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~— Forming Processes
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« How materials deforms permanelty? %
]’  What are the differences from forming processes aplied to
polymers and metals?
 What are the metal forming processes?
e What isthe energy consuming in metal forming? :
How isthe final process like? ik
duction quantity?

“Globalization isthe integration and interdependency of world markets and
resources in producing consumer goods and services’
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Bulk deformation processes are generally characterized by significant deformations
and massive shape changes, and the surface area—to-volume of the work is relatively
small. The term bulk describes the workparts that have this low area-to-volume ratio.
Starting work shapes for these processes include cylindrical billets and rectangular
bars.
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| w Forging: In forging, a
l" workpiece is compressed

Work _ shapes are imparted to the
work. Forging

: between two opposing
l dies, so that the die

| S
traditionally a hot

Ram

o working process, but
many types of forging are
performed cold.

Drawing: In this forming
process, the diameter of &
round wire or bar s
reduced by pulling i
through a die opening.

(d) E

/

Extrusion: This is a compression process in
which the work metal is forced to flow
through a die opening, thereby taking the
shape of the opening as its own cross
section.

/

Rolling: This is a compressive deformation
process in which the thickness of a slab or plate

3 is reduced by two opposing cylindrical tools
" called rolls. The rolls rotate so as to draw the
work into the gap between them and squeeze it.
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Metal Plasticity (Yielding) [Uniaxial stress]
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Mechanical Behavior of Materials WILLIAM F. HOSFORD
University of Michigan — Cambridge University Press

True stress and strain. If the tensile tests are used to predict how the material will
behave under other forms of loading, true stress—true strain curves are useful. The true
stress is defined as

o =F/A, (3.4)

where A is the instantaneous cross-sectional area corresponding to the force F. Before
necking begins, the true strain is given by

e =In(L/L,). (3.5)

The engineering stress is defined as the force divided by the original area, s = F/4,, and
the engineering strain is defined as the change in length divided by the original length,
e= AL/L,. As long as the deformation is uniform along the gauge length, the true stress
and true strain can be calculated from the engineering quantities. With constant volume,
LA =L A,, so that

Ao/A=L/L,, (3.6)

and thus 4,/4 = 1 + e. Rewriting Equation (3.4) as o0 = (F/4,)(4,/A) and substituting
AsJA=1+eand s=F/A,,

o =s(1+e). 3.7

Substitution of L/L, = 1 + e into Equation (3.5) gives

e = In(1 + e). (3.8)



&N L N VAN

1000 [——T— - - - -

Figure 3.9. Comparison of engineering
. and true stress-strain curves. Before
necking, a point on the true stress-strain
| curve (0—¢) can be constructed from a 600
| point on the engineering stress-strain
curve (s—e) with Equations (3.7) and (3.8). 400 |
~ After necking, the cross-sectional area at
the neck must be measured to find the 200
_ true stress and strain.
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Models for Plasticity

* Rigid Plastic

- c

RIGIDO
PERFEITAMENTE PLASTICO

* Hardening oA

True stress
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Principal stresses. It is always possible to find a set of axes (1, 2, 3) along which the
shear stress components vanish. In this case the normal stresses, o1, 0, and 03, are called
principal stresses and the 1, 2, and 3 axes are the principal stress axes. The magnitudes
of the principal stresses, o, are the three roots of

0y’ — oy> — Loy — I =0, (1.11)

where

Iy = 0yx + Oyy + 02z,
2 2 2
12 = ayz + Ozx 4= axy - nyazz — 0zz0xx — Uxxoyy, (112)

and

- 2 2 2
I3 - Gxxoyyazz 5 2O'yzo'zxo'xy - Gxxayz - nyazx - azzaxy .
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(1) Y (2) V(@3 t () 1 s) t (e
Simple uniaxial Biaxial tension Triaxial tension Biaxial tension, Biaxial tension Uniaxial
tension compression and compression compression

= = > f - -+
t @ 1 (8 ) (10) P (12)
Biaxial Biaxial compression, Triaxial Pure shear Simple shear with Biaxial shear with
compression tension compression triaxial compression triaxial compression

Plain Strain (ey=0;Sz=0)




Yield criteria 5

The concern here is to describe mathematically the conditions for yielding under complex
stresses. A yield criterion is a mathematical expression of the stress states that will cause
yielding or plastic flow. The most general form of a yield criterion is

f(ax’ Oys Oz Tyzs Tzxs Txy) =C, (61)

where C is a material constant. For an isotropic material this can be expressed in terms
of principal stresses,

f(0'1,0'2,0’3) = (6.2)

The yielding of most solids is independent of the sign of the stress state. Reversing the
signs of all the stresses has no effect on whether a material yields. This is consistent with
the observation that for most materials, the yield strengths in tension and compression
are equal.” Also, with most solid materials, it is reasonable to assume that yielding is
independent of the level of mean normal stress,

Om = (01 + 02 + 03)/3. (6.3)

no volume change. This assumption of constancy of volume is certainly reasonable
for crystalline materials that deform by slip and twinning because these mechanisms
involve only shear. With slip and twinning only the shear stresses are important. With

It will be shown later that this is equivalent to assuming that plastic deformation causes !
this simplification, the yield criteria must be of the form 5/

f (02 — 03), (63 — 1), (01 — 02)] = C. (6.4)
» 71" d VARV 4. /4 N -7 Vi
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— Failure Criteria (Isotropic Materials)

Tresca maximum shear stresscriterion:

O The simplest yield criterion is one firs
proposed by Tresca. It states that yielding wil
occur when the largest shear stress reaches «
critical value.

Mises The largest shear stressis T, = (Omax — Omin )/

o, Omax — Omin — L. E

Von Mises criterion: The effect of th
intermediate principal stress can be included b
assuming that yielding depends on the roo
mean-square diameter of the three Mohr’
circles.

-1

4

\ {[(02 — 03)* + (03 — 01 )* + (01 — 02)*] /3} /P = C
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Friction (Coulomb and Sticking /Adhesion)

Nominal Contact Area — An
Real Contact Area - As

Friction, F

P
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Contact pressure, P
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Temperature (Hot and Cold Forming)

TABLE 12.1 Typical values of temperature (relative to melting point T,,)
and coefficient of friction in cold, warm, and hot working

Category Temperature Range Coefficient of Friction
Cold working <0.37,, 0.1
Warm working 0.37,,-0.57,, 0.2
Hot working 0.57,,-0.75T,, 0.4-0.5
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RECRYSTALIZATION IN HOT FORMING

Starting
(s:)rtuggtr:” Deformed grains

Recrystallized
/grain structure

2

LT

Start of
recrystallization




Independent variables

Starting material
Starting geometry
Tool geometry
Lubrication

Starting temperature

Speed of deformation

Amount of deformation |

-Experience-

-Experiment- -«

-Modeling-

Dependent variables

Force or power
requirements

Product properties

Exit temperature

Surface finish
Dimensional precision

Material flow details
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PROCESSOS DE CONFORMAQAO VOLUMETRICA
(BULK PROCESSES)
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Slabs

Billets / ))/

Structural shapes Rails

\ 0

Tube rounds

G /."'

Tin plate Seamless pipe Cold drawn bars
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FIGURE 13.10 Homogeneous deformation of a cylindrical workpart under ideal
conditions in an open-die forging operation: (1) start of process with workpiece at its
original length and diameter, (2) partial compression, and (3) final size. (Credit:
Fundamentals of Modern Manufacturing, 4" Edition by Mikell P. Groover, 2010. Reprinted
with permission of John Wiley & Sons, Inc.)
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F=KiY;A
’g 1000 —
| 0.4uD ERE
K f = 1 + ke
' h
0 | | |
75 62 49 36 h(mm)
cl) 1|3 2|6 3|9 (h,— h)
TABLE 13.1 Typical Ky values for various part shapes in impression-die and
flashless forging
Impression-die forging K, Flashless forging K,
Simple shapes with flash 6.0 Coining (top and bottom surfaces) 6.0
Complex shapes with flash 8.0 Complex shapes 8.0
. Verycomplex shapes with flash 10.0
\. B el 1, 5T, ' ) TR 1 SR S LSRN AL | /) Nt fSe""7 Vi
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— Forces in Open Die Forming |
~~ Homogeneous Strain Method with Friction
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Contact / Pressure Distribution on the Die (N/mm)
Coulomb Friction

ATRITO PEQUENO

-b/z : | b/z  §

Figura 5.4 - Distribui¢do da pressdo p para um dado instante.
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Contact / Pressure Distribution on the Die (N/mm)
Adhesion /Stiking Friction and Partial Adhesion

ATRITO DE ADERENCIA ATRITO DE ADERENCIA
TOTAL PARCIAL
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Figura 5.5 - Distribui¢do de p para as condig¢oes de atrito de aderéncia total e parcial
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Increasing forging load ———»

Additional load required
to close dies

Cavity fills completely

AR O

Forging energy

Dies contact Forging
workpiece complete

Forging stroke —————-

P v
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.
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Upsetting




FIGURE 13.16 Drop
forging hammer, fed by
conveyor and heating
units at the right of the
scene. Photo courtesy of
Ajax-Ceco. (Credit:
Fundamentals of Modern
Manufacturing, 4"
Edition by Mikell P.
Groover, 2010. Reprinted
with permission of John
Wiley & Sons, Inc.)
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FIGURE 16-15 A forged and
machined automobile engine
crankshaft. Forged steel
crankshafts provide superior
performance, compared to those
of ductile cast iron. ((© Sergiy
Goruppa/iStockphoto)
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P o Roll speed, v,

= roll radius
— p = roll pressure
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Reduction:
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Pressure along the contact length in flat rolling

Peak pressure

Roll speed, v,

R = roll radius
1 p = roll pressure

Direction of rolling
>
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Rolling — Condiction to Pull the workpiece

Beginning During rolling process
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::A
% Intermediate rolled form Final rolled form
5 Structural shapes
E Bloom
= Rails
7
.

Slab

FIGURE 13.2 Some of Plates, sheets

the steel products made
in a rolling mill. (Credit:
Fundamentals of
Modern Manufacturing,
4™ Edition by Mikell

P. Groover, 2010. Billet
Reprinted with
permission of John
) Wiley & Sons, Inc.)

S Lk

r .
-

[
" ! -.-.l' ‘..044’

-Qw,-'\o“-.. ‘P'
".l ‘.‘Itl"t

]
fe

.t

n'



1l [, O, XN, L W

S i
Two-high nonreversing

2000 <
[[[[L0C LILITEX

200 <]




=LY AL T B L G B TR VO 0 O L I B S, X ).
/

Idler roll

Main roll

Edging rolls {

Feed

—

(1 )

FIGURE 13.7 Ring rolling used to reduce the wall thickness and increase the diameter of a ring:
(1) start and (2) completion of process. (Credit: Fundamentals of Modern Manufacturing, 4™ Edition by
Mikell P. Groover, 2010. Reprinted with permission of John Wiley & Sons, Inc.)

Starting blank

Fixed die

Moving die
-

(1) (2)

- FIGURE 13.6 Thread rolling with flat dies: (1) start of cycle and (2) end of cycle. (Credit: Fundamentals of Modern

Al

- Manufacturing, 4" Edition by Mikell P. Groover, 2010. Reprinted with permission of John Wiley & Sons, Inc.)
%mmx 1S IR & ARV 4L . /80000 . o™ af Py 4 J
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WIRE AND BAR DRAWING

FIGURE 13.34 Drawing
of bar, rod, or wire.

(Credit: Fundamentals of
Modern Manufacturing, T

/ Draw die d _ Do B Df

Starting stock

4" Edition by Mikell |
P. Groover, 2010. Do A F
Reprinted with —L

permission of John N
Wiley & Sons, Inc.) Final work size
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- Starting work Entry table
.—

; Die stand

2 Drawn bars

FIGURE 13.35
Hydraulically operated
draw bench for drawing
metal bars. (Credit:
Fundamentals of Modern
Manufacturing,

4™ Edition by Mikell

P. Groover, 2010.
Reprinted with
permission of John
Wiley & Sons, Inc.)

Hydraulic cylinder

Exit rack
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f; Maximum Reduction per Pass in wire drawing

“Why not take the entire reduction in a single pass through one die, as in extrusion?
The answer can be explained as follows. From the preceding equations, it is clear
that as the reduction increases, draw stress increases. If the reduction is large
enough, draw stress will exceed the yield strength of the exiting metal.”

5 Assuming a perfectly plastic metal (n = 0), no friction, and no redundant work. In
x: thisidea case, the maximum possible draw stressis equal to the yield strength of the
" work material.

| A, 1 A

o;=Y ln——Yln——Yln = I — —e=2.7183
S A; - 45 °
e—1
Ficers = TR 0.632
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5_: Lubricant box
= Initial wire stock (in coil form)

] Draw die
=

; Va, F

/

= A

PN

Capstan drum (holds multiple loops of wire)

(1) () (3)

FIGURE 13.36  Continuous drawing of wire. (Credit: Fundamentals of Modern Manufacturing, 4™ Edition by
I Mikell P. Groover, 2010. Reprinted with permission of John Wiley & Sons, Inc.)
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Final work shape

/7 Container

Direct extrusion

Hollow ram

1 Extrusion 5 Dummy block

2 Die backer 6 Pressing ram .
3 Die 7 Container liner Final work

4 Billet 8 Container body shape




Extrusion Forces

[— Remaining billet length

-]

e A
Ram pressure, p — Dy
— R (&
FIGURE 13.30 A complex extruded cross section for a heat sink. Photo courtesy of Aluminum
A > A 0 Company of America. (Credit: Fundamentals of Modern Manufacturing, 4™ Edition by Mikell P. Groover, -
C — — 2010. Reprinted with permission of John Wiley & Sons, Inc.
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A

i:: Higher friction at low o
©
)

Die 8
R Higher redundant work at high o
§
= Optimum

} -
Die angle (o)

(@) (b)

FIGURE 13.29 (a) Definition of die angle in direct extrusion; (b) effect of die angle on ram
force. (Credit: Fundamentals of Modern Manufacturing, 4™ Edition by Mikell P. Groover,
2010. Reprinted with permission of John Wiley & Sons, Inc.)

FIGURE 13.33 Some common
defects in extrusion:

(a) centerburst, (b) piping, and

(c) surface cracking. (Credit:
Fundamentals of Modern
Manufacturing, 4™ Edition by Mikell
P. Groover, 2010. Reprinted with
permission of John Wiley & Sons,

Inc.) (a) (c)

‘c
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Final work shape

]

e

FIGURE 13.25 v, F =
—_—

(a) Direct extrusion to
produce a hollow or
semi-hollow cross Mandrel
section; (b) hollow and Work billet ——/ \_ Die
(c) semi-hollow cross
sections. (Credit: (@)
Fundamentals of Modern
Manufacturing,
4™ Edition by Mikell
P. Groover, 2010.
Reprinted with
permission of John
Wiley & Sons, Inc.) (b) (c)

. . Container Container

-. [ [

e

f : Fv

- —_—

o wF

Y7\
Hollow ram —/ Ram
Final work \— Die \—Work billet Final work \—Die \—Work billet
shape shape
(a) (b)

FIGURE 13.26 Indirect extrusion to produce (a) a solid cross section and (b) a hollow cross section. (Credit:
Fundamentals of Modern Manufacturing, 4" Edition by Mikell P. Groover, 2010. Reprinted with permission of John
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/— Container Q /

FIGURE 13.32 Ram
Hydrostatic extrusion.
(Credit: Fundamentals of

Modern Manufacturing, S—- ——
4™ Edition by Mikell RV Extruded shape
P. Groover, 2010. -

Reprinted with \ o . Die

permission of John
Wiley & Sons, Inc.)

—— Work billet

Punch

Starting
blank

Extruded part )
(a)

(1)

(2)

Starting blank

(1 () ()

FIGURE 13.31  Several examples of impact extrusion: (a) forward, (b) backward, and (c) combination of forward and '
! backward. (Credit: Fundamentals of Modern Manufacturing, 4™ Edition by Mikell P. Groover, 2010. Reprinted with
% | permission of John Wiley & Sons, Inc.)
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F.v
Blank holder -

Punch
Work

Die ——

(a) (b)

Punch —

Shearing action \

Work

(1) (2
(c)

FIGURE 12.2  Basic sheet metalworking operations: (a) bending, (b) drawing, and

(c) shearing: (1) as punch first contacts sheet, and (2) after cutting. Force and relative
motion in these operations are indicated by F and v. (Credit: Fundamentals of Modern
Manufacturing, 4™ Edition by Mikell P. Groover, 2010. Reprinted with permission of John
Wiley & Sons, Inc.)
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Home Work #6 — Forming

~ + Answer questions from class #2 applied to Extrusion.

/Y + Local Suppliers of Extruded Aluminum partsin your home
.~ country

|+ Dueto21st September
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