation tolerance, 196
Overbending, 66

P
Parameter of the lattice, 4
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Index
Pascal, 203
Penetration, 3 1
Period, 207
Permanent deformation, 57, 64
Pilot, 124
Plain dies, 104
Planar imperfections, 8, 9
Planished 51
Plastic deformation, 13
Plasticity, 13
Plurals, 206
Point defects, 8
Poisson’s ratio, 15
Press fit, 107
Press force, 99
Pressure pad mechanism, 135
Pressure pad plate, 136
Pressure pad 135
Production tolerance, 39
Progressive dies, 103, 143
Progressive punch, 42
Proportional limit, 16
Punch angle, 67
Punch calculations, 118
Punch corner radius, 76
Punch face geometry, 1 16
Punch holder, 121
Punch travels, 54
Punching die, 131
Punching, 33
Pure plastic deformation, 48
Pyramid-type machines, 56

R
Radial tensile stress, 71,72
Radian, 201
Radius of the punch, 53
Random orientation, 10
Recrystallization, 11
Reduction in the thickness, 69
Redundant work, 74
Relative thickness, 73
Repeated pattern, 4
Reversal process, 11
Rolling direction, 10

Recovery, 11
Rubber pad 183
Rubber, 183
Runout tolerance, 196

S
SAE, 179
Safe zone, 85
Sectioned die, 112
Segment of sphere, 87
Shaft-basis system, 190
Sheared edge, 23
Shearing force, 24
Shearing stress, 23, 118
Sheet and Strip Thickness, 199
Sheet metal, 199
Shoulder, 111
SI base units, 202
SI derived units, 202
SI prefixes, 205
Single station dies, 103
Single stroke, 135
Sizing, 92
Slight burr. 30
Slip planes, 30
Slipping, 6
Solid stripper, 121
Solidification, 9
Solidify, 9
Spacing, 206
Special bending dies, 139
Specific pressure, 99
Speed of the punch, 29
Spring index, 121
Stainless steel, 200
Static force, 122
Steradian, 202
Stiffness, 55
Stock guide, 124
Strength, 13
Stretch bending, 66
Strip, 123, 175,199
Stripper Force, 120
Structural components, 105
Symbols, 203

T
Tangential stress, 46
Technological components, 105
Temporary dies, 104
Tensile hoop, 72
Tensile strain, 58
Tension, 13
Thermodynamic temperature, 202
Tip of the punch, 66
Tolerance, 190
Tool and die steels, 179
Toughness, 13
Transition fit, 190
True deviation, 190
True size, 189
True strain, 19
True stress, 19
Tube-forming dies, 142
Twinning, 6

U
Ultimate tensile strength (UTS), 17, 18
Units outside the SI, 206
Universal bending dies, 138
Upper cutter, 26
Upper deviation, 190
Upper die, 105
Upper limit size, 189

V
V-Profile bend dies, 137

W
Wiping die, 52
Wrinkling, 57, 70

Y
Yield point, 20, 48
Young’s modulus, 18

Z
Zero line 190
Zinc-based alloys, 183
Zone of contact, 7 1

