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What is Manufacturing??

* The word manufacturing is centuries old and
derived from two Latin words manus (hand) and
factus (make); the combination means by hand.

Hencedmanufacturing literally means‘made by
hand.

» Although modern manufacturing is accomplished
by automated and computer-controlled
machinery the word manufacturing is still in use.
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Manufacturing Defined

®
Manufacturing can be defined in two ways; technologically and

@ economically.

In"technology, manufacturing is the application of physical and
chemical processes to altér the geometry, properties, and/or
appearance of a starting material to make products. Manufacturing
also includes assembly of multiple parts to make products.

sadl) ST

Ineconomy) manufacturing is the transformation of materials into
items of greater value by means of one or more processing and/or

The To(%ﬁ:\' of manwv {-‘QC—\-&)(\‘V\O\B \§ Jo QdCQ Val

assembly operations.

The key point is that manufacturing adds value to the material either

by changing its sha%e or properties or by combining it with other
materials that have been similarly altered.
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Manufacturing Defined
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. Primary industries are those that cultivate and exploit natura

Manufacturing Industries and
Products

Manufacturing is important to our lives. Yet, we do not manufacture
stuff just for the sake of manufacturing. We manufacture because
we want to make money!

Industries in manufacturing is divided into three major categories;
Primary, Secondary and Tertiary Industries. | Primaly
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resources, such as agriculture and mining.

Secondary industries are those that take the outputs of the primary
industries and convert them into consumer and capital goods. (This
type is of our concern because it is engaged directly in
manufacturing).

Tertiary industries constitute the service sector of the economy.




Manufacturing Industries and
Products

Manufactured products: Final products by industries
such as Aerospace, Automotive, Basic Metals,

Computers, Electronics, Glass, Ceramics can be o
divided into two major classes: Moo, < O
?(03 \@P‘*‘;\
e

Consumer goods: Products purchased directly by
consumers, such as cars, PCs, TVs, etc.

Capital goods: Products purchased by other
companies to produce goods and supply services,
such as aircrafts, mainframe computers, railroad
equipment, machine tools, construction equipment,
etc.




Manufacturing Industries and
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1. The quantity of products made by a factory has a great influence on the
way its people, facilities and procedures are organized| Annual
production can be classified into 3 ranges:

- Low production: quantities in the range 1 to 100
- Medium production: from 100 to 10,000 units/year.

- High production: 10,000 to millions of units/year. However and depending
on the kinds of products, these ranges may shift by an order of
magnitude or so.

2. ' The product variety: since some factories specialize in high production of
only one product type while other factories produce a variety of products
each type being made in low or medium quantities, it is instructive to
identify product variety as a parameter distinct from production quality. It
is logical to consider factories with a high number of product types to
have high product variety.



Manufacturing Industries and
Products

« There is aninverse correlation between production@uantity and
productvariety: The higher the production quantity the lower the
product variety and vise versa.

« Manufacturing plants tend to specialize in a combination of Q and V
that lies somewnhere inside the diagonal band in the figure.
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Manufacturing Industries and

Products

« Although V'is a quantitative parameter, it is much less
exact than Q because details on how much the designs
differ is not captured simply by the number of different
designs.

1. (Soft product variety: small differences between
products, e.g., between car models made on the same
production line, with many common parts among

, models.

2. "Hard product variety: products differ substantially; e.g.
between a small car and a large truck, with few

common parts.
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Materials in Manufacturing "

®compo§ﬁe§

Most engineering materials can be classified into one
of thethree basic categories: (1) Metals, (2) Ceramics
and (3)'Polymers. O getiss

Properdies

N Gl
They have different chemistries and their mechanical  chewisjes
and physical properties are dissimilar.

These differences affect the manufacturing processes
that can be used to produce products from them.

Metals
N A
In addition, there are (4).Composites: v |
nonhomogenious mixtures of the other three basic

types rather than a unique category.
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Materials in Manufacturing

* The relationship of the four groups is
pictured in the following figure.

Metal-polymer
composites

overfapping
cOmpOSiJre Uﬁgj

Metal—-ceramic
composites

Ceramic—polymer
composites

Figure 1.3/VVenn diagram of three
basic material types plus composites.
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Materials in Manufacturing

[1] Metals: metals used in manufacturing are usually in the form of
£ il.w alloys (two or more elements, at least one of which is metallic).
| etals are divided into two basic groups; ferrous and nonferrous.

a. Ferrous metals: based ondron (Fe) as the ma'!or alloying element.

This group includes steel and cast iron. — (o) See]

Medalg 1ron Cast Tron
- More than 75% of the metal tonnage throughout the world.

- Fe has limited commercial use, but when alloyed with carbon (C), Fe
has more use and greater commercial value than any other metal.

- { Fe when alloyed with C forms Steel or Cast Iron.

A pooperties of C/\\\o@ s pedler fhan the <6emm\ cateojories)
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Materials in Manufacturing
Is an Iron-Carbon alloy containing 0.02 to 2.11 wt.

B 009 %< CH oA

* Most | n rv_within the ferr metals ar
due to Tow cost and good mechanical and physical
properties.

_—— =

Mo, etc, to enhance the properties of the alloy.
erC Mo eCrr Mo oo ¥ Rloyed Sl

* Its_composition contains other metals such as Mg, Cr, Ni,

« Used widely in construction, transportation and
consumer products.

13
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Materials in Manufacturing

Cast iron: Iron-Carbon alloy containing ~2 to ~4 wt.% C.

2L < ~Y o

Used primarily infsand casting.\

OLA S < 3/

Other elements such as Si (0.5 to 3 wt.%) is present in

the alloy. Other elements are often added as well.

Gray cast iron is the most common type of cast iron; its
applications include blocks and heads for internal
combustion engines, manholes covers, etc.

14



Materials in Manufacturing

b. Nonferrous metals: These include other metallic elements and their
alloys.

« In almost all cases, the alloys are more important commercially than
the pure metals.

« Some examples are Gold alloys, Titanium alloys, Copper alloys, etc.

15



Materials in Manufacturing -
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[2] Ceramics: A compound containing metallic (or semimetallic) and O,
nonmetallic (O, N and C) elements.

(oo

« Traditional ceramics: Been used for thousands of years. They include: clay
(consists of fine particles ofthydrous aluminum silicate and other minerals
used in making brick, tile and pottery); silica (the basis of nearly all glass

products); and alumina and silicon carbide (abrasive materials used in
grinding).

* Modern ceramics: Consists of alumina of enhanced properties. Newer
ceramics Include carbides, metal carbides such as tungsten and titanium
carbides (used as cutting tool materials); and nitrides (e.g. titanium nitride
and boron nitride, used as cutting tools and grinding abrasives). eryalline

cefamics
| . o anerphovs
» For processing purposes, ceramics can be divided into (1) crystalline
ceramics and (2) amorphous ceramics (glasses). The former are formed in
various ways from powders and then sintered, while the later can be melted
and cast and then formed (e.g. glass blowing).

6%9@ \\'\S(us——% aXoms pqc\(\ %OC&Q%\AQF 16
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[3] Polymers: A compound formed of repeating structural units
5 called mers, whose atoms share electrons to form very large
molecules. They consist of carbon plus one or more other elements
such as hydrogen, oxygen, nitrogen and chlorine. They are divided
into three categories:

« Thermoplastic polymers: can be subjected to multiple heating and
cooling cycles without altering molecular structure; e.g.
polyethylene, polystyrene, polyvinylchloride and nylon.

« Thermosetting polymers: molecules chemically transform (cure) into
a rigid structure upon cooling from a heated plastic condition; e.g.
epoxies and amino resins.

« Elastomers: they exhibit significant elastic behavior; e.g. silicon and
rubber.

17



Materials in Manufacturing

[4] Com posites: A mixtures of the other three basic types.(A composite is a

material consisting of two or more phases that are processed separately and then
bonded together to achieve properties superior to its constituents.

Phase: Homogeneous mass of material, such as grains of identical unit cell structure
in a solid‘ﬂ'l'é‘lgr

The usual structure of a composite material consists of particles or fibers of one
phase mixed in a second phase, called the matrix.

Composites are found in nature (wood) and they can be produced synthetically (fiber-
reinforced plastic).

Properties depend on its components, physical shapes of components, and the way
they are combined to form the final material. Some composites combine high strength
and light weight and are used as aircraft components, car bodies, etc. Other
composites are strong and hard, and capable of maintaining these properties at high
temperatures; e.g. cemented carbide cutting tools.

18
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Manufacturing processes can be divided into two basic
types:

1. (Processingoperations’ transforms a work material

from one state of completion to a more advanced state
closer to the final desired product. It adds value by

changing geometry, properties or appearance of the
starting material.

2. (ASSemblyoperations joins two or more components in

order to create a new entity called an assembly,
subassembly, etc.

19



Manufacturing Processes

Processing
operations

Manufacturing
processes

Assembly
operations

Solidification
processes
Particulate
Shaping processing
processes Deformation
processes
Material
removal
Property Heat
enhancing processes treatment
Surface processing suﬁaiice !reatments
operations >
demses
Welding
Permanent Brazing and
joining processes soldering
Adhesive
bonding
Threaded
Mechanical fasteners
fastening
Permanent

fastening methods

Figure 1.4
Classification of
manufacturing

processes 20



Manufacturing Processes

Processing operations: use energy to alter a workpart’'s shape,
physical properties or appearance in order to add value to the
material. There are three categories of processing operations:

Shaping operations: alter the geometry of the work material by
methods including casting, forging and machining.

Property-enhancing operations: add value to the material by
Improving its physical properties without changing its shape; e.g.
Heat treatment.

Surface processing operations: performed to clean, treat, coat or
deposit material onto the exterior surface of the work. Examples
for coating are plating and painting.

21



Manufacturing Processes

Shaping processes: change the geometry of a work material by
application of heat or mechanical force or a combination of both. It
can be classified into four categories:

Solidification processes: the starting material is a'heated liquid or
semifluid that cools or solidifies to form the part geometry.

Particulate processing: the starting material is a‘powder, and the
powders are formed and heated into the desired geometry.

Deformation processes: the starting material is a ductile solid that
Is deformed to shape the part.

Material removal processes: the starting material is a solid, from
which material is removed so that the resulting part has the
desired geometry.

22



Manufacturing Processes

.o« (Solidification process: starting material is heated

2575 sufficiently to transform it to the liquid state. With

(N7 " the material (metals, plastics and ceramic
glasses) in the liquid state, it can be poured into
a mold cavity and allowed to solidify , thus taking
a solid shape that is the same as the cauvity.

Pouring
ladle

Sprue and runner

Molten metal .
(to be trimmed)

Figure 1.5 Casting
Solid casting (metals) and molding
(plastics) processes.
e : 23
(1) (2)



Manufacturing Processes

» (Particulate processing: Starting materials are
powders of metals or ceramics. The powders are
then pressed and sintered. The powders are first
squeezed into a die cavity under a high pressure
and then heated to bond the individual particles

together.

L Workpart
i+ during
— sintering

(3) ngj( '\\”Ud;\“({)
or0E

e io L R S
M M Sl eI et

o
Figure 1.6 Particulate processing.
(1) Starting material (2) Pressing
and (3) Sintering.

24
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Manufacturing Processes

 (Deformation processes: the starting workpart is
shaped by application of forces that exceed the
yield strength of the material (material must be
ductile enough (accomplished by means of
heating)), this process includes extrusion and
forging.

Chamber —  /0ss sec tion

7 Starting billet
(a) (b)

25
Figure 1.7 Deformation processes (a) forging (b) extrusion



Manufacturing Processes

« (Material removal processes: operations that remove
excess material from the starting workpart to get the
desired geometry. Most common processes in this
category include machining and grinding. The former
includes turning, drilling and milling. Other special
processes are known as nontraditional processes as
they use lasers, electron beams, electric discharge, etc.

Starting Diameter .
Workpiece diameter Chip after turning CPRotatuon

‘- ‘Feed Milling Rotation
Rotation Drill bit ——— Y cutter p />§ b
(work) 7T y? —Matorial
Work part ; v D =
L/ Work —»]
i i |
Feed tool Single point Hole |
cutting tool —>Feed

(@) (b) (c)
26

Figure 1.8 Material removal processes. (a) turning (b) drilling and (c) milling.



Manufacturing Processes

« Waste: it is desirable to minimize the waste and scrap In
converting a starting workpart into a desired geometry.

- Material removal processes tend to be wasteful of
material, simply by the way they work.

- Solidification processes convert close to 100% of the
starting material into final product, such processes are
calledinet shape processes, while other processes that
require minimum machining to produce the final shape
are called near net shape processes.

27
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Chapter Three:
Mechanical Properties Of Materials

Dr. Eng. Yazan Al-Zain
Department of Industrial Engineering



Introduction

« Mechanical properties'of a material determine its behavior when subjected
to mechanical stress (examples on materials under stress are aluminum
alloy from which an airplane wing is constructed and the steel in an
automobile axle).

gyl Jalas Ll Who
« Mechanical properties include: elastic modulus, ductility, hardness, etc.

« Two oooosﬁe objectives for the product mandw

Py In design:{the objective for the product is to Wlthstand stresses without significant
) change In geometry (dependent on elastic modulus and yield stress).

In manufacturing:ithe objective is to alter the geometry by applying stresses that

0¥ ¥ exceed the yield strength of the material.

L=

”*| Note: it is helpful for the manufacturing engineer to appreciate the design
objective and for the designer to be aware of the manufacturing objective.

95le%s




Stress-Strain relationships

« There are 3 static stresses to which materials can be subjected
— Tensile stresses: tend to stretch the material
— Compressive stresses: tend to squeeze the material.

— " Shear stresses: tend to cause adjacent portions of the material to slide
‘) against one another.

AXia

LOM\‘L the load, (F) <i\°i;lj

/_I - "%ﬂfﬁ??&m U A e Losd is patranel SU(‘%’\C&—A W@_/_Gg
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. I A Fig. 3-1: Materials under
; | i static stresses; (a)
j—( | G )t ”7‘ Tensile, (b) compressive,

T>Z—'—/ =) (deﬁ{ and (c) shear (y=tan 0).

e : & F ompression ~— Dashed lines: shape

Lood (a) g ylas (b) Load (© before deformation.
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~ Stress-Strain relationships;
Tensile properties

* Tensile test: most common procedure for studying stress-strain relationships,
particularly for metals.

» In the test, force is applied that pulls the material, tending to elongate it and
reduce its diameter.

« Standards by ASTM specify the preparation of the test specimen and the test
procedure.

Load cell
1
2O = Fig. 3-2: Tensile specimen

and setup of the tensile

—

Extensometer 5

ir\/’ric«lg‘i ? )
Area
{

T test. (A, & L,: cross
L—grbo;ie> N | | Specimen Ly .
A Gauge == bS o — sectional area and length

AL

ks =S before test, length is
measured between the

= e gauge marks (gauge
<::.ww ;%ég y crosshead %‘%gz I e n gth ) ) .
= = == S
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w0 Stress-Strain relationships;  «
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ey Tensile properties
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height —is onfelmy

¢ ~nyFig. 3-3: Progress of a tensile test: (1) beginning of test, no load, (2) uniform elongation and
reduction of A,, (3) Continued elongation, max. load reached, (4) necking begins and load
decreases, (5) fracture, and (6) an be measured if pieces are put back together.




Stress-Strain relationships;
Tensile properties

- There are two different types of stress-strain curves: (1){Engineeringd

and (2) True stress-strain. The first is more important in
nd the second is more important in manufacturing.

(1) Engineering Stress-Strain: stress and strain defined relative to the
original area and length of the specimen.

— Important in design as the designer assumes that the strains
experienced by any component will NOT significantly change its
shape. The components are designed to withstand the anticipated
stresses encountered in service.
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Stress-Strain relationships; . v
Tensile properties e b

Fig. 3-4 shows an engineering stress-strain * §nasiiiiiin load
curve for a metallic specimen. '(
The engineering stress at any point on the curve % racture
is defined as the force divided by the original N
area:
F
O =— (_N; :[/\'\ pal
e 2
AO Lvmm 1
where o,: engineering stress, MPa (n / mm?), F =
applied force, N, and A, is the original area of the
specimen, mm?2.
' >
The engineering strain at any point in the test is —{|«— 0.2% Offset
given by.
_ i Fig. 3-4: a typical engineering stress-strain
_ L LO ﬂ = \Ss jnH'lQSS curve for a metallic specimen.
2= I yr DTS = Fmex
. ¢ A
where e is engineering strain, mm / mm, L = - e b_e thought (_)f as E“ﬁ\‘“ef”'“g:é'e
length during the elongation at any point, mm, elongatlon per unit
and{fg)is(the gauge length, mm. length. Tree=6—-%

Mmagi mum Stresg




Stress-Strain relationships;
Tensile properties

The stress-strain relationship in the figure has two regions, elastic and plastic
regions:

(1) In the elastic region: the relationship is linear and the material exhibits elastic

behavior by returning to its original length when the load is released. The
relationship is defined by Hooke’s law:

(7 .where E is modulus of

\’ elasticity (MPa)
S +( ess Mod u[ug SHain
engnetsing Felafaty  enghetng

— As stress continues to increase, a point Y is reached, this is the point where
J@ material beglns to yield and caIIed the yleld point or yleld strength (end of

elastic region and transition to plastic region).§is defined as the sfress at
0.2% strain offset (Y is not always clear on the figure).

& =000




Stress-Strain relationships;
Tensile properties

The stress-strain relationship in the figure has two regions, elastic and plastic
regions:

(2) In the plastic region: the relationship istho more linear and is no longer guided
by Hooke’s law. Further stressing will lead to further elongation in the
specimen but with faster rate, leading to a dramatic change in the slope.

— Elongation is accompanied by a uniform reduction in A, so as to maintain a
constant volume.

— Finally, the applied load reaches aifmax. value.\l he engineering. stress
calculated.at this.point.is._called the tensile (or ultimate) tensile strength (TS or

UTS), where TS =F,__. /A, (A RGN _
4 —————> UTS=F
e N g VT fre

— After crossing the TS point, stress starts to decline where necking occurs; As

the specimen during necking starts exhibiting localized elongation. The area
at the necking narrows down significantly until failure occurs. The stress
calculated just before the failure is called fracture stress.




Stress-Strain relationships;
Tensile properties

« | Ductility: the ability of a material to plastically strain without fracture. Ductility is
important in both design and manufacturing. This measure can be taken as either
elongation or‘reduction-in area:

(1) Elongation and defined as:

L o
LO
(2) Area reduction and defined as:
A s
Jlsis
— “QC\/‘MS
- A
AR = LL



Stress-Strain relationships;
Tensile properties

There are two different types of stress-strain curves: (1) Engineering
stress-strain and (2)True stress-strain. The first is more important in
designiyand the second is more important infmanufacturing:

(2) True Stress-Strain: stress and strain defined relative to the

instantaneous (actual) area that becomes increasingly smaller as
the test proceeds. e

The true stress at any point on the curve is defined as the force divided
by the instantaneous area:

= F ZN} = M Pa
T(\(JZ — 4, L[mm*]
SNSS A [WS\‘M\\’G\ne ovg

where a: true stress, MPa (n / mm?), F = applied force, N, and A is the
instantaneous area resisting the load, mm2.



Stress-Strain relationships;
Tensile properties

Similarly, the true strain is a more realistic assessment of the
instantaneous elongation per unit length of the test specimen.
This is done by dividing the total elongation into small
increments, calculating the engineering strain for each increment
of its starting length, and then adding up the strain values:

£—L%—ln£
~LI(:L L,

where L is the instantaneous length at any moment during
deformation



Stress-Strain relationships;
Tensile properties

The elastic region in the true stress-
strain curve is almost similar to that of
the engineering stress-strain curve
(can you guess why). Hence, the
elastic region in the true curve obeys
Hooke's Law.

The progressive reduction in area in
the true stress-strain curve is
considered in the plastic region.
Hence, the stress in this region is
higher as compared to that of the
engineering stress-strain curve.

True stress, o

A

-—
-
—
—
-
—

—

/"N s e
actva| deformadtion
; Yield point, start of plastic region

Projected curve
if necking had

not occurred
+

Start of necking

J
{

|~<¢———— Elastic region:
‘ o= Ee

e =1In(1+e)] lo=0,(1+¢)]

ew ™m

Sty

B Kt
g

T
stvess

oM
S’r\fgss

stra

N

>
True strain, ¢

Fig. 3-5: a typical true stress-strain curve for
a metallic specimen.
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Stress-Strain relationships;
Tensile properties

Strain (work) hardening: a property that most

metals exhibits during deformation. It means
that the metal is getting stronger as strain
Increases (see true stress-strain curve).

Strain hardening is important in manufacturing,
especially in metal forming processes.

True stress, ¢ (ksi)

With plotting the true stress and true strain of
the plastic region on a log-log scale, the result
would be a linear relationship as in fig. 3-6,

1 | I

v

and the relation between true stress and true L LI
strain would then be: True strain, ¢

n Fig. 3-6: true stress-strain curve plotted on a
o= Ke log-log scale.

K (strength coefficient) = cif e = 1.
n (strain hardening exponent) (slope), and Note: Necking is closely related to
related to a metal’s tendency to work strain hardening.

harden.

Flow curve equation. It captures a good Neckina beagins when ¢ = n./A

approximation of the behavior of metals in the higher » means the m an be

ﬁla%tic region, including their capacity for strain strained further before necking
ardening e

begins




Crystalline Structures

A crystalline material is one in which the atoms are situated in a
repeating or periodic array over large atomic distances; that is,
long-range order exists, such that u’“go‘ n solidification, the atoms will

position themselves in a repetitive three-dimensional pattern, in
which each atom is bonded to its nearest-neighbor atoms (that
includes all metals, many ceramics and many polymers).



Imperfections in Crystals

celt °
S
Frenkel defect QDP9 009
?‘o.o.’

Fig. 2-12: Various types
9:90:0:9 ofgpoint defects



Deformation in Metallic
Crystals

. The atoms at the edge dislocation require a smaller displacement within
the distorted lattice structure in order 1o reach a new equilibrium position.
Thus, a lower energy is needed to realign the atoms into the new
positions than if the lattice were missing a dislocation,
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Stress-Strain relationships;
Tensile properties

Much information about elastic-plastic behavior is provided by the true stress-strain
diagram; as Hooke’s law governs the metal’s behavior in the elastic region and the flow
curve equation determines the behavior in the plastic region. Three basic forms of stress-
strain relationship describe the behavior of nearly all metals:

(a) Perfectly elastic: the material is defined completely by its stiffness indicated by
modulus of elasticity. It fractures before yielding or plastic flow; example of these
materials are ceramics and thermosetting polymers. These materials are bad for
forming.

(b) Elastic and perfectly plastic: as yield stress is reached, the material deforms plastically
at the same stress level. Flow curve in this case K = Y and » = 0. Happens to metals
heated during straining that recrystallization occurs rather than strain hardening. For
Pb, this is the situation at RT as the recrystallization temperature for Pb is below RT.

(c)  Elastic and strain hardening: obeys Hooke's Law in the elastic region, and starts to
flow when Y is reached. Continued deformation requires an ever-increasing stress,
given by flow curve whose K is > Y and n is > 0. Most ductile materials behave this way
when cold-worked.

e



Stress-Strain relationships;
Tensile properties

Much information about elastic-plastic behavior is provided by the true
stress-strain diagram; as Hooke's law governs the metal’s behavior in
the elastic region and the flow curve equation determines the behavior

in the plastic region. Three basic forms of stress-strain relatlonshlp O\M@b\
describe the behavior of nearly all metals A{QLM\“\ IV 70
A — N & A (UP"P)I\\ Lohs Ul 7 UJ‘\&\
e J
c‘,)gmm’\cs K=/ M n=0
a\oés
© LgAg Lo )\94] 0,9 c ©
" plaghic region
o - >

(P@Fﬂéﬂt} (qgm) CElastic 4 Pmﬁ(:‘ Pletc) (Bestic ond, Siin vorieni)

Fig. 3-7: Three categories of stress- straln relationships: (a) perfectly elastic, (b) elastic and perfectly plastic
and (c) elastic and strain hardening.
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Stress-Strain relationships; e ¥

Tensile. test € DL Utin)

Compression properties  cesis e

Compression test: a test that applies
a load that squeezes a cylindrical
specimen between two platens (see
fig. 3-8). As the specimen is
compressed, its height is reduced

T

I

I — Moving crosshead

I

. . . e —— Upper platen
and its cross-sectional area is Mre“*:f Test specimen
increased. The engineering stress is %=, | Lowerpiaten
defined in the same way as in the mi@wﬁi . | Table

. . P F
tensile test; i.e:

@%ﬁn&‘ﬁﬁ’ﬁ
SWESS waxinl afeq (1) (2
The engineering strain is defined as: Fig. 3-8: Compression test: (a) compression force
ne < applied to test specimen in (1) and (2) resulting
h — ho S{' N Q'\l . change in height; and (b) setup of the test.
_ o w1

e

h neqotiVe  cwnd hi¢

0 i on indicadion
for the_ d.neckion

where / is the height of the specimen 2,9V [ Note that e will have a negative sign,

at any particular moment into the test ¢ | a5 the height is decreased during

in mm, and 7, is the starting height in compression. This sign is neglected.

mm.
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Stress-Strain relationships;

Compression properties £

Fig. 3-9 shows an engineering stress-
strain curve. The curve has elastic and
plastic regions as before, but the shape of
the plastic region is different from its
tensile test complement. Reasons:

— Compression causes 4 to increase,
the load increases more rapidly.

— | As the cylindrical specimen is
compressed, friction at the surfaces in
contact with the platens prevent the
cylinder from spreading. Additional
energy is consumed by friction during
the test, resulting in a higher applied
force.

—  This will result in barreling of the
specimen; the middle of the specimen
is permitted to increase in 4 much
more than at the ends.

— Important compression processes
include forging, rolling and extrusion.

uro o S

we do\f\q—
nowe nec N[S
AN §1 4,y
SMHp
O;g\m&\ef 5\
3‘3:)3

Stress, s

! x Yield point, start of plastic region

|<——— Elastic region:
! s=Ee

|
I

-
!

Strain, e

Fig. 3-9: Typical engineering stress-
strain curve for a comgression test.
L

’ < (tne deFomation
Fig. 3-10: Barreling effect. (1) (& nonumifofm)
before and (2) after compression.
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C pensile €N Stress-Strain relationships;

m«ckcowf%s'“’ Bending & Testing of Brittle Materials

. Bending operations: used to form metal plates and sheets (Fig. 3-11; showing the
setup of the bending test). Bending results in two stress (and strain) components;
tensile in the outer half of the bent section and compressive in the inner half.

. Bending test (also known as_flexure test) suits brittle materials that possess
elasticity the best; e.g. ceramics.

. These materials do not respond well to traditional tensile testing because of the
difficulty in preparing the test specimens and possible misalignment of the press jaws

that hold the specimen. Compressive
stresses and

Y b

Tensile stresses
and strains

(1) (2)

Fig. 3-11: Bending test setup and specimen: (1) initial loading, and (2) highly stressed and strained specimen



Stress-Strain relationships;
Bending & Testing of Brittle Materials

. Specimen’s cross-section is rectangular, positioned between supports and load is
applied at its center (three-point bending test).

. The specimen bends elastically during the test until immediately before fracture (no
plastic region).

. Strength value derived from this test is called(Transverse Rupture Strength (TRS):

TRS = 1.SFL | where TRSis in MPa, F: the applied load at fracture in N, L: the length between
- bt supports and » and ¢ are dimensions of the cross-section in mm (Fig. 3-11)

. Flexure test can be utilized forinonbrittle materials such as thermoplastic polymers.
These materials deform rather fracture, so TRS cannot be determined. Instead, either
of the two measures are used: (1)the load recorded at a given level of deflection, or
(2) the deflection observed at a given load.
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e oo Stress-Strain relationships;

Uachl% the sahe .
Shear properties
» | Shear:/involves the application of stresses on twe  paflel Cross-sectional

: : - : : ol®S WM area A
opposite directions on either side of an element cf;%%eref\’f direckieaT

to deflect it. F —| 5 '4_ F
— —_—
 Shear stress is defined as: ‘ tT: ‘
__F Iy :

A F F

b
where 7 : shear stress, MPa (n / mm?2), F = @ (b)
applied force, N, and A is the area over which Fig. 3-12: Shear (a) stress and (b) strain.
force is applied, mm?2.

. Shear strain can be defined as:

0

s

where y is shear strain, mm / mm, d = the
deflection of the element, mm, and L, is the
orthogonal distance over which the deflection
occurs, mm.



Stress-Strain relationships;
Shear properties

— o0
v be ) é :
Shear stresses and strains are commonly tested

in altorsion test

A
-1
a thin-walled tubular specimen is
subjected to a torque. As torque is increased, a

tube deflects by twisting (shear strain for this
geometry).

T
- LA Section A-A
2Rt
- Fig. 3-13: Torsion test setup.
where T: is the applied torque (N-mm)/R =
radius of the tube measured to the neutral axis of
the wall (mm), and t = wall thickness (mm).

-
Shear strain : — R_OC

L

Y

o\eﬁreoe x I

K—? \2)0

where « is the angular deflection, radians, and L
is the gauge length in mm.




Stress-Strain relationships;
Shear properties ,

A typical shear stress-strain curve is shown in
Fig. 3-14

In the elastic region:
T =Gy

where G: is the Shear modulus or shear
modulus of elasticity (MPa)

G is related to E by the equation:
G=04FE
where E is the conventional elastic modulus.

In the plastic region:

The material strain hardens to cause the applied

torque to continue to increase until fracture.

Shear strength is the stress at fracture (S).

Shear examples in industry:
blanking, punching & machining

Shear stress, 1

Shear
strength

Fracture
**********“"——;;;ﬁ%

>

N\
f’"" E \L Plastic region

xf‘
ﬁ
|
; e Yield point

!<—— Elastic region:
f =@y

————

.
Shear strain, y

Fig. 3-14: A typical shear stress-strain curve

from a torsion test.

S can be estimated from tensile test data

becess
Engineering and true stress-strain |, doeit

ause The

curves for shear are similar. Change/
S
Guess why? e xachty, e

SaMe i gheaV”
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properties of materials.

Important in design: a designer need to know how
the material properties at the operating temperatures
during service.

Important in manufacturing: a manufacturer need

to know how the properties are affected by
temperature during manufacturing.

Generally speaking, the higher the temperature the)
‘higher the ductility and the lower the strength

(better

formability at high temperatures).

Strength and ductility

<) ) ey 2’ 3 I\

\QoY\O\{(\S )\
\Od—weer\
aroMS
(s2pl JEE
Tensile
strength O V@’\%)‘\’\
—Z e cyeale
withh imcrea v
Y renpiahed

strength

Ductility
(% elongation)

-
Temperature
. T@MQFC}NM/Y
Fig. 3-18: Effect of
temp. on strength & %ﬂ(ej\ )Y\/\ 3/
ductility \,O\\VQS

Duckilidy §



Effect of Temperature on
Properties (Hot Hardness)

o Mot @m\@h

W 3oL A g\ao ﬂot hardness: is a property often used to characterize

edockion | gl yp-
in S\f@\%\'\'\

. 2_ o ¢\o\
)Py pEN T

strength and hardness at elevated temperatures.(ltis
simply the ability of a material to retain hardness (or resist
softening) at elevated temperatures.

Usually presented as a plot of hardness versus
temperature.

In steel: alloying would enhance the hot hardness.

Ceramics: they show superior properties at elevated
temperatures (that is why they are used as refractory
material).

Good hot hardness is desirable in tooling materials used in
manufacturing operations.

Hardness

fjl‘a; >‘3,° (Lp_sl S\
o, O s 2N
Shrengh ) (p Lo !
—_—— K_B <w d\'\s\om"{"“ A ‘ISJ> )
~.__Ceramic
~ High-alloy J
\steel
N \ HighC \|
Low C ™\ steel
steel (HT) \_\ (HT) \
2§97
[ I
0 250 500

Temperature, °C

Fig. 3-19: Hardness vs.
temperature for various materials.



Effect of Temperature on
Properties (Recrystallization Temp.)

Recrystallization: is the process in which_new strain-free grains are formed. The temperature at
which this process happens is called the Recrystallization Temperature (~ one half the melting
temperature (0.5 T yging))-

If metals were deformed at room temperature, they would behave in accordance with the flow
curve equation. &= K ¢."

If metals where deformed athigh temperatures, say recrystallization temperature, then they would
have an elastic and superplastic behavior (no strain hardening). §& = K = )/.Q‘O( be.couse n=o

smﬂa

This is due to the formation of new strain-free grains at elevated temperatures.

..I -

deformation is significantly reduced. Ducti lﬂ—d 0
Strengt |
Metal forming at recrystallization temperature is called Hot Working. SHress valves |
J57 o Pl oy
Jot Stegh ) o

Higher strain can be endured at recrystallization temperature. Power spent to carry out E









Hardness

Hardness: is~a measure of a material’s resistance totocalized
plastic deformatien (permanent indentation).

High hardness: material is\esistant to sefatching and wear.

Mohs scale (qualitative): ranges from 1 on the soft end for talc to
10 for diamond.

There is a good correlation between the material’s_hardness and
its strength.



Hardness

Hardness tests are performed more frequently than any other
mechanical testfqr several reasons:

— They are simple and inexpeqsive—ordinarily1io special specimen need to be
prepared, and the testing apparatus is refatively inexpensive.

— The test is nondestructive—the-Specimeniis neither fractured nor excessively
deformed; a small indentatien is the only defegmation.

— Other mechanicalgroperties often may be estimated from hardness data,
such as tensjle’strength



Rockwell and ([ Diamond

120 60 kg)
Superficial cone \/ 100 kgt Rockwell
Rockwell { 1A zin I | 150 kg

.3 J

Hardness
Rockwell Hardness Tests

The most common method used to measure hardness because they are so
simple to perform and require no special skills.

Several indenters (steel baltyconical diamond), several loads can be utilized.
Thus, suitable for almost all metal alloys, including’polymers.

Indenter (1.6 or 3.2 mm in diameter) is pfessed into the specimen. Load starts at
10 kg to seat the indenter in the material, anththen increased up to 150 kg. The
indenter penetrates into the matetial. The distante_penetrated (d) is converted to
Rockwell hardness by the testing machine.

dlameter gl
steel spheres T 30 k2

_J_ ) 45 kg

Fig. 3-15: Rockwell hardness testing technique.

uperficial Rockwell




Brinell

Hardness
Brinell Hardness Tests

In Brinell testsyas in Rockwell measurements, a hard, spherical indenter (10 mm
in diameter) is forsed into the surface of the metal to be tested,

Standard loads range between 500 and 3000 kg.

The load is then divided into the indentation area to get Brinell Hardness number.

Side view Topiew
10-mm sphere " 2 " J HEB — 2P
of steel or J | |~ DD - VI - &
tungstegarbide | '1|

Fig. 3-15: Brinell hardness testing technique.



Hardness
Vickers Hardness Test

« Uses a pyramiq-shaped diamond indenter (10 mm in diameter).
« Impressions made by this indenter are geometrically similat regardless of load.
» Value of load applied depends on.the material’'s ardness.

« Applied loads are much smaller than for'Reckwell and Brinell, ranging between 1

and 1000 g.
Side view Tobwiew
Vickers Diamong /-""'35'“"--.\-___ d d HV = 1.854P/d?
microhardness pyrdmid l e — .'

Fig. 3-16: Vickers hardness testing technique.



* Uses a pyramidsshaped diamond indenter with length to width ratioof 7:1.

 Applied loads are the s
hardness.

Knoop
microhardness

Diamond

Py

mid

Fig.

Hardness

Knoop Hardness Test

jallest comparing to Rockwell, Bririell and Vickers

Side view Topiew

e PR,
_N [ v
—_——

3-17: Vickers hardness testing technique.

HK = 14.2P/F?



Hardness of Various Materials

 Metals: For most metals, hardness is closely related to strength.

* Hardness is a form of compression, so one would expect a good correlation between
hardness and strength properties determined in a compressigntest.

+ Compression and tensile tests are neartyxthe same, s6 the correlation with tensile properties
would also be acceptable.

» Brinell hardness exhibits a close correlation with TS {MPa) for steels, and the formula is:

S = 3.45H B

Brinell. - . Rockwell Brinell Rockwell':

Far mere e ==

- Hardness, -~ Hardness, dness, Hardness,

Metal | HB HR? Metal
Aluminum, annealed 20 Magnesium alfoys, hardened® 70
Aluminum, cold work€d 35 Nickel, annealed 75
40 Steel, low C, hot rolied® 100
Aluminum pfoys, hardened”® , 90 52B Steel, high C, hot roiled® 200
80 44B Steel, alloy, annealed® 175
( 175 10C Steel, alloy, heat treated® 300
Copper, annealed 45 Steel, stainless, austenitic® 150
Copper alloy: brass, annealed 100 60B Titanium, nearly pure 200
Lead 4 Zinc 30




Hardness of Various Materials

» Ceramics: Brirgll hardness is not appropriate for ceramic

. ardness tests ar

Approximate
Material noop Hardness

Diamond (carbo

uminum oxide (Al;O;)
Quartz (Si0;)
Glass

Approximate Knoop Hardness (100 g load)
for Seven Ceramic Materials.



Hardness of Various Materials

* Polymers: Softer than metals and ceramics, and most har
are conducted bypenetration techniques similar to thos€ described for
metals. Rockwell and\Brinell tests are frequently used for polymers.

| Brinel ‘ Brinell
Polymer Hardness, HB \ Polymer Hardness, HB

Nylon | ' 12 7
Phenot formaldehyde 36 20
Polyethyiene, low density 2 i0

Polyethylene, high densit 4




Fluid Properties

Unlike solids, fluids flow; they take the shape of the container that
holds them.

Fluids include liquids and.gases.

Many manufacturing processeg are. done by converting the
materials from the solid state to the liquid state.

Examples are: metal casting, glass blowing and\polymer molding.



Fluid Properties
Viscosity

All fluids canflow. However, the tendency to flow diffefs for different
fluids.

Viscosity: is the resistanee to flow, thatis characteristic of a fluid. It
is the property that determines fluid ffiow, and a measure of the

internal friction that arises whep>¢elocity gradients are present in the
fluid.

In other words, themore viscous the fluid is, the higher the internal
friction and the greater the resistance to flow.

Fluidity: is the reciprocal of viscosity; the ease with which a{luid
flows.




Fluid Properties
Viscosity

« Considering~kig. 3-20, viscosity can be defined more-precisely.

* Two plates, one is stationary and the otherts moving at velocity v
(oriented to the x-axis). Plates are separated by a distance d
(oriented to the y-axis). The Space bétween the plates is occupied by
a fluid.

Fig. 3-20: Fluid flow between two
parallel plates. One is stationary
nd the other is moving.

Flow velocity
vectors

Q

—

|
2} /




Fluid Properties
Viscosity

The motion“ef the upper plate is resisted by force F that results from
shear viscous astion. This force can be described-as shear stress:

F

T = — Where tis the shear stresg’in Pa (N/m?).

Shear stress is related to _thie rate of shear, which is defined as the
change in velocity dv r€lative to the dy:

dv

)/. = —— “Where Y is the shear rate in 1/s; dv is the incremental
2 change in velocity in m/s; and dy is the increments
change in distance yin m.



Fluid Properties
Viscosity

The shear viscosity is the fluid property that defines the relatibnship between
F/A and av/dy:

%:nd—v or T =ny~ where nis the coefficient’of viscosity (Pa-s).
Y

Rearranging, we get:

T
n=-—
Y

Thus, viscosity of a fluid cean be defined as the ratio between shear stress to
shear rate during flow; Where shear stress is the frictional force exerted by a
fluid per unit area , &nd shear rate is the velocity gradient perpendicular to
the flow directign:

Newton ebserved that viscosity is a constant property of a given fluid. Such
a fluid-is called Newtonian fluid.



Fluid Properties
Viscosity in Manufacturing
Processes

In metals: many manufacturing processes require melting the metal;
e.g. welding and casting.

Success in these operations require low viscosity so that the molten
metal fills the mold cavity~qQr weld seam before solidifying.

In forming processes, lubricants’and coolants are used, and again
the success of these fluids dependsxto some extent on their
viscosity.

In glasses: they exhibit gradual transition fromsqlid to liquid. They
become less gnd less viscous with the increase intemperature, until
they can befinally shaped by blowing or molding at arqund 1100 °C.




Metal Forming Processes

Chapter Fifteen:

Dr. Eng. Yazan Al-Zain
Department of Industrial Engineering



Introduction

« Bulk deformation processes in metal working
include:

27 _Rsllifig:

— Other deformation processes related to rolling.
-« == Forging.

— Other deformation processes related to forging.
- = — Extrusion.
g /{j;ujm Wire and Bar Drawing.
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BuI deformation processes accomplish significant shape
change in metal parts whose initial form is bulk rather than
sheet.

The starting forms include (1) cylindrical bars and billets, (2)
rectangular billets and slabs, and (3) similar elementary

geometries.

o\\wwaS
* The bulk deformation processg;e%\e the starting shapes,

improving mechanical properties, and .@@
adding commercial value. ~ her 53 colq .-

wo \ms wo W, "9 g—\-{‘c\\‘h

cetd WOrKM& — V\Wmfz\j
: . Pheng,
Deformation processes|work by stressing the metal "o ng

sufficiently to cause it to plastically flow into the desired shape.
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Bulk deformation processes are performed as (1).@[}
(2) and (3)perations.
Cold and warm working is appropriate when the shape
change Is less severe, and there is a need to improve
mechanical properties and achieve good finish on the
part.
. . . ‘AM .
Hot working|is generally required when massive
deformation of large workparts is involved.
| Co\cl WOV \(\‘\“O& ’
<han harde/f\'\ﬂ% phenomenag
Sjwer\ggf\f\ )
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Introduction

« The commercial and technological importance of bulk
deformation processes derives from the following:

— When performed as— they can achieve

significant change in the shape of the workpart. gengt ¥

— When performed as'cold working operations, they can be used

_not only to shape the product, but also_to increase its strength
through strain hardening. Strength

— These processes produce little or no waste as a byproduct of the
operation. Some bulk deformation operations are_near net shape
or net shape processes; they achieve final product geometry with
little or no subsequent machining.




Pimensions I = Coag
specially the  fhickness,

Rolling: is a deformation process in which the thickness of the work
is reduced by compressive forces exerted by two opposing rolls.

The rolls rotate to and simultaneously/squeeze the workpart
between fhem. @ @

ASlae o o Lot 5ok Roll

Gripping o 7

Siaez\' v\% /

thiciness| Jiss

/_’ T Ushh w3 g
width I\

Direction of work flow
—

Work

Figure 19.1 The rolling process (specifically, flat rolling).
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« According to the part geometry, the rolling processes can
be divided into:

v S — Flat rolling: used to reduce the thickness of a rectangular cross

section.

— Shape rolling: related to flat rolling, in which a square cross
section is formed into a shape such as an I-beam.



Rolling

s

« Rolling can be carried out at high or low (ambient)
temperatures.

. ...ce ..— Hotrolling: most rolling is carried out by hot working, due to the
wemon  large amount of deformation required.

) e_r\a
™ po(hﬁ-

Hot-rolled metallis generally free of residual stresses, and its
properties are isotropic (similar properties in different directions).

— Dis?dvant?ges of hot rglliﬁg arﬁthatr’ghe proﬁuct c;anntot be held -
to close tolerances,(@nd the surface has a characteristic C =N
Scala ’g’rq,m)P
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Rolling

* Rolling can be carried out at high or low (ambient)
temperatures.

— Cold rolling: less common than hot rolling.

— Cold rolling strenathens the metal and permits a tighter tolerance

on thickness.
oubdll ol

— the surface of the cold-rolled sheet is absent of scale and
generally superior to the corresponding hot-rolled product.




Intermediate rolled form

Rolling

Final rolled form

not vse
,\-\,\{s one&

_— Bloom

Slab

cross seehion
Redw/\(ﬁ“m‘/

Billet

C(05S SeChisn
Sclluwre,
or circle

Figure 19.2 Some of the steel products made in a rolling mill.

Structural shapes
'
Plates, sheets
’

Bars, rods

— &£

Rails

—
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Rolling
Flat Rolling and Its Analysis

« Flat rolling involves the rolling of workparts of rectangular cross section in
wlhich the width is greater than the thickness; e.g. slabs, strips, sheets and
plates.

 Draftis amount of thickness reduction and described as:

d=t,-t,

where d = draft, mm; ¢, = starting thickness, mm; and t, = final thickness, mm.

« Draftiis sometimes expressed as a fraction of the starting stock thickness,
called the Reduction (r):

11



Rolling
Flat Rolling and Its Analysis

— directiona| SPQQC\
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R = roll radius

p = roll pressure
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Figure 19.3 Side view of flat rolling, indicating before and after
thicknesses, work velocities, angle of contact with rolls, and other
features.
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Flat Rolling and Its Analysis
» Spreading: the increase in width due to rolling, described as:

tw,L,=t,w.L,

where w, and w,are the before and after work widths, mm; and L, and L,are the before and
after work lengths, mm.

« Similarly, before and after volume rates of material flow must be the same,
so the before and after velocities can be related:

LWV, =L WV,
where v, and v, are the entering and exiting velocities of the work.

13
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Flat Rolling and Its Analysis

« True strain is expressed by:

tO
£ =ln—<%
Trve % B 3rain
Sttt f L)% 305 \aenng )\ o

R o2 Lo

AL

« _The true strain can be used to determine the average flow stress| : (MPa)

applied to the work material in flat rolling:
Ke"
l+n

Y, =

N P

The average flow stress is used to compute estimates of force and power in rolling.
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Rolling /

Flat Rolling and Its Analysis

« There is a limit to the(maximum possible draft'that can be accomplished in
flat rolling with a given coefficient of friction, defined by:

dmax = !‘L 2R

where d, .. = maximum draft, mm; p = coefficient of friction; and R = roll radius, mm.

« (Rolling force)(F, N) can be expressed as:

F = waL
« Contact length (L, mm) is described as: R«g‘;}%i‘
L=.R(,-t,) - ohR
« The torque (7) and the power required to drive each roll (P, J/s) are:
T =0.5FL and P = 2mNFL

where P = power, J/s or W; N = rotational speed, 1/s; F = rolling force, N; and L = contact
length, m.
15



Rolling %

Shape Rolling

* In shape rolling, the work is deformed into a contoured cross section.

« Products include construction shapes such as I-beams, L-beams,
and U-channels; rails for railroad tracks; and round and square bars
and rods.

» The process is accomplished by passing the work through rolls that
have the reverse of the desired shape.

» Most of the principles that apply in flat rolling are also applicable to
shape rolling.

 Shaping rolls are more complicated; and the work, usually starting as
a square shape, requires a gradual transformation through several
rolls in order to achieve the final cross section.

16



Rolling
Rolling Mills

* Rolling mill configurations:

— Two-high: consists of two opposing rolls, and the configuration
can be either reversing or nonreversing.

U[og H/\IC-MY\CSQJ dl_o\ Sw );LG—/
—_)OU_QQ Clﬁ g_b; Lo /‘JZJ ;j'o V

r
. o\c\/\]’ne /l Q}j? 31
lgdo2 g V,

\

Figure 19.4 Various configurations of rolling mills: (a) two-high
rolling mill.

(a)
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Rolling
Rolling Mills

* Rolling mill configurations:

— Three-high: three rolls in a vertical column, and the direction of
—~ rotation of each roll remains unchanged.

moT

practical

Figure 19.4 Various configurations of rolling mills: (b) three-high

. ) 18
rolling mill.



Rolling
Rolling Mills

Rolling mill configurations:

— Four-high: uses two smaller-diameter rolls to contact the work
and two backing rolls behind them. . ..

o
e\ 4 Lo
R \ -P:((-EMQ%\F

Ve palad
Alloys ° Uj)ﬁg

(c)

Figure 19.4 Various configurations of rolling mills: (c) four-high
rolling mill.
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Rolling
Rolling Mills

Rolling mill configurations:
Roll (PrST o5

— Cluster mill: roll configuration that allows smaller working rolls
against the work (smaller than in four-high mills).

- s Atk oF 4 backef Rolls
fo ‘36)r hiopes backup Force
anNd MoTe Q%Ficie,\(\(;kg

(d)

Figure 19.4 Various configurations of rolling mills: (d) cluster mill.
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Rolling
Rolling Mills

* Rolling mill configurations:

— Tandem rolling mill : consists of a series of rolling stands, aimed
at higher throughput rates. -

Porss
(i dot contioons NS ol 9
Pl pagt =
(_%P.,_\ TVLC@CI/HY{@I (}b_} dxﬂJ (/09

Q® Roll padias
@QOC}Y—?CEW\’\' of fickon

Figure 19.4 Various configurations of rolling mills: (e) tandem

. ) 21
rolling mill.



Other Deformation Processes
Related to Rolling

Thread Rolling:

— Used to form threads on cylindrical parts by rolling them between two dies.

— The most important commercial process for mass producing external
threaded components.

— Performed by cold working in thread rolling machines. These are equipped
with special dies that determine the size and form of the thread.

— [ Advantages of thread rollinglover thread cutting and rolling include:

« Higher production rates.
» Better material utilization.
 Smoother surface.

» Stronger threads and better fatigue resistance due to work hardening.

22



Other Deformation Processes
Related to Rolling et

Baw i L\ o
i we e twodits < ot df e
* Thread Rolling: - > moing 4
e
Starting blank Finished part

J‘\ 052
Fixed die / Faigue Strength /
, AJLs
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"otk
b
distance

Moving die
-

Shear
SWCSS(;OM (1) (2)

Figure 19.5 Thread rolling with flat dies: (1) start, and (2) end of cycle.
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Other Deformation Processes
Related to Rolling

* Ring Rolling: a deformation process in which a thick-walled ring of
smaller diameter is rolled into a thin-walled ring of larger diameter.

— As the thick-walled ring is co d, the deformed material elongates
causing the diameter of thé ring to Ee enlarged. Mo TG
Heiqht ,_)wx: 75 f\l_\c_)‘;\'ble
Thickness  p=x) &\\_ov%lé% qs%e)

Idler roll

@b Orsent e, incrre Main roll

in height > '

Edging rolls {:

}\06’\"' N 9.2'4:,.; UL::—Q ’) \
Sby e

Feed

1 -
(—\-\\);CKYIQQS I\ yeps Coag)l )

. Het $Y e
hoop ame: P (work.ns) amouat SN 1), L
_@ Shesses diameter i\ PP 9 Process of de?brm-hon . |
e_ Sml) S I5), hoof®
(% oy 3‘) of de fomockon sieses” !

Figure 19.6 Ring rolling used to reduce the wall thickness and increase the

diameter of a ring: (1) start, and (2) completion of process. w& \;"\dV)‘dﬁo now 24
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Other Deformation Processes
Related to Rolling

* Ring Rolling:

— Usually performed as a-hot-working process-for large rings and as a cold-
working process for smaller rings.

- lications ir ball and roller bearina races /steel tires for railroad
wheels /and rings for plpes/’pressure vessels/% d rotating machinery.

— Advantages over processes producing similar products include: (1) raw
material savings, (2) ideal grain orientation for the application, and (3)
strengthening through cold working.

)\K)\ ‘{‘)\ﬁbw\ (_PU
ﬁq«:srgi
5—\165535_5\
CE/HfrJ\uo
ZJL:JI ol::\l
=D @
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Other Deformation Processes
Related to Rolling

* Roll Piercing: a specialized hot working process for making seamless
thick-walled tubes.

— Based on the principle that when a solid cylindrical part is compressed on its
circumference, high tensile stresses are developed at its center. It
compression is high enough, an internal crack is formed.

— Compressive stresses on a solid cylindrical billet are applied by two rolls,
whose axes are oriented at slight angles (6°) from the axis of the billet, so that
their rotation tends to pull the billet through the rolls. A mandrel is used to
control the size and finish of the hole created by the action.

26



Other Deformation Processes
- Related to Rolling
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Figure 19.7 Roll piercing: (a) formation of internal stresses and cavity by
compression of cylindrical part; and (b) setup of Mannesmann roll mill for 27
producing seamless tubing.
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+ Forging: a deformation process in which the work is compressed
between two dies, using either impact or gradual pressure to form the:
part.

— Dates back to perhaps 5000 BCE.

— Today, forging is an important industrial process used to make a variety
of high-strength components for automotive, aerospace, and other
applications.

— These components include engine crankshafts and connecting rods,
gears, aircraft structural components, and jet engine turbine parts.

— In addition, steel and other basic metals industries use forging to
establish the basic form of large components that are subsequently
machined to final shape and dimensions.

28



Forging

Forging can be classified in many ways| one is working temperature.

— (Hot or warm forging: done when significant deformation is demanded

by the process and when strength reduction and increase of ductility is
required.

— (Cold forging: its advantage is the increased strength that results from
strain hardening of the component.

The other way is by the way the forging is carried out:

— Forging hammer: a forging machine that applies an impact load.

— Forging press: a forging machine that applies gradual load.

29



Forging

-

- _Forging.can-be also quésified'accordi%g to the degree to which the
flow of the work metal is constrained lies. ) -

matefialy > —

0(2:3)\' ‘F lo‘“" L_—gyn-—)
perpencliculey
P\ ol5w

Llow ) ):_q_\ —_—
dolsl madedially
Pazy

Q’)‘LEO F]owj\i(
G@L?j))] O o =

Open-die forging: the work is compressed between:two flat dies; thus
aﬁtﬁmwm a lateral direction relative

to the die surfaces. rererdicuor direchon
(close -die forying)

Impression-die forging: the die surfaces contain a shape or
impression that is imparted to the work during compression, thus
constraining metal flow to a significant degree. Here,flash will form:

Flashless forging: the work is completely constrained within the die
and no excess flash is produced.
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Forging

Upper die v, F
open-die forging

Workpiece

Wi Y Wi )2 Punch
Qq“os_s U )) 9 Lower die (stationary)
@hon ~ 7 .
(@) Workpiece
impression-die forging v, F
close —die §orgqiney Workpiece Die (stationary)

(Flash)

Upper die it must be cut oty S v n
-
Flash (: Parfina gsf’:cde;m \ . (o) Fhosh\ess forq g
l_j‘““()shsg“a” g = > \QQ s, &—Lg R
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Flagl =9 ¥ 2
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== Clush /\;9;?9 Lo
Figure 19.8 Three types of forging operation: (a) open-die forging, (b) impression-die

forging, and (c) flashless forging. 31
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Forging
Open-Die Forging

« Known as upsetting or upset forging.

 Involves compression of a workpart of cylindrical cross
section between two flat dies, much in the manner of a
compression test.

« (It reduces the height of the work and’increases the
diameter.

32
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Open-Die Forging e
* Analysis of Open-Die Forging:

— If carried out under ideal conditions of no friction between work and die
surfaces, then homogeneous deformation occurs, and the flow of the
material is uniform throughout its height.

1” l”

(1) (2)

Figure 19.9 Homogeneous deformation of a cylindrical workpart under ideal
conditions in an open-die forging operation: (1) start of process with workpiece 33
at its original length and diameter, (2) partial compression, and (3) final size.



Forging
Open-Die Forging

» Analysis of Open-Die Forging:

— Under these ideal conditions, the true strain experienced by the work
during the process can be determined by:

g=ln% |: \V\&:Z\V\ .Q_F__
J o

O
— The force to perform upsetting at any height is given by:

Fj;e@i 5"-%— = Ke

where F = force, N; 4 = cross-sectional area, mm2; and Yf = flow stress, MPa.

/yr - U

|+ N

34
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Forging ><

Open-Die Forging ot ¢

W possiples

* Analysis of Open-Die Forging:

— If carried out under conditions where friction between work and die
surfaces is accounted for, a\barreling effect)is created.

2) ©)

Figure 19.10 Actual deformation of a cylindrical workpart in open-die forging,
showing pronounced barreling: (1) start of process, (2) partial deformation,
and (3) final shape.
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Open-Die Forging
* Analysis of Open-Die Forging:

— Friction causes the actual upsetting force to be greater than what is
predicted the previous equation:

xhere is ho Frickion

\woﬂ\\ K= \) {& )
- <\Ej>0 s there ig Prction
- A

where K is the forging shape factor, defined as:

Dioumeter
L b 0, h—> insleatenvevs  Valves
0.4uD. ...~ =
K, =1+——25" o
h . e oard LSS

where u = coefficient of f'rictioﬁ‘; D = workpart diameter or other dimension
representing contact length with die surface, mm; and h = workpart height, mm.
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Forging
Open-Die Forging

In practice, open-die forging can be classified into:

— Fullering: a forging operation performed to reduce the cross section and
redistribute the metal in a workpart in preparation for subsequent shape
forging (dies have convex surfaces).

85280 pdaid
— Edging: similar to fullering, except that the dies have concave SlIJI’faCGS.

— Cogging: consists of a sequence of forging compressions along the
length of a workpiece to reduce cross section and increase length.

37
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Lower die
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Figure 19.11 Several open-die forging operations: (a) fullering, (b) edging, 38
and (c) cogging.



Forging
Impression-Die Forging

o (Impression-die forging (sometimes called'closed-die forging):
performed with dies that contain the inverse of the desired shape of
the part.

— _As the die closes to its final position, flash is formed by metal that flows
beyond the die cavity and into the small gap between the die plates.

— Although this flash must be finally cut away, it serves an important function
during impression-die forging.

« As the flash begins to form, friction resists continued flow of metal into the gap,
thus constraining the bulk of the work material to remain in the die cavity.

* In hot forging, metal flow is further restricted because the thin flash cools
quickly against the die plates, thereby increasing its resistance to deformation.

« Accordingly, compression pressure is increased, thus forcing the material to fill
the whole cavity.
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Forging
Impression-Die Forging

« Sequence in impression-die forging:

v, F

Upper die
Starting workpart

(1)

Figure 19.12 Sequence in impression-die forging: (1) just prior to initial
contact with raw workpiece, (2) partial compression, and (3) final die closure, 40
causing flash to form in gap between die plates.



Forging
Impression-Die Forging

+ (Advantages,6f impression-die forging compared to

machining from solid stock include:¢

< & -Tr-
rates, iess waste of metal, greater strength and favorable

(grain crientation’in the metal.

- (Limitations/include: the incapability of close folerances and
features needed.
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Forging
Flashless Forging

* Flashless Forging: the raw workpiece is completely contained within
the die cavity during compression, and no flash is formed.

[ Several requirements:

— The work volume must equal the space in the die cavity within a very
close tolerance.

— If the starting blank is too large, excessive pressures may cause damage
to the die or press. If the blank is too small, the cavity will not be filled.

— Simple geometries required.
— (Best for soft metals, such as aluminum and cupper and their alloys.

— Sometimes classified as Precision Forging.

42
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Figure 19.13 Flashless forging: (1) just before initial contact with workpiece,
(2) partial compression, and (3) final punch and die closure. 43
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Flashless Forging

. “is a type of flashless forging, in which fine details in the die
are impressed into the top and bottom surfaces of the workpart. There

1

is little flow of metal in coining.

b ol

Finished part

Starting blank

Retainer v

2 (3)
Figure 19.14 Coining operation: (1) start of cycle, (2) compression stroke,
and (3) ejection of finished part. 44
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. Forging Hammers and Presses

« Equipment used in forging consists of forging machines,
classified asthammers or{presses, and(forging dies.

 |n addition,‘auxiliary equipmentis needed, such as
furnaces to heat the work,(mechanical devices to load and
unload the work, and trimming stations to cut away the

flash in impression-die forging.
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Forging
Forging Hammers and Presses

(1) Forging Hammers: operate by applying an impact loading against
the work. They deliver impact energy to the workpiece.

— Used for impression-die forging.

— The upper portion of the forging die is attached to the ram, and
the lower portion is attached to the anvil.

— The work is placed on the lower die, and the ram is lifted and then
dropped.

— When the upper die strikes the work, the impact energy causes the
part to assume the form of the die cavity.

— Several blows of the hammer are often required to achieve the
desired change in shape.
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Forging
Forging Hammers and Presses

 Forging hammers are classified into:

(1) Gravity drop hammers: achieve their energy by the
falling weight of a heavy ram, and the force of the blow is
determined by the height of the drop and the weight of
the ram.

(2) Power drop hammers: accelerate the ram by
pressurized air or steam.

« Disadvantage: a large amount of the impact energy is
transmitted through the anvil and into the floor of the
building.
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Forging
Forging Hammers and Presses

Head (containing
cylinder)

Piston rod

Frame

Ram

Anvil

Figure 19.15 Diagram showing details of a drop hammer for impression-die
forging.
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Forging
Forging Hammers and Presses

(2) Forging Presses: apply gradual pressure, rather than
sudden impact, to accomplish the forging operation.

5\; J..uL.\

— Include mechanical presses, hydraulic presses, and screw
presses.

— Mechanical presses convert the rotating motion of a drive motor
into the translation motion of the ram.

— Hydraulic presses use a hydraulically driven piston to drive the
ram.

— Screw presses apply force by a screw mechanism that drives the
vertical ram.
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Other Deformation Processes
Related to Forging

Upsetting and Heading: a deformation operation in which a
cylindrical workpart is increased in diameter and reduced in length.

Used in the fastener industry to form heads on nails, bolts, etc (in
these applications, it is referred to as heading).

More parts produced by upsetting than any other forging operation.

Performed cold, hot or warm on special upset forging machines, called
headers or formers.

Long wire is fed into the machines, the end of the stock is upset
forged, and then the piece is cut to length to make the desired

hardware item.
50



. Other Deformation Processes
Teenle Related to Forging

 Upsetting and Heading: a deformation operation in which a
cylindrical workpart is increased in diameter and reduced in length.

— Gripping die ? | a
Y Y
/ 1<

e O T

Wire stock IA f

Figure 19.16 An upset forging operation to form a head on a bolt. (1) wire
stock is fed to the stop; (2) gripping dies close on the stock and the stop is
retracted; (3) punch moves forward; and (4) bottoms to form the head. 51



Other Deformation Processes
Related to Forging

 Upsetting and Heading: a deformation operation in which a
cylindrical workpart is increased in diameter and reduced in length.

Punch —  gpen — Die
: : : : — Work (wire stock) ¥ loghless
(@) a o
fY\ag\ale_Ss
() - -

Figure 19.17 Examples of heading (upset forging) operations: (a) heading a
nail using open dies, (b) round head formed by punch, (c) and (d) heads
formed by die, and (e) carriage bolt head formed by punch and die. 52



Other Deformation Processes
Related to Forging

Swaging and Radial Forging: forging processes used to reduce the
diameter of a tube or solid rod.

The swaging process is accomplished by means of rotating dies that
hammer a workpiece radially inward to taper it as the piece is fed into
the dies.

Radial forging is similar to swaging in its action against the work and
is used to create similar part shapes. The difference is that in radial
forging the dies do not rotate around the workpiece; instead, the work
is rotated as it feeds into the hammering dies.
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Other Deformation Processes
Related to Forging

Die

Work

i

Starting diameter — ==+ Final

~ diameter

J’ ?/

Figure 19.18 Swaging process to reduce solid rod stock; the dies rotate as
they hammer the work. In radial forging, the workpiece rotates while the dies

remain in a fixed orientation as they hammer the work. o4



Other Deformation Processes
Related to Forging

O lgg (SRS

Figure 19.19 Examples of parts made by swaging: (a) reduction of solid
stock, (b) tapering a tube, (c) swaging to form a groove on a tube, (d)

pointing of a tube, and (e) swaging of neck on a gas cylinder. o9



Other Deformation Processes
Related to Forging

Trimming: an operation used to remove flash on the workpart in
impression-die forging.

In most cases, trimming is accomplished by shearing.
Trimming is usually done while the work is still hot.

In cases where the work might be damaged by the cutting process,
trimming may be done by alternative methods, such as grinding or
sawing.
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Other Deformation Processes
Related to Forging
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Cutting edges
Figure 19.20 Trimming operation (shearing process) to remove the flash after
impression-die forging.
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Extrusion: a compression process in which the work metal is forced
to flow through a die opening to produce a desired cross-sectional
shape.

Imagine squeezing toothpaste out of toothpaste tube.

Advantages include:

— Avariety of shapes are possible (especially in‘hot extrusion).
— Microstructure and strength are enhanced in cold-and‘warm extrusion.
— Close tolerances are possible, especially in cold extrusion.

— in some extrusion operations, little or no wasted material is created.
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Extrusion
Types of Extrusion

« Extrusion can be classified in various ways:

Indirect Extrusion.

o\)e( ‘\1

Ghe
3 { By physical configuration:(Direct Extrusion and

— By working temperature:(Cold, Warm, or'Hot
Extrusion.

— Finally, it is performed as either alContinuous or
Discrete process.
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Extrusion
Types of Extrusion

* Directversus Indirect Extrusion: (1) Direct extrusion (also called
forward extrusion) is illustrated in the Figure below.

—— Container 14
We(ak%— A

(}ow{y\f 5_)[,0-” )“:‘J
<L$3J“’“j Suide/ 5\:\__”}

ws'jag';o Final work shape
| O 4 ov
—
v, F ——
Motion l Die
e e\ & _
> Work billet

Figure 19.21 Direct extrusion.
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Pre ssure,_depends on %

Billet Material & Temper
Cross-Section & Complexity

Length & Temperature

Extrusion Speed

Reduction/Extrusion Ratio




Extrusion
Direct Extrusion

A metal billet is loaded into a container, and a ram compresses the
material, forcing it to flow through one or more openings in a die at the
opposite end of the container.

As the ram approaches the die, a small portion of the billet remains
that cannot be forced through the die opening.

This extra portion, called thetbutt, is separated from the product by
cutting it just beyond the exit of the die.

Friction between container’s walls and workpiece is one big problem in
extrusion (so higher forces are needed to accomplish the process).

adliie Sty a8l
The problem is aggravated in hot extrusion due to formation of oxide
layer. 61
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Figure 19.22 (a) Direct extrusion to produce a hollow or semi-hollow cross 62
section; (b) hollow and (c) semi-hollow cross sections.



Extrusion
Types of Extrusion

e Directversus Indirect Extrusion: (2) Indirect extrusion (also called

backward extrusion) is illustrated in the Figure below.

: ndifect Xfrusio . .
o andifeck exfrusion e 1 e 8 g lgesta L
we. heae  one g Lenge™

Fricrion tocce —Container Container

conponent

oS @

<——
< ) _LY
Ram—/

Hollow ram

Final work Die Work billet Final work Die
shape Die is mon¥ed shape
inko +he oM
(a) vam )ls%.g‘) n;e 3\ (b)

PN oS Sickion”
Figure 19.23 Indirect extrusion to produce (a) a solid cross section and (b) a
hollow cross section.

Work billet
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Extrusion
Indlrect Extrusmn

The die is mounted to the ram rather than at the opposite end of the
container.

As the ram penetrates into the work, the metal is forced to flow
through the clearance in a direction opposite to the motion of the ram.

Since the billet is not forced to move relative to the container, there is
no friction at the container walls, and the ram force is therefore lower
than in direct extrusion.

Limitations of indirect extrusion are imposed by the lower rigidity of the
hollow ram and the difficulty in supporting the extruded product as it
exits the die.
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Extrusion
Types of Extrusion

e Hot versus Cold Extrusion:

— Extrusion can be performed either hot or cold, depending on work
metal and amount of strain to which it is subjected during
deformation.

— Hot extruded metals include: Al, Cu, Mg, Zn, Sn, and their alloys
(sometimes extruded cold as well).

— Steel alloys are usually extruded hot, although the softer, more
ductile grades are sometimes cold extruded (e.g. low C-steels).

Men‘a\)_%:ﬁ f&i‘ﬂ)y]
w extosion — Al IS probably the most ideal metal for extrusion (hot and cold).

— Products include: doors and window frames.
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Extrusion
Types of Extrusion

Hot Extrusion:

— Involves prior heating of the billet to a temperature above its
recrystallization temperature.

— This reduces strength and increases ductility.

— Additional advantages include reduction of ram force, and
increased ram speed.
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Extrusion
Types of Extrusion

& . 2 3
* (Cold Extrusion:
— (Used to produce discrete parts, in finished (or near finished) form.
e ——

— Impact Extrusion: indicates high-speed cold extrusion.

—LAdvantages.iincreased strength due to strain hardening, close
tolerances, improved surface finish, absence of oxide layers, and

high production rates.
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Extrusion
Types of Extrusion

e Continuous versus Discrete Extrusion:

— Continuous Extrusion: producing very long sections in one cycle,
but these operations are limited by the size of the starting billet that
can be loaded into the extrusion container. In nearly all cases, the
long section is cut into smaller lengths in a subsequent sawing or
shearing operation.

— Discrete Extrusion: a single part is produced in each extrusion

cycle. Impact extrusion is an example of the discrete processing
case.
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Extrusion
Analysis of Extrusion

« Consider the figure below:

Extrusion ratio: r, = 4, |dea|(no friction) case, pressure p: p = Y_fln v,
& — Ke”
True strain: ¢ = In—2° Average flow stress (MPa): Y, =
Af . l+n
Container

Final work shape

ross seckion  round

Die

Work billet
[NOTE: This is ideal case (no friction considered)} 6

The workpiece has round cross section




Extrusion
Analysis of Extrusion

« Consider the figure below:

Extrusion ratio: r, = 4, |dea (no friction) case, pressure p: p = Yf Inr,
A . o
True strain: ¢ = [In—2 Average flow stress (MPa): Y_f _ 28
4y mmé E*l?:rbw smaller Container I+n

fron  the billet

Final work shape

Ram ~—\

v, F

Die

Work billet
[NOTE: This is ideal case (no friction considered)} 6

The workpiece has round cross section
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Extrusion
Analysis of Extrusion

* If friction is considered:

Extrusion strain: e =a+ bln v, where a & b are constants for a given die angle: a = 0.8 &

b=1.2to01.5.
et oxsion 5o e 2 e
For |n0c“!||rect extrusion: p = 17€, Coct Loxae 05>
> —E)’ ("K'L >— f g(—(\
. SR — 2L
For direct extrusion, friction is higher, so: p=Y & + F Exdrudate
’ @ P\our\CL - cfo5s SQCHM\
Ram forces in indirect or direct extrusion, £ (N): F = pA 2) solid
; \
O M) 3asy o3
Power required P (J/s): p = Fy vis velocity in m/s 3.5 EME
L:JX>\—=—6\
NOTE: friction considered and
cross section is round. 70




Extrusion

Extrusion Dies and Presses

/7 Container

> A
Y E Higher friction at low o
Die angle —» u/\ g <
fond
< e 8
Exiru =
s [ 2 Higher redundant work at high o
weight: (Ec
il o Optimum
} -
Die angle (&)
(a) (b)

Figure 19.24 (a) Definition of die angle in direct extrusion; (b) effect of die

angle on ram force.

[ Low die angles (a):

high friction so high ram force.

[High die angles (a.):

Ol |
more turbulence, so increased ram force.

An optimum die angle exists.
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Extrusion
Extrusion Dies and Presses

* The effect of the die orifice shape can be assessed by the die shape
factor, can be expressed as follows:

S\ ..
10cm hj&)‘a‘fﬂvﬁ, Ax=\00=I‘)I_(>2-
10 el Yucd) Oy

om Yl 295 D= \)v’)_om- : . .
“~ where K_='die shape factor in extrusion; C, = perimeter of the

L[
Kx =0.98+0.02| = * extruded cross section, mm; and C, = perimeter of a circle of
Cc ... the same area as the extruded shape, mm.

— </ _a i
ouad
extrudate

— K= |.002

S C,c= I.2TC e

K for circular shape = 1

4 V

K for hollow, thin-walled

sections is higher.

- J

omeSo\\"*
— &
For indirect extrusion: p = Yf@ ‘ [For shapes other than }
- ) round.

o 2L
For direct extrusion: p = Kfo(ex + D) 72
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Figure 19.25 A complex extruded cross section for a heat sink. (Photo

courtesy of Aluminum Company of America, Pittsburg, Pennsylvania). 73



Extrusion

Extrusion Dies and Presses
oKL i1 s

Extrusion presses: either horizontal or vertical,
depending on orientation of the work axis.

Usually hydraulically driven.

This drive is especially suited to semi-continuous
production of long sections, as in direct extrusion.

Mechanical drives are often used for cold extrusion of
individual parts, such as in impact extrusion.
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Extrusion
Defects in Extrusion

Centerburst. an internal crack that develops as a result of tensile
stresses along the centerline of the workpart during extrusion.
Conditions that promote centerburst are high die angles, high
extrusion ratios, and impurities.

Piping: a defect associated with direct extrusion. It is the formation of
a sink hole in the end of the billet. The use of a dummy block whose
diameter is slightly less than that of the billet helps to avoid piping.

Surface cracking: results from high workpart temperatures that cause
cracks to develop at the surface. They often occur when extrusion
speed is too high, leading to high strain rates and associated heat
generation.
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Figure 19.26 Some common defects in extrusion: (a) centerburst, (b) piping,

and (c) surface cracking. 26



Wire and Bar Drawing

Drawing: is an operation in which the cross section of a bar, rod, or
wire is reduced by pulling it through a die opening.

The difference between drawing and extrusion: the work is pulled
through the die in drawing, whereas it is pushed through the die in

/ Draw die

extrusion.

Starting stock

-

Final work size

Figure 19.27 Drawing of bar, rod, or wire.
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Wire and Bar Drawing

Bar drawing: the term used for large diameter bars.

Wire drawing: applies to small diameter bars (wire sizes down to 0.03
mm are possible in wire drawing).

Two stress components are present is drawing; tensile stresses due
to the pulling action and compressive stresses because the metal is
squeezed down as it passes through the die opening.

A4,
4

Draft: difference between original and final diameter: d = D - Df

Change in size of work (given by area reduction): 7 =

Note: 4 is in (mm2) and D
IS in (mm).
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Wire and Bar Drawing
Analysis of Drawing

 Mechanics of Drawing:. assume no friction.

A 1
2 = |n
Af 1-r

True strain: € = In

- - A -
Stress: O = Yfe = Yf In —2 where Yf —
A, l+n
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Wire and Bar Drawing
Analysis of Drawing

 Mechanics of Drawing. assuming friction, consider Figure 19.27 .

(p In—2  friction: o = die angle; and @ is a factor that accounts for

_ A where o, = draw stress, MPa; p = die-work coefficient of
u
o,=Y, |1+
Af inhomogeneous deformation.

tano

D where D = average diameter of work during drawing, mm; and
¢ =0.88+0.12— L, = contact length of the work with the draw die.
C

D,+D, D,-D,
D="" and [ =—"
2 2sina

Accordingly, F = Afgd = A Y_(l + L)(b In Ao where F = drawing force,

St tan o Af N.
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Wire and Bar Drawing
Analysis of Drawing

e Maximum Reduction per Pass: why entire reduction is
not taken in one pass?

— As the reduction increases, draw stress increases.

— If the reduction is large enough, draw stress will exceed the yield
strength of the exiting metal.

— When that happens, the drawn wire will simply elongate instead of
new material being squeezed through the die opening.

— For wire drawing to be successful, maximum draw stress must be
less than the yield strength of the eX|t|ng metal.
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Wire and Bar Drawing
Analysis of Drawing

Maximum Reduction per Pass: assuming perfectly plastic material;
then (n = 0 hence Y, = Y), and no friction:

A 1

Y In 2 =Y ln

0,=Y,In—>=YIn
Af Af

=Y

|

This means that In (4,/4,) = In (1/(1 —r)) = 1. Hence, 4,/4,= 1/(1 - r)
must equal the natural logarithm base e. that is, the maximum possible

strain is 1.0:
e =1.0

AO
The maximum possible area ratio is:  ~ ~=¢= 2.7183
f

_eml 0632

The maximum possible reduction is:  'mas =7
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Wire and Bar Drawing
Drawing Practice

Drawing is usually performed as a cold working operation.

Most frequently used to produce round cross sections, but other
shapes are also drawn.

Drawn products include:

— Electrical wire and cable; wire stock for fences, coat hangers, and
shopping carts.

— Rod stock to produce nails, screws, rivets, springs, and other hardware
items.

— Bar drawing is used to produce metal bars for machining, forging, and
other processes.
83



Wire and Bar Drawing
Drawing Practice

« Advantages include:

— Close dimensional control.
— Good surface finish.
— Improved mechanical properties such as strength and hardness.

— Adaptability to mass production.
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Wire and Bar Drawing
Drawing Practice

 Drawing Equipment. (Bar Drawing)
— Draw bench: consists of an entry table, die stand, carriage, and

exit rack.
— The carriage is used to pull the stock through the draw die.

— Powered by hydraulic cylinders or motor-driven chains.

Starting work Entry table

Die stand

Drawn bars

Carriage

Exit rack

Figure 19.28 Hydraulically
operated draw bench for
drawing metal bars.



Wire and Bar Drawing
Drawing Practice

 Drawing Equipment. (Wire Drawing)

— Done on continuous drawing machines that consist of multiple
draw dies, separated by accumulating drums between the dies.

— Each drum, called a capstan, is motor driven to provide the proper
pull force to draw the wire stock through the upstream die.

— It also maintains a modest tension on the wire as it proceeds to the
next draw die in the series.

— Each die provides a certain amount of reduction in the wire, so that
the desired total reduction is achieved by the series.
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Wire and Bar Drawing
Drawing Practice

 Drawing Equipment. (Wire Drawing)

— Lubricant box
Initial wire stock (in coil form)

Draw die

Capstan drum (holds multiple loops of wire)

(1) () 3)

Figure 19.29 Continuous
drawing of wire. 87



Wire and Bar Drawing
Drawing Practice

Drawing Dies are made of tool steel, cemented carbides or diamond
and they consist of 4 regions:

(1) Entry Region: usually a bell-shaped mouth that does not contact the work.
Its purpose is to funnel the lubricant into the die and prevent scoring of work
and die surfaces.

(2) The Approach Region: is where the drawing process occurs. It is cone-
shaped with an angle (half-angle) normally ranging from about 6 to 20°.

(3) The Bearing Surface (Land): determines the size of the final drawn stock.

(4) The Back Relief: is the exit zone. It is provided with a back relief angle
(half-angle) of about 30°.
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Wire and Bar Drawing
Drawing Practice

 Drawing Dies:

Entry —»—\

Approach \
|

Approach angle L

’ ; ‘/< Back relief

Bearing surface (land)

Figure 19.30 Draw die for
drawing of round rod or wire.
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Wire and Bar Drawing
Drawing Practice

Preparation of work: involves three steps: (1) annealing, (2)
cleaning, and (3) pointing.

(1) Annealing: done to increase the ductility of the stock.

(2) Cleaning: required to prevent damage of the work surface and draw die.

(3) Pointing: involves the reduction in diameter of the starting end of the stock
so that it can be inserted through the draw die to start the process. This is
usually accomplished by swaging, rolling, or turning.
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- Sheet Metalworking
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Introduction

Sheet Metalworking includes ‘cutting and forming operations
performed on relatively thin sheets ot metal.

Typical sheet-metal thicknesses are between 0.4 mm and 6 mm.

For thickness more than 6 mm, the stock is usually referred to as

plate|rather than sheet. o Sheet _  platd
0-Y4 6

he sheet or plate stock used in sheet metalworking is produced by
flat rolling.

w-e@mPUCU\\'
The(most commonly used sheet metal is low carbon steel (0.06%—
0.15%) C). Its low cost and good formability, combined with sufficient

strength for most product applications, make it ideal as a starting
P N N g e o

material.
e o e > OV

Aluminium
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Introduction

Products that include /sheet|or plate metal parts: automobile and
truck bodies, airplanes, railway cars, locomotives, farm and
construction equipment, appliances, office furniture, and more.

Accordingly, the commercial importance of sheet metalworking is

significant. Lecous oF
fée \&\-mw:\rx\r;%enei
(shean hor
products \

Sheet metal parts are generally characterized by high strength, good
dimensional accuracy, good surface finish, and relatively low cost.

Economical mass-production: designed to process the parts.
Aluminum beverage cans are a prime examole e Sheed 1 relakively lof®

N 'w* P e
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50 e Wil e o recryshlization
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Introduction

heet-metal processingyi

usually performed at room temperature 1

M Sy %l

cold working).

The exceptions are when the stock is thick, the metal
deformation is significant. These are usually cases of

rather than hot working. ¢ o Ho‘\-_NQfK\'V\s
N Sheels and plates

is brittle, or the

warm working \

(Stamping Presses: machine tools on which most sheet-metal

operations are performed.

A Punch-and-Die (Stamping Die): the tooling that performs sheet

metalwork.

Stampings: the sheet-metal products.



. Cutting Operations :

RN ) o ST
D)

«  Cutting of sheet metal is accomplished by a shearing action between
two sharp cutting edges. @

v‘ ‘v, F ‘v. F lv, F
Punch

. Plastic Penetration
ol deformation \
Rod s \¢

f { It s — in ibesh ¢
g’aﬁ'f'\c_ ]ﬁS'hC I :15'
~c P NG 4. Fracture  <ocK
3 Punchh ia e wodenal racture
¢ 7 V777 JudiMgh A s 953 7
[/ Die i

‘_P‘lae—o c\earance 5 (1) (2) 3) (@)
Yguo C”S—Qi?
Figure 16.1 Shearing of sheet metal between two cutting edges: (1) just
before the punch contacts work; (2) punch begins to push into work, causing
plastic deformation; (3) punch compresses and penetrates into work causing
a smooth cut surface; and (4) fracture is initiated at the opposing cutting
edges that separate the sheet. Symbols v and F indicate motion and applied 5
force, respectively, t = stock thickness, ¢ = clearance.



Cutting Operations
Shearing, Blanking| & Punching |

* The three most important operations in pressworking that cut metal
by the shearing mechanism: Shearing, Blanking, and Punching.

—-a sheet-metal cutting operation along a straight line between
two cutting edges.

— Used to cut large sheets into smaller sections for subsequent
pressworking operations.

— Performed on a machine called a power shears, or squaring shears.

— The upper blade of the power shears'is often inclined to reduce the
required cutting force.



Cutting Operations
Shearing, Blanking & Punching

lv 1V
W) s RTNN Lo (o ol
Sorce B\ CoY\C@f\&WOC}Q = 4

o000 edge s

Te-tT
A

T T 7 T
(@) (b)

Figure 16.2 Shearing operation: (a) side view of the shearing operation; (b)
front view of power shears equipped with inclined upper cutting blade.



Cutting Operations
Shearing, Blanking & Punching

* The three most important operations in pressworking that cut metal
by the shearing mechanism: Shearing, Blanking, and Punching.

— ‘Blanking: involves cutting of the sheet metal along a closed outline in a
single step to separate the piece from the surrounding stock.

— The part that is cut out is the desired product in the operation and is
called the blank.

— (Punching: similar to blanking except that it produces a hole, and the
separated piece is scrap, called the

— The remaining stock is the desired part.



Cutting Operations
Shearing, Blanking & Punching

— Blanking and Punching:

Strip (scrap)

T
P—

n - Blon King Process

o This is my product
-4— Blank (part)

(@)
Figure 16.3 (a) Blanking and (b) punching.

hole pu(\dﬂmo\& process

Paﬂ /_"“s s mb Prgd(/c.'t'

Slug (scrap) j

(b) +he. <heet with fhe hole
s ma p(o duct



* Process Earameters in sheet-metal cutting are:

10



Cutting Operations
Engineering Analysis of Sheet-Metal Cutting

e Clearance: The clearance c in a shearing operation is the distance
between the punch and die, as shown in Figure 16.1(1).

— Usually range between 4% and 8% of the sheet-metal thickness.

— Improper clearance: see Figure below. [rateghl

Figure 16.4 Effect of clearance: (a)
clearance too small causes less than
optimal fracture and excessive
forces; and (b) clearance too large
causes oversized burr (a sharp
corner on the edge caused by
elongation of the metal during final
separation of the two pieces).
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Cutting Operations

Engineering Analysis of Sheet-Metal Cutting

 Clearance: correct value depends on sheet metal type and thickness. Heaf T camernit

e ¢c=A.xt

Cuge ¢ oot

where ¢ = clearance, mm; a = allowance; and ¢ = thickness, mm.

« Allowance depends on the sheet-metal type.

TABLE 20.1 Clearance allowance value for three sheet-metal groups.

Metal Group I

1100S and 50528 aluminum alloys, all tempers 0.045

2024ST and 6061ST aluminum alloys; brass, all tempers; soft cold- 0.060
rolled steel, soft stainless steel

Cold-rolled steel, half hard; stainless steel, half-hard and full-hard 0.075

« These calculated clearance values can be applied to conventional blanking and
hole punching operations to determine the proper punch and die sizes.

12



Cutting Operations
Engineering Analysis of Sheet-Metal Cutting

 Whether to add the clearance value to the die size or subtract it from the
punch size depends on whether the part being cut out is a blank or a slug, as
illustrated below for a circular part.

Punch and dies sizes for a round|blank|of diameter D,

Blanking punch diameter = D, — 2¢

Blanking die diameter = D,

-+—+— Punch

Punch and dies sizes for a round|hole|of diameter D, : }

/ Sheet stock
. Lo Dy,=
Hole punch diameter = Dh — +;5[mcfr71 size” | Die
Hole die diameter = Dh + 2C —> . el
o o e

~4— D, = die size »

Figure 20.5 Die size determines blank size D,; punch size
determines hole size D,.

Blanked piece




Cutting Operations
Engineering Analysis of Sheet-Metal Cutting

* In order for the slug or blank to drop through the die, the die opening
‘must have an angular clearance of@:259to@5%n each side.

Straight portion (for resharpening)

v

Die

Figure 16.6 Angular clearance.

Die

14



Cutting Operations

Engineering Analysis of Sheet-Metal Cutting

ooy

- (F)=8iL

where F = cutting force (N); S = shear strength of the metal (MPa); ¢ =
stock thickness (mm); and L = length of the cut edge (mm).

&4 l:zj
oyl b
* In case the shear strength was unknown, then: ( ba=o)
) F =\0.77TStL where TS = ultimate tensile strength (MPa).
S=07TS

£ 2100 N_=—21t"s Nﬁﬁdg-ﬁg“u
Crmissy | fonn 3|,

Mo
= 1Y.6 tons

FsS %y Lo
2. (5 fons

(L) =] bl .\\} LO_LS
(¥) 3 ' 9
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Cutting Operations
Other Sheet-Metal-Cutting Operations

In addition toshearing.blanking; and punching, there are several
other cutting operations in pressworking.

— Cutoff and Parting. ((}\oml/\h/\%\
— Slotting, Perforating, and Notching. ( Puf\d\m(@

— Trimming, Shaving, and Fine Blanking.

16



Cutting Operations
Other Sheet-Metal-Cutting Operations

both are. plamhing processes
e Cutoff and Parting.

Both lines cut
Cutting at same time

Strip lines Strip

Figure 16.7 (a) Cutoff and (b)(parting. Blank _f
(part)
(a) (b)
e N el e N e
No scrap Scrap forms -




Cutting Operations
Other Sheet-Metal-Cutting Operations

» Slotting, Perforating, and Notching. :
Ndhing ond semnd ")

Slot Pe TS:O m'\-\n % dey ok the edge of Ane sheet

/=0 Notching Cutoff line

—}blank Q00000 | A
2 R Eftpmran @

) 000000

OOOOOOOOOOO E(-I
Fin mber of holes r I—l n rl rl
}m - “””*?‘“‘EL"&:\ Seminotching Completed
blank

(a) (b) (c)

Figure 16.8 (a) Slotting (cutting out elongated or rectangular hole), (b)
perforating (simultaneous punching of a pattern of holes), (c) notching (cutting
out a portion of metal from the side of the sheet) and seminotching (removes a
portion of metal from the interior of the sheet).
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Cutting Operations

Other Sheet-Metal-Cutting Operations

« Trimming, Shaving, and Fine Blanking.

S&Aa“?\‘\’g(a)

th

Blanking

Pressure
pad

. “ — Shee

SN - ('e/ . 5
c\eﬁ",",vj 5,; /
ze 7 No Burf

(b)

Figure 16.9 (a) Shaving (to cut unsmooth edges and get accurate dimensions)
and (b) fine blanking (gives close tolerance and smooth, straight edges).
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Béndingin sheet-metalwork: EheSiraiNinG Of the'metalaround’a
‘straight axis.

During the bending: the metal on thelinside of the neutral plane )is
compressed, while the metal on the{qutside)is stretched.
~——=

The metal is plastically deformed so that the bend takes am
set upon removal of the stresses that caused it.

Bending produces little or no change in the thickness of the sheet
metal.

20



Bending Operations
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Figure 16.10 (a) Bending of sheet metal; (b) both compression and tensile 21
elongation of the metal occur in bending.



Bending Operations
V-Bending & Edge-Bending

« Bending operations are performed using punch and'die tooling.

« The two common bending methods and associated tooling are
V- bending, performed with a‘V-die; and edge-bending, performed with

a wiping die. berdi A9 oS
vl (v- bwdm% SZ(C?S ® " di
i o T—-’ 33 o ol "\
1 m we VUS& v 3 ‘”’;’o\?ﬁz‘f F l FF} W\A\’ﬂ
 Cone foree 1 1— l
-Punch—— |* Punch
Pressure pad —\

&
e = i | wiQpt % ohe
(1) (2)

(a) 5 low <LVQ\{“€S —s More Q-X?e,‘\s\\}e/

Figure 16.11 Two common bending methods: (a)'V-bending and (b) edge-
bending; (1) before and (2) after bending. v = motion, F = applied bending 22
force, F, = blank.



Bending Operations
V-Bending & Edge-Bending

V-Bending: the sheet metal is bent between a V-shaped punch and
die.

— Angles ranging from very obtuse to very acute can be made with V-dies.
— Generally used for low-production operations.
— V-dies are relatively simple and inexpensive.

Edge-Bending: involves cantilever loading of the sheet metal.

— A pressure pad is used to apply a force F, to hold the base of the part

against the die, while the punch forces the part to yield and bend over
the edge of the die.

— Because of the pressure pad, wiping dies are more complicated and
costly than V-dies and are generally used for high-production work.
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Bending Operations
Engineering Analysis of Bending

[1] Metal of thickness t is bent through an angle called the bend angle o.

[2] Result: a sheet-metal part with an included angle o', where o + a '= 180°.

[3] Bend radius (R): specified on the inside of the part, and is determined by the
radius on the tooling used to perform the operation.

[4] The bend is made over the width of the workpiece w.

Figure 16.12 (a) Bending of sheet metal.
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= Bending Operations
Engineering Analysis of Bending

Bend Allowance: If the bend
radius is small relative to stock
thickness, the metal tends to
stretch during bending.

— ltis important to be able to
estimate the amount of stretching,
so that the final part length will
match the specified dimension.

— The problem is to determine the
length of the neutral axis before
bending to account for stretching of
the final bent section.

— This length is called the bend

allowance. Le,%sfh Lo
¢ Neda
F New\ =2,
s L
L tendivey

prdin)

A =2 —(R+K, 1
360( ba)

where 4, = Bend allowance, mm; a =

bend angle, degrees; R = bend radius,
mm; ¢ = stock thickness, mm; and X, , is

factor to estimate stretching.

values recommended for K, : if

R <2t K,,=0.33; and |fR22t K,,
.9\13&.»\/\5

0.50. The values of K, predlct that

stretching occurs only if bend
radius is small relative to sheet
thickness.
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. . . AIPINS S AN S
0 Bending Operations

Ai“‘””“’ Engineering Analysis of Bending {

* Spring Back: when the bending o—-a,

6

pressure is removed at the end of 5B = o
the deformation operation, elastic !
energy remains in the bent part, where SB = springback; o’ = included angle
causing it to recover partially of the sheet-metal part, degrees; and o', =
toward its original shape. included angle of the bending tool, degrees.
— This elastic recovery is called rAlthough not as obvious, an increase in
springback. the bend radius also occurs due to
elastic recovery. The amount of
— ltis the increase in included angle springback increases with modulus of
of the bent part relative to the elasticity £ and yield strength Y of the
included angle of the forming tool
after the tool is removed. \__W()rk metal.
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Bending Operations
Engineering Analysis of Bending

* Amount of springback can be compensated by:

— Overbending: the punch angle and radius are fabricated slightly smaller than the
specified angle on the final part so that the sheet metal springs back to the desired

value.

— Bottoming: squeezing the part at the end of the stroke, thus plastically deforming it
in the bend region.
lF
— Punch

S\ A

/

~+— Die —»

(1) S/ oo ’ / / / /(/2)
Figure 16.13 Springback in bending shows itself as a decrease in bend angle and an
increase in bend radius: (1) during the operation, the work is forced to take the radius R,

and included angle o’; is determined by the bending tool (punch in V-bending); (2) after
the punch is removed, the work springs back to radius R and included angle o’
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Bending Operations " a0
Engineering Analysis of Bending

‘ |<4 Punch
 Bending Force: force required to e
perform bending depends on

geometry of the punch-and-die and ,—@—-
‘H— Die -+{ 1'
- ;

strength, thickness, and length of 1
the sheet metal.

ending o Facrer ]
( (a) )
pYK TS Wtz Figure 16.14 Die opening dimension
N F = Ky D) D: (a) V-die, (b) wiping die.

where F = bending force, N; (7S) = tensile This equation is based on bending

strength of the sheet metal, MPa; w = width of Ofa_ simple beam in mechanics, and
part in the direction of the bend axis, mm; ¢ = bels a constant that accounts for

stock thickness, mm; and D = die opening differences encountered in an actual
dimension as defined in Figure 20.12, mm. bending process. Its value depends
on type of bending: for V-bending,
K= 1.33; and for edge bending, K,
28

= 0.33.



Bending Operations
Other Bending & Forming Operations

Flanging: a bending operation in which the edge of a sheet-metal
part is bent at a 90° angle (usually) to form a rim or flange.

— Often used to strengthen or stiffen sheet metal.
— The flange can be formed over a straight bend axis.
— It may also involve some stretching or shrinking of the metal.

Hemming: involves cantilever loading of the sheet metal.

— Bending edge of the sheet over on itself, in more than one bending step.
— Often done to eliminate the sharp edge on the piece, to increase
stiffness, and to improve appearance.

29



Bending Operations
Other Bending & Forming Operations

Seaming: a related operation in which two sheet-metal edges are
assembled.

Curling (beading): forms the edges of the part into a roll or curl.

— Done for purposes of safety, strength, and aesthetics.
— Applications include hinges, pots and pans.

30



Bending Operations
Other Bending & Forming Operatlons

g be,ﬂd\f\
oww)‘ yef UW%

(a) (b)
Figure 20.15 Flanging: (a) straight flanging, (b) stretch flanging, and (c) shrink flanging.
(g0 Torging J) s 15\ X

Me,chal\(ca\
Wemning e—  Process J1 A

wies lo CK(V\%

(a) hen ()
Figure 20.16 (a) Hemming, (b) seaming, and (c) curling.
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Drawing: a sheet metal forming to make cup-shaped, box-shaped,
or other complex-curved, hollow-shaped parts .

— Performed by placing a piece of sheet metal over a die cavity and then
pushing the metal into the opening with a punch.

— The blank must usually be held down flat against the die by a
blankholder.

— Examples on parts made by drawing: beverage cans, cooking pots, and
automobile body panels.
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| Drawing . -
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Figure 16.17 (a) Drawing of a cupshaped p(g)rt: (1) start of operation before punch
contacts work, and (2) near end of stroke; and (b) corresponding workpart: (1) starting
blank, and (2) drawn part. Symbols: ¢ = clearance, D, = Blank diameter, D, = Punch

diameter, R, = die corner radius, R, = punch corner radius, F = drawing force, F, =
holding force.



Drawing
Mechanics of Drawing

A blank of diameter D, is drawn into a die cavity by means of a punch with
diameter D,,.

The punch and die must have corner radii, given by R, and R,

If the punch and die were to have sharp corners (R, and R, = 0), a hole-punching
operation would be accomplished rather than a drawing operation.

The sides of the punch and die are separated by a clearance c. This clearance in
drawing is about 10% greater than the stock thickness:

c=1.1t

The punch applies a downward force F to accomplish the deformation of the
metal, and a downward holding force F, is applied by the blankholder.
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* As the punch proceeds downward toward its final bottom position, the
work experiences a complex sequence of stresses and strains as it is
gradually formed into the shape defined by the punch and die cavity,

as shown below:
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Drawing
Mechanics of Drawing

1. As the punch first begins to push into the work, the metal is subjected to a
bending operation. The sheet is simply bent over the corner of the punch and
the corner of the die. The outside perimeter of the blank moves in toward the
center in this first stage, but only slightly.

2. As the punch moves further down, a straightening action occurs in the
metal that was previously bent over the die radius. The metal at the bottom of
the cup, as well as along the punch radius, has been moved downward with
the punch, but the metal that was bent over the die radius must now be
straightened in order to be pulled into the clearance to form the wall of the
cylinder. At the same time, more metal must be added to replace that being
used in the cylinder wall. This new metal comes from the outside edge of the
blank. This type of metal flow through a constricted space gives the drawing
process its name.

36



Drawing
Mechanics of Drawing

3. During this stage of the process, friction and compression play important
roles in the flange of the blank. In order for the material in the flange to move
toward the die opening, friction between the sheet metal and the surfaces of
the blankholder and the die must be overcome. (use of lubricants to reduce
friction)

4. In addition to friction, compression is also occurring in the outer edge of
the blank. As the metal in this portion of the blank is drawn toward the center,
the outer perimeter becomes smaller. Because the volume of metal remains
constant, the metal is squeezed and becomes thicker as the perimeter is
reduced.

This often results in wrinkling of the remaining flange of the blank, especially
when thin sheet metal is drawn, or when the blankholder force is too low.

If the blankholder force is too large, it will prevent the flow 37
resulting in possible tearing of the metal.




Drawing
Engineering Analysis of Drawing

e Measure of Drawing.

— Drawing can be characterized in 3 different ways; Drawing Ratio
(DR=D,/D,), Reduction (r=(D,-D,)/D,), and Thickness-to-Diameter

Ratio (¢/D,).
' ML 2 r <05
f\’; DR should be equal to or less than 2, while » should be less than 0.5.
0)
W\@M — The greater the ratio, the more severe the drawing.
WCx

o (X_ This desirable to be greater than 1% (to avoid wrinkling).
g
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Drawing
Engineering Analysis of Drawing

* Force: the drawing force required to perform a given operation can be
estimated roughly by:

D where F = drawing force, N; ¢ = original blank thickness, mm; 7S =
F = JtDpt(TS) D_b ~0.7 tensile strength, MPa; and D, and D, are the starting blank

diameter and punch diameter, respectively, mm. The constant 0.7

» . : o
is a correction factor to account for friction. - °"“3 5 (R 0\\

M\I*/of (Gy )
e pok %\ven
 Holding force, expressed by:

cxacjflt’&

’ 2 > .2, Where F = holding force, N; Y = yield strength
Fh = 0-015,}:75 {Db — (Dp + 2.2t + 2Rd) } of the sheet metal, MPa; ¢ = starting stock

thickness, mm; R, = die corner radius, mm.

e
7

e [ The holding force is usually about 1/3 of the drawing force. } 39




Drawing
Engineering Analysis of Drawing

Blank Size Determination: for the final dimensions to be achieved
on the cylindrical drawn shape, the correct starting blank diameter is
needed.

— Must be large enough to supply sufficient metal to complete the cup.

— Yet if there is too much material, unnecessary waste will result.

— The blank diameter can be calculated by setting the initial blank volume
equal to the final volume of the product and solving for diameter D,.

40



Drawing
Other Drawing Operations

 Redrawing: drawing done in more than a step, in case shape
change is too severe. The second drawing step, and any further
drawing steps if needed, are referred to as redrawing.

(1) (2)

41
Figure 16.19 Redrawing of a cup: (1) start of redraw, and (2) end of stroke.



Drawing
Other Drawing Operations

 Redrawing: drawing done in more than a step, in case shape
change is too severe. The second drawing step, and any further
drawing steps if needed, are referred to as redrawing.

* First draw: max. reduction 40 to 45%. Second: 30%. Third: 16%.

] 1 Jn

,—

| (2)
Figure 16.20 Redrawing of a cup ) start of redraw, and (2) end of stroke.
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Drawing
Other Drawing Operations

Drawing of Shapes Other Than Cylindrical Cups: square or
rectangular boxes (as in sinks), cups with spherical rather than flat
bases, and irregular curved forms (as in automobile body panels).

Drawing Without a Blankholder: one of the primary functions of a
blankholder is to prevent wrinkling. If the #/D, ratio is large enough,

drawing can be accomplished without a blankholder.
The limiting condition of this process being: D, — D, < 5t.
The draw die must have the shape of the funnel or cone.

Advantages: lower cost tooling and a simpler press.
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Drawing
Other Drawing Operations

 Drawing Without a Blankholder.

1./,/:

Punch

-4—— Dig ——»

N

(1) (2)

44
Figure 16.21 Drawing without a blankholder: (1) start of process, (2) end of stroke.



Drawing
Defects in Drawing

Wrinkling in the flange: consists of a series of ridges that form radially in the
undrawn flange of the workpart due to compressive buckling.

Wrinkling in the wall: If and when the wrinkled flange is drawn into the cup,
these ridges appear in the vertical wall.

Tearing: an open crack in the vertical wall, usually near the base of the drawn
cup, due to high tensile stresses that cause thinning and failure of the metal at
this location.

Earing: the formation of irregularities (called ears) in the upper edge of a deep
drawn cup, caused by anisotropy in the sheet metal.

Surface scratches: occur on the drawn part if the punch and die are not smooth
or if lubrication is insufficient.

45



Drawing ><7
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&

Figure 16.22 Common defects in drawn parts: (a) wrinkling can occur either in 46
the flange or (b) in the wall, (c) tearing, (d) earing, and (e) surface scratches.
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Other Sheet-Metal-Forming Operations

* Ironing: done to correct the higher thickness at the edge of the blank (refer
to point 4 in drawing mechanics).

« lroning makes the cylindrical cup more uniform in wall thickness.

lv, F

Figure 16.23 Ironing to achieve a
more uniform wall thickness in a
drawn cup: (1) start of process; (2) 777~
during process.




Other Sheet-Metal-Forming Operations

e Coining: frequently used in sheet-metal work to form indentations and raised
sections in the part (it is also a bulk deformation process as discussed in

chapter 15).

e Embossing: similar to coining, however, embossing dies possess matching
cavity contours, the punch containing the positive contour and the die
containing the negative; whereas coining dies may have quite different
cavities in the two die halves 1,:

L "v IR IRy AR

e s

(@) (b)

Figure 16.24 Embossing: (a) cross section of punch and die configuration 48
during pressing; (b) finished part with embossed ribs.



Other Sheet-Metal-Forming Operations

 Lancing: a combined cutting and bending or cutting and forming operation
performed in one step to partially separate the metal from the sheet.

— Example: used to make louvers in sheet metal air vents for heating and air
conditioning systems in buildings.

(a) (b) (€)

Figure 16.25 Lancing in several forms: (a) cutting and bending; (b) and (c)two 49
types of cutting and forming.



Dies and Presses for Sheet Metal Processes
Dies

Attached to

I_I/ press ram

working components.

EPunch & die are the }

Bushing & Guide pins Punch holder
ensure proper alignment
between punch & die. Bushing — [ . . | j _—Punch
Guide ping ————#~ A///“— Stripper
Stripper prevents sheet — | —
punch after operation. Stop : \ Die
N

- ~ [, <——— Die holder
Stop: prevents sheet metal I T« Press base
from advancing through the o Blank

die between cycles. (e.g. In

Gase of coils).

J

50
Figure 16.26 Components of a punch and die for a blanking operation.



Dies and Presses for Sheet Metal Processes
Presses

Press: a machine tool with a stationary bed and a powered ram that can be
driven toward and away from the bed to perform various cutting and forming

operations.

The Frame: establishes the relative positions of the bed and ram.

— Punch holder is attached to the ram and the die holder is attached to a bolster
plate.
Type of frame: the physical construction of the press.

Two types of frames:

— Gap Frame Presses.

— Straight-sided frame presses.

51



Dies and Presses for Sheet Metal Processes
Presses

Drive Flywheel

Ram

Bed

Figure 16.27 Components of a typical (mechanical drive) stamping press.
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Dies and Presses for Sheet Metal Processes
Presses

Two types of frames:

— Gap Frame Presses: has the general configuration of the letter C and is
often referred to as a C-frame.

* Provide good access to the die.
« Usually open in the back to permit convenient ejection of stampings or scrap.

« Available in a range of sizes, with capacities up to around 1000 tons.

— Straight-sided frame presses: posses greater structural rigidity for high
tonnage.

« Have full sides (box-like appearance).

« Capacities up to 4000 tons are available.
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Dies and Presses for Sheet Metal Processes
V% CQZU‘& o reain e dies PreSSGS wl_ & 't o (ncafkase H/\e_,ﬁﬂidl'i‘\tj
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Figure 16.28 Gap-Frame Press. Figure 16.29 Straight-Sided Frame Press.




Sheet-Metal Operations Not Performed on Presses

 There are a number of sheet-metal operations not
performed on conventional stamping presses. These
Include:

— Stretch Forming.
— Roll Bending and Forming.
— Spinning.

— High-Energy-Rate Forming Processes.
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Sheet-Metal Operations Not Performed on Presses
HeNY
i

e Stretch Forming: a sheet-metal deformation process in which the
sheet metal is intentionally stretched and simultaneously bent in

order to achieve shape change. wkerinl W U'\@o( N s = 5)”
&t h

b= —

Figure 16.30 Stretch forming: (1) start of process; (2) form die is pressed
into the work with force F,, causing it to be stretched and bent over the

form. F = stretching force.
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Sheet-Metal Operations Not Performed on Presses

Stretch Forming:.

— Workpart is gripped by one or more jaws on each end and then stretched
and bent over a positive die containing the desired form.

— Tension level: above yield point, and force required to stretch forming:
e
- where F = stretching force, N; Y, = flow strength of the sh%_et

ion
F = Lfo metal, MPa; ¢ = instantaneous stock thickness, mm; L = A
S of the sheet in a direction perpendicular to stretching, mm. (=)

— Die force F,, can be determined by balancing vertical force components.

— Suitable for low-quantity large-size production; e.g. sheet-metal used in
aircraft bodies.

\/ié\@ Trcepenk Sheet -
ST Vordened 2 eo\d, oy

o7

e wekeh



Sheet-Metal Operations Not Performed on Presses

Roll Bending: an operation in which (usually) large sheet-metal or
plate-metal parts are formed into curved sections by means of rolls.

— Applications: Components for large storage tanks and pressure vessels
and railroad rails.

— Roll Straightening: a related operation in which non-flat sheets are
straightened by passing them between a series of rolls.

Figure 16.31 Roll bending: as the sheet passes between Sl
the rolls, the rolls are brought toward each other to a

configuration that achieves the desired radius of

curvature on the work.



Sheet-Metal Operations Not Performed on Presses

* Roll Forming: a continuous bending process in which opposing rolls
are used to produce long sections of formed shapes from coil or strip
stock.

— Several pairs of rolls are usually required to progressively accomplish the
bending of the stock into the desired shape.

— Products: include channels, pipes and tubing with seams.

59



Sheet-Metal Operations Not Performed on Presses

End view Side view

(1) (2) ) (1) () (3)

Figure 16.32 Roll forming of a continuous channel section: (1) straight rolls, (2)
partial form, and (3) final form.

Although roll forming has the general appearance of a rolling
operation (and the tooling certainly looks similar), the difference is
that roll forming involves bending rather than compressing the work.

60



Sheet-Metal Operations Not Performed on Presses

(ones oF meka

e Spinning: a metal-forming process in which an axially symmetric
part is gradually shaped over a mandrel or form by means of a
rounded tool or roller. Three types of spinning:

Z)? — Conventional Spinning.
|
03’9 — Shear Spinning.

— Tube Spinning.
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Sheet-Metal Operations Not Performed on Presses

— Conventional Spinning: a sheet-metal disk is held against the end of a
rotating mandrel of the desired inside shape of the final part, while the
tool or roller deforms the metal against the mandrel.

- Mandrel

Thickness does
not change

Roller tool
F

(1 (2) (3)
Figure 16.33 Conventional spinning: (1) setup at start of process; (2) during 62
spinning; and (3) completion of process.



Sheet-Metal Operations Not Performed on Presses

— Conventional Spinning.

It bends the metal around a moving circular axis to conform to the
outside surface of the axisymmetric mandrel.

Applications include: production of conical and curved shapes in low
quantities.

Very large diameter parts up to 5 m or more can be made by spinning.

Alternative sheet-metal processes would require excessively high die
costs.

The form mandrel in spinning can be made of wood or other soft
materials that are easy to shape.

It is therefore a low-cost tool compared to the punch and die required
for deep drawing, which might be a substitute process for some parts.
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Sheet-Metal Operations Not Performed on Presses

— Shear Spinning: the part is formed over the mandrel by a shear
deformation process (not bending) in which the outside diameter
remains constant and the wall thickness is therefore reduced.

» Applied to aerospace industry to form large parts such as rocket
nose cones.

* Thickness of the spun nose:
t, = fsino
where 1= the final thickness of the wall after

» Spinning reduction (r): spinning, ¢ = the starting thickness of the
disk, and a = the mandrel half angle.
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Sheet-Metal Operations Not Performed on Presses

— Shear Spinning:
Thickness
— 7 changes
\ar\
~ f\\.
e o
y y
N
| \—Clamp

\ Roller tool
— Mandrel

\r
/ (1) )

Figure 16.34 Shear spinning: (1) setup at start of process; and (2) completion 65
of process.



Sheet-Metal Operations Not Performed on Presses

 High-Energy-Rate Forming (HERF): processes developed to form
metals using large amounts of energy applied in a very short time,
include:

— Explosive Forming.
— Electrohydraulic Forming.

— Magnetic Forming.
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Sheet-Metal Operations Not Performed on Presses

— Explosive Forming: involves the use of an explosive charge to
form sheet (or plate) metal into a die cavity.

« The workpart is clamped and sealed over the die, and a vacuum is
created in the cavity beneath.

« The apparatus is then placed in a large vessel of water. An explosive
charge is placed in the water at a certain distance above the work.

» Detonation of the charge results in a shock wave whose energy is

transmitted by the water to cause rapid forming of the part into the
cavity.
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Sheet-Metal Operations Not Performed on Presses

— Explosive Forming:

Gas bubble Plume from

forming [ gas bubble
Shock : |.

[

wave Nt !

Explosive
charge

Nk !/
v S \\\l |' //// >
¢ 4 A A AAA \‘\‘ 'I"/'/ C AAAAl
Clamps ——4 ;
o / NAAAL
- Die
NN SN RGN A . * & N N AN I | I |
J g, Ve 7
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Vacuum line

(1) (2) (3)

Figure 16.35 Explosive forming: (1) setup, (2) explosive is detonated, and (3) 68
shock wave forms part and plume escapes water surface.



Sheet-Metal Operations Not Performed on Presses

— Electrohydraulic Forming: a HERF process in which a shock
wave to deform the work into a die cavity is generated by the
discharge of electrical energy between two electrodes submerged
in a transmission fluid (water).

 Electrical energy is accumulated in large capacitors and then
released to the electrodes.

 Electrohydraulic forming is similar to explosive forming. The
difference is in the method of generating the energy and the
smaller amounts of energy that are released.

 This limits electrohydraulic forming to much smaller part sizes.
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Sheet-Metal Operations Not Performed on Presses
— Electrohydraulic Forming:

! ’/— Switch —k\‘\

~4+— Power supply

\— Capacitor bank

Die

—

Transmission fluid

Electrodes —— |

*

Vacuum line

Figure 16.36 Electrohydraulic forming setup. 70



Bending of Tube Stock

e Bending of tube stock is more difficult than sheet stock because a
tube tends to collapse and fold when attempts are made to bend it.

« Special flexible mandrels are usually inserted into the tube prior to
bending to support the walls during the operation.

Figure 16.37 Dimensions and terms for a bent tube: D = outside diameterof || | |
tube, R = Bend radius, t = wall thickness. =




Bending of Tube Stock

The radius of the bend R is defined with respect to the centerline of the tube.

When the tube is bent, the wall on the inside of the bend is in compression, and the wall at
the outside is in tension.

These stress conditions cause thinning and elongation of the outer wall and thickening and
shortening of the inner wall.

As a result, there is a tendency for the inner and outer walls to be forced toward each other
to cause the cross section of the tube to flatten.

Because of this flattening tendency, the minimum bend radius R that the tube can be bent is
abo(ljJt 1.5 times the diameter D when a mandrel is used and 3.0 times D when no mandrel is
used.

The exact value depends on the wall factor WF, which is the diameter D divided by wall
thickness t.

Higher values of WF increase the minimum bend radius; that is, tube bending is more
difficult for thin walls. Ductility is also a factor.
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Bending of Tube Stock
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Figure 16.38 Tube bending methods: /- Clamp
(a) stretch bending, (b) draw bending, /- Wieershoe
and (c) compression bending. For
each method: (1) start of process, and A [ >

(2) during bending. Symbols v and F ~ o b
indicate motion and applied force, 7
respectively. )
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