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Overview

Process Classification

— Bulk Deformation Process
— Sheet Metalworking

Material Behaviour in Metal Forming

— Flow Stress
— Average Flow Stress

Temperature In Metal Forming
Effect of Strain Rate
Friction & Lubrication



N3zUIWN132%31 (Forming Process)
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ﬂ'li%ﬂﬁ%;sﬂ (Roll Forming)
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Hot strip Pickling and Cold strip

Flat-And-Shape- s oiling

Rolling Processes
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Continuous casting

or ingots

FIGURE 6.29

Schematic outline of
various flat-and-shape-
rolling processes. Source:
American Iron and Steel
Institute.
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e Plate

* Sheet

e Strip

thickness > 6 mm.

thickness < 6 mm

and width > 600 mm.

thickness < 6 mm

and width < 600 mm.

» Bloom Lﬂ%nqsﬁugﬂﬂ%
IL3NA1N ingot (Square > 500 mm).
e Billet WIWNIINIDIATOWANM
2W1A (Square 180 mm).

«Slab HIWNIINIDINTONANA
2W1A ingot (Thick > 320 mm and
with a wide 3000 mm %38 2 2 x

thickness ).
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N133ALIWIHY (Flat Rolling)
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Reversing strip rolling mill

Tandem strip rolling mill

Mon-reversing strip rolling mill
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Backing Roll Arrangements

Q) Backing bearing Housing

Driven roll Driven roll

(a) (b) () Bearing shaft
First
Second intermediate
L intermediate roll
. roll 4/
W i — . < Strip
Driven roll
‘ Work roll

Driven roll

Schematic illustration of various roll arrangements:
(a) Two - high; (b) three - high; (c) four - high; (d) cluster (Sendzimir) mill.



Four-High Rolling Mill

Screw or hydraulic mechanism

/ Schematic illustration of a

four-high rolling-mill stand,

Housing
showing its various
Back-up
rolls features. The stiffnesses of
the housing, the rolls, and
Chocks ‘ — Work rolls the roll bearings are all

important in controlling and

maintaining the thickness of

Back-up

s the rolled strip.






n133a2u31 (Shape Rolling)

Shape Rolling
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Edging rolls

Stage S

Intermediate horizontal Edging rolls
and vertical rolls

Stage 3

4

Roughing horizental
and vertical rolls
Stage 6

=

Finishing horizontal
and vertical rolls

FIGURE 6.44 Stages in
shape rolling of an H-section
part. Various other structural
sections, such as channels and
I-beams, are also rolled by this
process.




Flat-Rolling

() /\ (Top roll removed) (b) '/i (c)
Ao
R o |

Vv, /
| No-slip
point
VO R T Vf
Workpiece
on forces
Entry Roll | Exit
zone _'i gap, L E'_ zone Torque

(a) Schematic illustration of the flat-rolling process.
(b) Friction forces acting on strip surfaces.
(c) The roll force, F, and the torque acting on the rolls. The width w of the

strip usually increases during rolling



Roll Bending

/ Rolls

=~ Strip thicker
_.- at center
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" Strip with

i % .
H —j _ uniform thickness

(a) Bending of straight cylindrical rolls, caused by the roll force.

(b) Bending of rolls ground with camber, producing a strip with uniform

thickness.




Grain Structure During Hot Rolling

Deformed
(a) (b) eloneigi?ltsed New grains
Hot ¥ growing
: New grains
et forming Recrystallization
W complete
b L\L
Wrought
Ingot Wrought product with
with nonuniform product with small, uniform
grains large grains grains

Changes in the grain structure of cast or of large-grain wrought metals during
hot rolling. Hot rolling is an effective way to reduce grain size in metals, for
improved strength and ductility. Cast structures of ingots or continuous casting

are converted to a wrought structure by hot working.



Rolling Defects

insufficient camber

.S|dual stress

enter cracks

warping

edge wrinkling

Mo bar rolled at high A.

W.F. Hosford and R.M. Caddell, Metal Forming, 2nd Ed., Prentice-Hall, Inc., Edgewood Cliffs, NJ, 1993.

L— AME 50542: Manufacturing Processes for Engineering Materials (R.K. Roeder) —




Rolling Defects

over-cambered

esid ual stress

edge cracks

splitting

center wrinkling

W.F. Hosford and R.M. Caddell, Metal Forming, 2nd Ed., Prentice-Hall, Inc., Edgewood Cliffs, NJ, 1993,

L— AME 50542: Manufacturing Processes for Engineering Materials (R.K. Roeder) —




Residual Stresses in Rolling

AN ]
> )
\ k- \ \
Sheet
thickness
A ol & |
Tension | Compression Tension| Compression

(a) Residual stresses developed in rolling with small rolls or at small
reductions in thickness per pass.

(b) Residual stresses developed in rolling with large rolls or at high
reductions per pass. Note the reversal of the residual stress

patterns.



M33Alnansamzdw ¢ (Other Rolling)

1) NMIIALRIB K38%29 (Ring Rolling)

()

Main roll
(driven) \

Edging roll

(b)

Schematic illustration of a
ring-rolling operation.
Thickness reduction results in
an increase in the part
diameter.

Examples of cross-sections
that can be formed by ring

rolling.



2) M33ALNAL7 (Tread Rolling) Thread-rolling processes:

@ (a) and (c) reciprocating flat

Moving die dies; (b) two-roller dies.

““““““ o L——7

part

Stationary djef—» C\)‘\Blank Threaded faStenerS, SUCh

(b) as bolts, are made

Stationary
C).flindrical Wieri
= cylindrica economically by these
% e
| Force )
/ processes, at high rates of
- production.
e Diameter of bar
(a) Features of a machined or rolled |
- c 0 Minor  Major
thread. (b) Grain flow in machined and diameter FiBtna

rolled threads. Unlike machining, which Wl Sk Do ir e
cuts through the grains of the metal, the (b)
rolling of threads causes improved

strength, because of cold working and

favorable grain flow.

Machined thread Rolled thread



3) N153AN8 1SAzITU (Seamless Tubing and Pipe)

Mannesmann Process

Cavity formation in a solid round bar and its utilization in the rotary tube piercing
process for making seamless pipe and tubing. (The Mannesmann mill was
developed in the 1880s.)

(a) (b) (c)

Rolls

Mandrel



Schematic illustration of

various tube-rolling Tu be-RoIIing

processes.

(a) with fixed mandrel; (5 (b)
Roll

Roll
Mandrel
( Workpiece
(d) pilger rolling over a i E@

mandrel and a pair of K % \Rod
R Workpiece Mandrel rod (

shaped rolls. Tube

(b) with moving mandrel;

(c) without mandrel; and

diameters and (c) ol ! Pilger roll ==
thicknesses can also be ( / M/andrel e

\lﬂ
Al
changed by other . [ Sttt — [ @=
Ny
rocesses, such as S 1k
P ( Workpiece W -ri{_
drawing, extrusion, and Workpiece '~

spinning.



Spray Casting (Osprey Process)

Induction-heated Q
ladle \g
Atomizer 3
(nitrogen gas) °
Recipient ST

substrate

Deposition
chamber

Spray casting (Osprey process),
in which molten metal is sprayed
over a rotating mandrel to
produce seamless tubing and
pipe. Source: J. Szekely,
Scientific American, July 1987.



ﬂﬂiﬁﬁ%gﬂ (Forging)

B s Finished

Teeth
forged




NNNNTIA LA (Open-Die Forging)
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Forging a Connecting Rod

(a)

(
. : Q - - )-

(a) Stages in forging a Blank (bar stock) (b)
connecting rod for an éf\L_h_, it
internal combustion engine. Edging ¥ E\_/ S 2o S

g Ty £
Note the amount of flash Lo
required to ensure proper =iaT @ < VTM

Blocking

filling of the die cavities. (b) ()
Fullering, and (c) edging gz:_,iﬁ,
operations to distribute the T Em

[ |
material when preshaping )

the blank for forging. \g@f-"=@ AJ\F\_/

Trimming



Railroad engine connecting rod




msaﬁugﬂtmulajﬁﬂ%u (Flashless Forging)

Comparison of Forging With and Without Flash

Forging with Flashless
flash | forging

Billet

111

Lower
punch

(a) Start of stroke (b) End of stroke



Coining

(a)

Retaining
ring

Die holder

Upper die

Die
holder

Workpiece
Lower die

Die with— T
depressions Flat
die



msaﬁ%gﬂ‘lué’nﬂng% 9) (Other Forging)
1) ﬂ’ﬁaﬁ%gﬂﬁq (Heading)
2) msmanﬁugﬂ (Swaging)
3. ﬂ’ﬁaﬁ%gﬂtmu’%ﬂ (Roll Forging)

4) ﬂﬂiﬁﬁ%gﬂttuufﬂﬂi (Orbital Forging)

5) Hobbing
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n1362u3Uluansazdu 9 (Other Forging)

1) M3RawILI7 Heading/Upset Forging

u

(a) Kickout pin Die Blank Punch (b)
!47147 mm_____,|

38 d'T I
mm 1a_an
Head formed ]j:
in punch
Head formed
in die
63 mI| I ’ | 34 mm

—114 mm—
(a) Heading operation, to form heads on fasteners such as nails and

rivets. (b) Sequence of operations to produce a bolt head by heading.



Grain Flow Pattern of Pierced
Round Billet

A pierced round billet,
showing grain flow pattern.

Source: Courtesy of Ladish

I g | Co., Inc.
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Grain Flow Lines

FIGURE 6.2 Grain flow lines in
upsetting a solid steel cylinder at
elevated temperatures. Note the
highly inhomogenous
deformation and barreling. The
differnet shape of the botte,
section of the specemen (as
compared with the top) results
from the hot specimenresting 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.




(a) Schematic

msmanﬁ%gﬂ Swag | N g

Hammer Die (b)

Retainer P"lanetary Swag | ng proceSS (b)

illustration of the rotary-
(a)

rollers

Forming internal

orkplece by swaging.
(c) A die-closing type
© swaging machine,

/ // showing forming of a

stepped shaft. (d)

Open position Swaging position Ejecting position /// Typ|Ca| par‘ts made by

swaging.

Ejector
—




Swaging of Tubes With and
\Q/ithout a Mandrel

(a)

(a) Swaging of tubes without a mandrel; not the increase in wall thickness
in the die gap. (b) Swaging with a mandrel; note that the final wall
thickness of the tube depends on the mandrel diameter. (c) Examples of
cross-sections of tubes produced by swaging on shaped mandrels.
Rifling (spiral grooves) in small gun barrels can be made by this process.



Roll-Forging

Two examples of the roll-forging operation, also known as cross-rolling.
Tapered leaf springs and knives can be made by this process. Source:
(a) J. Holub; (b) reprinted with permission of General Motors Corporation.

(a) (b)

Workpiece




Production of Bearing
Blanks

Blank

- . O<_ e # EJeCtor*
\ Piece

(a) Production of steel balls by the skew-rolling process. (b) Production of

steel balls by upsetting a cylindrical blank. Note the formation of flash.
The balls made by these processes are subsequently ground and polished

for use in ball bearings (see Sections 25.6 and 25.10).



Orbital Forging

(b) 1 2 d

3 4
path ! |
Blank | Forged
workpiece
. | .
Ejector —

upper die (@) Various movements of the upper die in orbital forging

(also called rotary, swing, or rocking-die forging); the

a8 process is similar to the action of a mortar and pestle. (b)

Orbital Spiral . .
An example of orbital forging. Bevel gears, wheels, and

Eﬁg - rings for bearings can be made by this process.

Planetary Straight line



Impression-Forging Die and
Die Inserts

External and internal draft angles

Standard terminology for various

Flash features of a typical impression-

Guttér
Parting
line

Rib . )
Web forging die.
Fillet

Corner
Trim line

L A . . J Upper die block
Die inserts used in dies for forging an (6F2 or 6G)

Insert
automotive axle housing. (See Tables e

Insert

(H12) Workpiece

5.5 to 5.7 for die materials.) Source:
Metals Handbook, Desk Edition. ASM
International, Metals Park, Ohio, 1985.

[nsert

> Lower die block

Used with permission.



Defects in Forged Parts

Internal Defects In Forging

Die
FIGURE 623 Laps
formed by buckling of H
the web during =
L

Rib Web

Laps

Bbochood forging Beesgrim fimizshing: Wl buckles Lapain fmished forgmg

forging.

FIGURE 6.24 Intemal defects produced in a forging because of an oversized billet. The

die cavities are filled prematurely, and the material at the center of the part flows past the
filled regions as deformation continues.

% W= on

& u Manufacturing Processes for Engincering Materials, 4th ed.
Sy Kalpakjian » Schmid
7ee ™ ¥ Prentice Hall, 2003

Examples of defects in forged parts. (a) Labs formed by web buckling during
forging; web thickness should be increased to avoid this problem. (b) Internal
defects caused by oversized billet; die cavities are filled prematurely, and the
material at the center flows past the filled regions as the dies close.



Defect Formation In Forging

Top die Smau Metal g’fetal F low _
fillets flow oes into die
Tarce follows not fails to
fill 5 amoath follow follow
s curve sharp sharp
Baottom di commer corner
4 5 &
?;lfﬁtal fﬁiﬁﬁls Voids Smooth Cold
entire bottom ::2::? flow shuts
width of cavity
of ek goxz folds
section filling itizl i S
section

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