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Classification of Deformation Processes

= Temperature
= Hotworking(Z2tJtZ) T >0.6T,
= Warm working(22tJt&) T =0.3~0.5T_
= Cold working(¥2tJt&8) T < 0.3T

= Type of operation
= Primary working(1XtJt3) : solid piece of metal(2=1|) — slabs(=2i B),
plates(= &), billets(2! 34).
= Secondary working(2XtJt&) : products from primary working(1XtJ+t3
bolts(2 E), sheet metal parts(2=5 &M S), wire(& H).

(i

) —

= Size and shape of the workpiece
= Bulk deformation(2 LI A& JtS) : thickness or cross section of the work-
piece changes(forging(&t L), rolling(2 &), extrusion(2 =), drawing(2! 2)).
= Sheet forming(&t M & & JtX) : generally shape changes, thickness changes
are undesirable.



Forging (&) (1)
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Forging (&) (2)

» Plastic deformation of the workpiece is carried out by compressive
forces.

» Crankshafts, connecting rods, turbine disks, gears, wheels, bolt
heads, hand tools, etc.

= The recrystallization temperature(fZ&=%<) for metals : 7/T_~0.5

= Basic categories of forging
= Open die(At= &)
= Impression die(& &)
= Closed die(H & & X)



Open-die forging (At &HX)

» Reducing the height of workpiece between two flat dies by
compressing it.

Die

FIGURE &.1 (a!ldeal
defarmation of a solid
elindrical specimen
compressed between flae
fricrionless dies. This pracess
is known gs upseiting,

(b} Deformation in upsetting
with friccion ar the
die—warkpiece inerfaces.

Friction forces

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",

3rd/4th ed. Addison Wesley




Forces and work of deformation

Reduction in height

= M x100%

hO

Work = vqumeJ‘:1 ode, oc=Kg"
F=Y;A, Work= (volume)(V)(gl)

Kjolg”dg  Ke!
n+1

Y =
&y

(Y; : Flow stress, Y: Average flow stress)

FIGURE 6.2 Grain flow
lines in upsetting a solid steel
cylinder at elevated
temperatures. Note the
highly inhomogeneous
deformation and barreling.
The different shape of the
bottom section of the
specimen (as compared with
the top) results from the hot
specimen resting on the
lower, cool die before
deformation proceeded. The
bottom surface was chilled;
thus it exhibits greater
strength and hence deforms
less than the top surface.
Source: J. A. Schey et al., IIT
Research Institute.
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FIGURE 6.3 Schematic illustration of grid
deformation in upsetting: (a) original grid
pattern; (b) after deformation, without
friction; (c) afrer deformarion, with friction,
Such deformation patterns ean be used to
caleulare the strains within a deforming body.

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Methods of analysis - Slab method (1)

T %

FIGURE 6.4 Stresses on
an element in plane-strain
compression (forging)
between flat dies. The stress
o is assumed to be uniformly
distributed along the height b
of the element. Identifying the
stresses on an element (slab)
is the first step in the slab
method of analysis for
metalworking processes.

Horizontal forces (o, +do,)h+2uc dx—o,h=0

2
dax+%dx=0 ®

Using distortion-energy criterion for plane strain
2

o, 0, ——Y =Y' : Average flow stress

V3
Ref. d(fy :dax @

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley




Methods of analysis - Slab method (2)

@ & © give
2
do, + "y ax =0
h
de _ Zr,]u dx O.D.E o, = Ce—Z,uX/h
o)

y

Boundary conditions : x=a, o,=0 —— o, =Y" at the edges of the specimen

C :YleZ/Ja/h

p — O_y — Y .ez,u(a—x)/h

GX — Gy _Yquu[eZy(a—x)/h _1]
a
Pay zY'(l+ %) . Average pressure

F =(p,)(2a)(width) : Forging force



Methods of analysis - Slab method (3)

FIGURE 6.7 Increase in
contact area of a rectangular
specimen (viewed from the
top) compressed berween flat
dies with friction. Note that
the length of the specimen
has increased
proportionately less than its
width. Likewise, a specimen
in the shape of a cube
acquires the shape of a
pancake after deformation
with friction.

After first reduction

After second reduction

Rectangular Specimen

Workpiece

FIGURE 6.6 Normal stress
(pressure) distribution in the
compression of a rectangular
workpiece with sliding friction
under conditions of plane
stress, using the distortion-
energy criterion. Note that the
stress at the corners is equal to
the uniaxial yield stress, Y, of
the material.

o wath __ _ _
Pressure distribution 92 /
| |
. 1|---~
——— Original contact area x
Y 0 =
7 G

Workpiece —=

Die pressure
plY'

— X

FIGURE 6.5 Distribution
of die pressure, in terms of
p/Y', in plane-strain
compression with sliding
friction. Note that the
pressure at the left and right
boundaries is equal to the
yield stress in plane strain,
Y’. Sliding friction means
that the frictional stress is
directly proportional to the
normal stress.

Question : What should be the shape before deformation to make a

rectangular part?

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Methods of analysis - others

10

= Slip-line analysis(0] 11 & & ol &)
= Upper-bound technique(& HlI6HE)
* Finite element method(F8t2 A8

Sheet and strip

rolling

Breakdown Hardness
Wire and rod drawing  Extrusion rolling Forging Piercing testing

Ref.

FIGURE 6.12 Die
pressures required in
[rictionless plane-strain
conditions for a variety of
metalworking operations.
The geometric relationship
between contact area of the
dies and workpiece
dimensions is an important
factor in predicting forces in
plastic deformation of
materials. Source: After W.

_| A. Backofen.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",

3rd/4th ed. Addison Wesley
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Impression-die/closed-die forging (& &txX)(1)

= Impression-die forging : the workpiece acquires the shape of the die cavities
(impressions) while it is being upset between the closing dies.
= Flash(Z¢di#) : significant role in the flow of material.
= Forces in impression-die forging : depending on its position, F=KpY*A.
= Land(2# &%) : controlling the forging load not to be excessive.
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FIGURE 6.14 Schematic [Die —»

illustration of stages in
impression-die forging. Note Blank

the formation of flash, or
F = ( K p )(Yf )(A) excess material that is

subsequently trimmed off. Die

(a)

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Impression-die/closed-die forging (& &t X)(2)

Closed-die forging(H 2 & X) : no flash is formed and the workpiece is completely

surrounded by the dies.
= Precision forging(& 2 &t X), flashless forging(Z H &) : the part formed is close to the final

dimensions, high forging load & capacity equipment needed.
Isothermal forging(S & &t=), hot-die forging(JtE =& &) : the dies are heated to the same

temperature as the hot blank.
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S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Closed-die forging (IH A{ &t =X)

= Orbital forging(# & =X)

= pa th

Upper die

Orbital Spiral

*

Planetary Straight line
(a)

Orbital

= Forged
workpiece

Ejector

(b)

FIGURE 6.16 Schematic illustration of the orbital-forging process. Note that the die is in
contact with only a portion of the workpiece surface. This process is also called rotary
forging, swing forging, and rocking-die forging and can be used for forming bevel gears,
wheels, and bearing rings.

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",

3rd/4th ed. Addison Wesley
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Miscellaneous forging operations (1)

Kickout pin y Die  Blank Punch

Coining(20/ &)
= an example of closed-die forging
= minting of coins. (a)

= Heading(oll &) — Fig 6.17

= Piercing(& &) - Fig 6.18

= Hubbing(dl &)

= Cogging(Z= &)

= Fullering and edging(Zc21 &, 0l &)

i OFH CFX FIGURE 6.17 Formin
" ROle fo rg I ng( = g l—l- — ) Punch heads on fasteners zuch ags
. bolts and rivets. Th
" S keW' rOI | I ng( 2?'- ; -X._-l _{ Z-!- Oﬁ-l ) " protce:ses ar:zilledel::ading.

Workpiece

== Die

(a) (b} :II:GUIIE 6.18 E.xamples
piercing operations.

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



15

Miscellaneous forging operations (2)

Cogging Roll forging(Cross rolling)

Die
— e
Waorkpiece —=\
Die
fa) (b} :

FIGURE 619 Schematk Mustrarlon FIGURE 6.20 Schemaile
of o cogging apsration on a recmgular Hlpsiration of a roll forging
brav, Wb simple tonls, the thickpess fgross=redling) aperationm.
and grass-section of a bar can he Tapered beaf springs and
redueed by mulripl: cogging Karbven can be unsde by this
ppesations. Noge she basveling afir provess with specially
cogging. Blaclsmiths use o similae desizned rolls, Sorves: Afer
prosesure t2 redue the ckness of I Holub,
part In small increments by heating
the workplece and hammering it

BUMETENS TIimes,

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Miscellaneous forging operations (3)

Steel balls by
skew-rolling Stock

FIGURE 6.21 Production
of steel balls for bearings by
the skew-rolling process.
Balls for bearings can also be
made by the forging process
shown in Fig. 6.22.

Steel balls by Blank
upsetting

FIGURE 6.22 Production
of steel balls by upsetting of
a cylindrical blank. Note the
formation of flash. The balls
are subsequently ground and
polished for use as ball
bearings and in other
mechanical components,

(b)

Ref.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Defects in forging (1)

» Caused by the material flow patterns in the die cavity.
= Cold shut.
= Grain flow pattern, end grain.

Buckling Die Rib Web Laps

FIGURE 6.23 Laps
formed by buckling of the
web during forging.

Die
(a) Blocked forging (b) Begin finishing (c) Web buckles (d) Laps in finished forging

Over sized billet

FIGURE 6.24 Internal
defects produced in a forging
because of an oversized billet.
The dic caviries are filled
prematurely, and the marerial
at the center of the part flows
past the filled regions as
deformation continues.

(c) (d)

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Defects in forging (2)

18

3
__ Metal Flow
+ does into die
not fails to
follow follow
_ sharp sharp
corner corner
6
Voids Smooth —__ Cold
where flow i _+ shuts
metal -
flow folds
back on
itself

FIGURE 6.25 Effect of fillet radius on defect formation in forging. Small fillets (right side
of drawings) cause the defects. Source: Aluminium Company of America.

1 2
Top die S_mall Metal
fillets flow |F
Large follows_
fillets zmgth
Bottom die
" 5
Metal Metal
fills reaches
entire bottom
width of cavity
of before
section filling
section
ey

=

@ :

Grain flow pattern
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Bpacimen Wield
location  stremgth, tensile
pss strength.
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FIGURE 626 Mechamical properties of five tensile-
1=st spesimens takan at vareus focatians and dirgg:
fians in an AZGT magmesism alloy forging,. Note the
anteotopy of praperties caused by inhompgengous
defarmatiam during forging. Fouree: After §. K.
Jablongki. BModers Matals, vol. 16, 1963, pp. 82-70.

Ref.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Die design (1)

= The most important rule in die design : the workpiece material flow in the direction
of least resistance. FIGURE 6.26 Stages in

forging a connecting rod for
an internal combustion
engine. Note the amount of

n CO n S i d erati O n S (aJ Blal’lk (bar StOCk) f]ash_th;?t 1‘3 _ne.cessary to fill

the die cavities properly.

= Strength and ductility of the
workpiece material.

= Strain rate and temperature. (b) Edging (d) Finishing

= Frictional characteristics.

= Die distortion under high forging

loads. (c) Blocking (e) Trimming
= Die design parameters 1. Rall forged (first pass)
» Flash clearance between the
dies : 3% of the max. thickness. 2. Roll forged tsecond pass}

= Length of the land : 5 times of the

flash clearr?\.nce. | 4\‘”15 ‘}?

= Proper radii for corners and fillets.

3. Blocked in closed dies 5. Tri--mmfd ibefore twisting)

= Die materials AGURE .28 Imermediat siages in forging a crankshafs, These invermediate stages are impar-
. Tk foor distriboting fhe matoriad amd {1 the die gaviti I
= Tool and die steel(272 2 CH0 " iy et G e ol covites properiy
. . ef.
%I') Contalnlng CI’, NI, Mo and V. S. Kalpakjian, "Manufacturing Processes for Engineering Materials",

3rd/4th ed. Addison Wesley
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Die design (2)

= Draft angles : Internal angles(7~10°) > External angles(3~5°)

External and internal draft angles

Flash
Gutter Rib
Parting —— Web
line Fillet
FIGURE 6.27 Standard |
terminology for various Corner
features of a typical . .
Trim line

forging die.

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Forging equipment

= Hydraulic presses(57 & Z | A)

= Mechanical presses(J| Al Z &l A)

= Screw presses(LIAFE2|A) : for parts requiring precision(turbine blades) and
control of ram speed.

= Hammers(ol 1) : potential energy of the ram is converted to kinetic energy.

= Counterblow hammers(ZI2EHEZ6HH)

T -#—p=—  FIGURE 6.28 Schemartic
illustration of various types
Fluid of presses gscd in .
metalworking. The choice of
the press is an important

> factor in the overall
operation.

Flywheel

Rami

Crank Knucklejoint Screw Hydraulic
(a) (b) (c) (d)

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Rolling (&)

» The process of reducing the thickness or changing the cross-section of a long
workpiece by compressive forces applied through a set of rolls.

= Plate(F &) :t=6mm / sheet (/) : t<6mm

FOUSE 639 Scharetla Hot strip Picklingand  Cold strip
outling of varigus Ags- and a ﬂu iﬂg

shape-rolling processes. i
Sowrreer Amerbean Jron and
Seeel Inspimite.

Cold-drawn

. . -
Continuous casting bars

or Ingots

L J

Wire and wire
products

Secamless pipe

)
Structural shapes

Ref.
= S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
Rails 3d/4th ed. Addison Wesley
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Changes in the grain structure

Deformed
elos;it:d New grains
Hot &l ~ growing
1l New grains g
rotiing forming Recrystallization

\ | complete
1XATT FIGURE 6.30 Changes in

mifaingi the grain structure of cast or
large-grain wrought metals

o fa e

_- emmm
T

B Wicusht Wroughl? during hot rolling. Hot
_ il POl product with rolling is an effective way to
with nonuniform  product with small, uniform reduce grain size in metals
grains large grains grains for improved strength and
(a) {b) ductility. Cast structures of
ingots or continuous castings

are converted to a wrought
structure by hot working,.

Wrought structure
(e 2 L)

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Mechanics of flat rolling

» The velocity of strip must increase as it moves
through the roll gap. (Top rell removed)
» Sliding occurs between the roll and the strip due to
the surface speed of the roll is constant.
= Neutral point or no slip point(= & &)
= Left of neutral point : workpiece velocity < roll velocity
= Right of neutral point : workpiece velocity > roll velocity

» The frictional forces oppose each other at the neutral
FIGURE 6.31 Schematic ' L/;

oint. (F:. . >Feoo
P ( friction_left frlctlon_rlght) illustration of the flat-rofling

— yielding a net frictional force to the right. process. A greater volume of
metal is formed by relling
than by any other

FIGURE 6.32 Relative metalworking process.

velocity distribution between

roll and strip surfaces. Note

the difference in the direction

of frictional forces. The

arrows represent the

frictional forces acting on the

strip.
V V
V .
— = Forward slip = fV r

Workpiece

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Roll pressure distribution (1)

_ - o
bk il 1
I h

> -(—L-—o'

(a) Entry zone

FIGURE 6.33 Stresses on
an element in rolling:

(a) entry zone and (b) exit
zone.

Rolling direction ——>

4
P
/
/ 3
/
‘\?‘
o up
2
Y' 2
1
0
! o sl
\ Entry Exit
\\\ .(;b = X (!) =
p FIGURE 6.34 Pressure
[b) Exit zone distribution in the roll gap as

a function of the coefficient
of friction. Note that as
friction increases, the neutral
point shifts toward the entry.
Without friction, the rolls
slip, and the neutral point
shifts completely to the exir.

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Roll pressure distribution (2)

(o, +do,)(h+dh)-2pRdgsing—oc h+2upRdgcosg =0

%{;h)zzm(singﬂycos@
%ﬁh)#pwm  (sing~¢,cosg 1)
p-o, Z%Yf =Yfl
d[(p- Y,)h]_sz(¢+ 1)

%[ ; ——1 } 2pR($T 1)

d p P d
Y/h— — ——1 —Y'h=2pR(F
d pj
dgl Y{ 2R, _
= +

h=h; +2R(1—-cos¢)
h=h, +R¢?

In— In—+2y/ tan‘lf +InC

CY/ —e“‘H
b= R

H=2 /itanl( B¢J
hf hf

R
In the entry zone: C = —e*"
nf

h
ERVIRLLIPWICR)
P=7Y; N

0
R
h

h
:Y!_eyH
P=1T; h

f

In the exit zone: C =
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Neutral point / front and back tension

Rolling direction -

FIGURE 6.36 Pressure
distribution as a function of
front and back tension. Note

the shifting of the neutral

point and the reduction in

the area under the curves

with increasing tension. a

™ _,f'|_‘_ ™ —

FIGURE 6.35 Pressuse
distriburion in the roll gap as
a function of reduction in
thickness. Nete the merease
in the area under the curves
with increasing reduetion In
thickness, thus increasing the
rall force,

Enery Exit

H,
hO € =e:u(Ho_2Hn)

hf eZﬂHn
Hn=E Ho_iln&
2 u o h

h h
B, = 4| — tan 0 A,
R R 2

Entry zone: p = (Y{ _gb)hﬁeMHo—H)

0

Exit zone: p = (Y/ —cff)hle“H
f

Exmple 6.3 Back tension required to cause roll slip

' hf pH

Py-o = (Y; _O-b)h_e ’

o, =Y/ 1-| Do |g ey
h

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Defects in rolling

= Surface defects
= Structural defects
= Residual stresses

FIGURE 6.3% Schemaile
illustration of typical defects
In flas reling: (a) wayy
odgesy (b) 2ipper eracks in
the center of strip; (el edge
cracks; id) alligatering.

. Rolling direction
= In the case of small-diameter rolls or (a) (e}

small reductions, plastic deformation
occurs on the surfaces.
— compressive stresses(surfaces),
tensile stresses(bulk).
= |n the case of large-diameter rolls or
high reduction, plastic deformation T
of the bulk is greater than the "“1:%,;.“:3‘6
surfaces. T
—  tensile  stresses(surfaces),

compressive stresses(bulk)

Tension | Compression Tﬁnaviwtr Compression

(a} (b}

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Flat-rolling practice (& & 2fH &)

= Hot rolling : converts the coarse-grained, brittle and porous cast
structure to wrought structure(finer grains and enhanced ductility).

= Products of the first hot-rolling operation
= Bloom : square cross-section(& At2f&l), at least 150mm side, structural
shapes by shape rolling(e.g. I-beam and railroad rails).
= Slab : rectangular in cross-section(& AH2r ™), plates and sheet.
= Billet : square cross-section(& At2f&l) smaller than bloom, various shapes
(e.g. round rods(&t = &) and bars)

* Rolling equipment
= Small-diameter rolls are preferable, because the smaller the roll radius the
lower the roll force. However, small rolls deflect under roll forces and have to
be supported by other rolls. The cluster mill, or Sendzimir(Ct&t2 & JJ), is
particularly suitable for cold rolling thin strips of high-strength metals.
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Rolling equipment

Support roll

Pla netér}'
rolls

(a) (b) (c) (d) (e) (f)

FIGURE 6.42 Schematic illustration of various roll arrangements: (a) two high; (b) three
high; (¢) four high; (d) cluster; () tandem rolling with three stands; (f) planetary.

Housing FIGURE 6.43 Schematic
illustration of a cluster
(Sendzimir) mill. These mills
are very rigid and are used in
i rolling thin sheets of high-
Bearing shaft  suength materials, with good

control of dimensions.

Backing bearing

i —— Driven roll

Driven roll

First
' Second £z intermediate
intermediate roll
[011 St -
: - rip
Driven roll Work roll
Driven roll Ref.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Miscellaneous rolling operations (1)

= Shape rolling(& & & ™) : H-section part, I-Beam and channels.

= Ring rolling(& 2t ) : rings for rocket, turbines and gearwheel rims.

= Thread and gear rolling(LtAF & J1{ & &) : high production rates, great strength,
improved fatigue life.

= Rotary tube piercing(2l & & &) : hot-working process to make long, thick-walled

seamless tubing.

Stage 1 Srage 2 Stage 3

FIGURE 6.44 &aggs Im
shape relling of an H-scetion
part, Various other stroctural
sections, speh as chanpels
and I-beams, are also rolled
by this process.

Blooming rolls Edging rolls Roughing herizontal

and vertical rolls
Stage 4 Stage 5 Stage 6

\ , . s 1 . Ref.
Finishing h tal
Iﬂ‘*{m*g;ﬁg:ﬁmlnml Edging rolls 1;11]13 f;fﬁé:i'm: S. Kalpakijian, "Manufacturing Processes for Engineering Materials",

3rd/4th ed. Addison Wesley
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Miscellaneous rolling operations (2)

»= Ring rolling

FIGURE 6.45 (a) Schematic illustration of a ring-rolling operation. Reducing the
thickness results in an increase in the part’s diameter. (b) Examples of cross-sections that can
be formed by ring rolling.

Main roll
(driven) ——

Rounding
roll

Idler roll

<«~———Workpiece

Edging roll —

(a) (b)
Ref.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Miscellaneous rolling operations (3)

= Thread and gear rolling

Diameter of bar

Moving die

j

Minor  Major
diameter diameter

_{

Stationary die

Stationar _
"> lindrica}I Moving
4 die A cylindrical
die
< Force
Machined thread Rolled thread
(b)
Work rest FIGURE 646 Thread- FIGURE 6.47 (a) Schematic illustration of threads. (b) Grain-flow lines in machined and
solling processes (@) flat dies rolled threads. Unlike machined threads, which are cut through the grains of the metal,
(b) and (b two-roller dies. rolled threads follow the grains and are stronger, because of the cold working involved.

These processes are used
extensively in making
threaded fasteners at high
rates of production.

Grain flow lines (&)

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Miscellaneous rolling operations (4)

= Rotary tube piercing
= Thick-walled seamless tube.

Rolls

Tube

Solid rod

Mandrel

(a) (b) - (c)

FIGURE 6.48 Cavity formation by secondary tensile stresses in a solid round bar and its
use in the rotary-tube-piercing process. This is the principle of the Mannesmann mill for
seamless tube making. The mandrel is held in place by the long rod, although techniques
have been developed in which the mandrel remains in place without the rod.

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Direct extrusion(& & & £) : high friction between billet  Indirect extrusion(Zt & & £) : no friction between
and wall billet and wall, die moves to the billet.

{d}

_ . ‘Container
‘Extrusien Die backer
ic)

Impact extrusion(Z & & =) : form of indirect
extrusion, suitable for hollow shapes.
Ref.

Hydrostatic extrusion(& ==& & =) : no friction S. Kalpakjian, "Manufacturing Processes for Engineering Materials",

along the container walls. 3d/4th ed. Addison Wesley
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Mechanics of extrusion (1)

A

Extrusion ratio, R =—
Af

& = InLA"J = In[ij =InR
Af Lo

Energy dissipated in _
plastic deformation per —Uu=Yg

unit volume Work = (A,)(L, )(u)
Work = FL, = pA,L,

A,

FIGURE 6.54 Variables in the direct-extrusion
process.

p=u=Y |n[2°] - (Y)(InR)

f

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Mechanics of extrusion (2)

When friction is included

fan o

p=Y|1+ [(R)“* —1]

= I:)plastic + P
total = pV (7ZD /4)
I:)plastic :Vo (7ZD0 /4)(Y)[In(Do / Df )2]

wiction = (Vo )(7DZ IN2)(Y 12)In(D, / D)

I:)total friction

p/Y =3.41In(D, / D, ) =1.7[In(D, / D, )°]

7V In D
I Il n

p=1.7

2

7D,
4

4L 2L
- k—=Y —
pfrlctlon D D

0 0

p= 17InR+&
D

0

(pfriction) — ﬂDokL

Extrusion pressure

Extrusion force

FIGURE 6.52 Schematic

a illustration of typical
extrusion prcssure asa
/\ function of ram travel:
(a) direct extrusion and

(b} indirect extrusion. The
pressure in direct extrusion is
higher because of frictional
resistance in the chamber as
the billet moves toward

the die.
Ram travel

FIGURE 6.53 Schematic
illustration of extrusion force
as a function of die angle:
(a) total force; (b) ideal
force; (c) force required for
redundant deformation;

(d) force required to
overcome friction. Note that
- there is an optimum die
angle where the total
extrusion force is a

- minimum.

.~

Die angle (a)

Actual forces: p=Y(a+bInR)

(Emperical formula)

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Defects In extrusion

= Surface cracking(HH = &)
= Too high extrusion temperature, friction, or extrusion speed.
» Periodic sticking of the extruded product along the die land.
= Extrusion defect(l} 0] = & &)
= Surface oxides and impurities drawn toward the center of the billet.
» Reduced by modifying the flow pattern, machining the surface of the billet or using a dummy
block.
» |nternal cracking(Lil &= &) : due to hydrostatic tensile stress at the center line.

Rigid biller]

4

fe) o Chevron cracking

FDRRERE 0.8% O Meformivm zroe i eomems. shesming v ond denic Temie, Mo
Ref. ERrr e plipen i mnmpe, i o poeer, Bt paeleonee coaching The e whoraenfems s
H " : H : : " ki ll.:rr.'!?-#.;h.'* sl Baws I]"thﬁ [ g T AL = P .ﬁfl.._"lF ['F 'i“'rl-lf“’
S.dKilpakjlan,. Manufacturing Processes for Engineering Materials", e Bk S Al b Aasimas, 65 Clyesnars oy achone o eooued aoecl
3r /4 ed AddlSOl’l WeS|ey hl-\.;lnh-.“,qun:m_m. f:ﬂmph'rnhharr.uipm'lﬁeupﬁhum: J.'l\:'.ln:n;i_.-

s il andd prwadibe wams elmarnk Hiv mak e s dn
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Drawing (21 &)

» The cross-sectional area of a bar or tube is reduced by pulling it through a converging die.
= Rod and wire drawing are usually finishing process.

Die
angle

e O'd n
o=Keg
n
FIGURE 6.62 Variables in — Ké‘l
drawing round rod or wire. Y =
n+1

FIGURE 6.63 Variation in
strain and flow stress in the
deformation zone in
drawing. Note that the strain
increases rapidly toward the
| exit. The reason is that when

€ B the exit diameter is zero, the
I e=1In Ao true strain reaches infinity.
0 : ¢ I{ The point Y, represents the  Ref.

Entry Exit t\:ﬂf shiesy s e it S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Defects Iin drawing

= Similar to defects in extrusion.
= Seams(=7J| & &) : longitudinal scratches or folds in the material.

Rod diameter (mm)

19 0 19
60 | FIGURE 6.68 Residual
4Q() stesses in cold-drawn AISI
1045 carbon steel round rod:
T = transverse direction,
g 40 I. = longitudinal direction,
s and R = radial direction.
= Source: After E. S.
ﬁ 200  Nachtman.
'S 20
=
—
x
A, 0 0
2 =
2 20
3 ~200
78
.S
& G —40
L=
i
s
£ ~400
O —60
—80
7505 0,25 0 9025 0.5 0.75 Ref.

: . S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
Distance from center (in.) 39/4% ed. Addison Wesley
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Swaging (A2901&) (1)

The metal flows in to the dies
which apply compressive force
or impact to the metal at room
temperature. - T

Die Tube

]

FIGURE 6.71 Schemale
ilusiration of the swaging
process: (a] side view and
£l fromt view: i} Sehematic
Mnstrasion of soller
WIYRDSEMETIL, CUTVAEUIS O
the four radial hammers
frhar give motion o the
dies), and the radial
mawgnrent of g hammer as i
rorutes grar the rolls,

Rotary swaging(3 & A{I0[&): e
a solid rod or a tube is reduced ‘Die
in diameter by reciprocating (a) (b}
radial movement of dies.

o~ Qates ring

The Internal diameter and
thickness or shape of the tube
can be controlled with or without

mandrels(2H = &). Hammers {four in all)
giving radial metion
to the dies shown
in (b},

(e}

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley
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Swaging (A2901&) (2)

Die

FIGURE 6.72 Reduction
of outer and inner diameters
of tubes by swaging. (a) Free
sinking without a mandrel.
> - - 5 - - -r—  The ends of solid bars and

j wire are tapered (pointing)
by this process in order to
feed the material into the
conical die. (b) Sinking on a
mandrel. Coaxial tubes of
different materials can also
be swaged in one operarion.

Mandrel —————

FIGURE 6.73 (a) Typical
cross-sections produced by
swaging tube blanks with a
constant wall thickness on
shaped mandrels. Rifling of
small gun barrels can also be
made by swaging, using a
specially shaped mandrel.
The formed tube is then
removed by slipping it out of
the mandrel. (b) These parts
can also be made by
swaging.

(a) (b)

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



Case study (Space shuttle)
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Ref.

FIGURE 6.74 The Space
Shurtle Atlantis is launched

by two strap-on solid rocket
boosters, Source: NASA.

S. Kalpakjian, "Manufacturing Processes for Engineering Materials",

3rd/4th ed. Addison Wesley
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Solid rocket casing

FIGURE 6.75 Assembly
of steel case segments to
form a solid rocket booster.
Note that most of the rocket
casing is below the platform
level. Sonrce: NASA,

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",

3rd/4th ed. Addison Wesley
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Forging processes for solid rocket casing

Sheared section |

(a) As cast blank (b) Reverse extruded (¢) Ring rolled (d) Roll-formed casing

FIGURE 6.76 The forming processes involved in the manufacture of solid rocker casings
for the U.S. Space Shuttle.

Ref.
S. Kalpakjian, "Manufacturing Processes for Engineering Materials",
3rd/4th ed. Addison Wesley



