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injection molding

thermoforming

machining
{

fastening
adhesive bonding
soldering/brazing
diffusion bonding
fusion welding

{variation

quality+ more
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2.008 Topic Coverage

Deformation process characteristics

Deformation physics

Common deformation processes

DFM
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Deforming vs Machining

Machining:


- 10s-100s of lbs


- concentrated shear zone: break material

Deforming:


- 10s-100s of tons


- across large volumes: do not want separation (cracks)

- any ductile material


- shape: limited by 
strain/plastic flow 
characteristics


- size: limited by 
equipment
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Tensile Testing: Al 6061
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Steel: 12L14

elastic → plastic deformation to form part


- we do not want elastic - that undoes our 
work!


- bulk deformation: forging/rolling/extrusion - so 
much plastic deformation that elastic is not 
significant


- sheet forming: plastic deformation is not much 
bigger than elastic


- elevated temperature: easier to deform
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Stress-Strain Curve++

resilience

“formability range”

failure

elastic 
modulus

yield 
strength: σy

ultimate tensile strength: σUTS

𝜎 = 𝐸𝜖
Hooke’s Law

𝜎 = 𝑠𝑡𝑟𝑒𝑠𝑠

𝜖  = 𝑠𝑡𝑟𝑎𝑖𝑛

𝐸

toughness

Resilience: total energy that can be stored 
elastically

Toughness: total energy that can be 
dissipated plastically

perfectly elastic-plastic

strain-hardening
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2.008 Attributes

Internalize the rate, quality, cost, and flexibility as 
manufacturing attributes


Apply physics to understand the factors that influence 
the rate, quality, cost, and flexibility of processes


Apply an understanding of variation to the factor that 
influence rate, quality, cost, and flexibility of processes 
and systems


Understand the impact of manufacturing constraints on 
product design and process planning

Stress/Strain→ deformation 
force


- force dictates equipment and 
energy requirements


Friction → energy requirements, 
lubrication, quality (friction is not 
repeatable, coefficient is not 
constant)
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Forging: How 
Combination 
Wrenches are 
Made
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Forging Force and Friction

Axi-symmetric Upsetting


Assumptions:


- Tresca yield → plastic deformation → flow


- constant friction coefficient


- no “barreling”
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Forging Force and Friction

Eq. A: Equilibrium in the r direction

∑ dFr = 0 = σr ⋅ h ⋅ r ⋅ dθ − 2 ⋅ μ ⋅ P ⋅ r ⋅ dθ ⋅ dr − 2 ⋅ σθ ⋅ h ⋅ dr ⋅
dθ
2

+ (σr + dσr) ⋅ (r + dr) ⋅ h ⋅ dθ

inner arc friction top and bottom hoop outer arc

dσr

r
=

2μP
h

= −
2μσz

h
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Forging Force and Friction

Eq. B: Tresca Yield Criterion

Eq. A: Equilibrium in the r direction

∑ dFr = 0 = σr ⋅ h ⋅ r ⋅ dθ − 2 ⋅ μ ⋅ P ⋅ r ⋅ dθ ⋅ dr − 2 ⋅ σθ ⋅ h ⋅ dr ⋅
dθ
2

+ (σr + dσr) ⋅ (r + dr) ⋅ h ⋅ dθ

inner arc friction top and bottom hoop outer arc

dσr

r
=

2μP
h

= −
2μσz

h

σr − σz = Y
dσz

dr
=

dσr

dr
→

σz = − Y ⋅ e
2μ
h (R−r)
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Forging Force and Friction

Use Taylor’s series expansion to approximate the exponential and expand about 0 (valid for small 2μR/h)

Fz = ∫
R

0
σz ⋅ 2 ⋅ π ⋅ r ⋅ dr = (π ⋅ R2) ⋅

1
2

⋅ ( h
μR )

2

⋅ Y ⋅ (e
2μR

h −
2μR

h
− 1)

|Fz | = (πR2) ⋅ Y ⋅ (1 +
2μR
3h )
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Forging Force and Friction
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Forging Force and Friction
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Upsetting with Friction
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Upsetting without Friction
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Common Bulk Processes

Rolling

Forging
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Microstructure: Grain Size

material properties affected by grain size:

- strength

- hardness

- ductility
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Recrystallization
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Common Processes
Extrusion

Drawing

L

vout

vin

DinDout

Twall

Fout, σout
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Extrusion Demo

Initial Shape

Final Shape

Final Area

Trial #1

2.625”

0.700”

0.4 in2

Trial #2

2.625”

0.500”

0.2 in2

Trial #3

2.625”

1”

1”

~0.2 in2
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DFM for Deforming

parting line + flash handling


draft angles to eject part


avoid sharp corners to fill appropriately


lubrication
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Common Sheet Forming Processes
Sheet Metal Bending/Stamping
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Sheet Metal Forming: How Al Cans are Made
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Sheet Metal Forming

Sheet metal concerns


- springback


- cracking
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Sheet Metal Bending

elastic 
modulus

yield 
strength: σy

𝜎 = 𝑠𝑡𝑟𝑒𝑠𝑠

𝜖  = 𝑠𝑡𝑟𝑎𝑖𝑛

𝐸

} }springbackpermanent 
deformation

1
Rtool

−
1

Rfinal
=

3σy

hE
− 4R2

tool ( σy

hE )
3

or

Rtool

Rfinal
= (

Rtoolσy

hE )
3

− 3 (
Rtoolσy

hE ) + 1

what will the springback 
amount be?

(evaluate it or eliminate it)

what will the final radius be?

(predict final part)



Forging, Extrusion, Sheet Metal: Processes and Equipment

Deforming
28

Sheet Metal Bending

⚠ 

Y = σy

R0 = Rtool = Rloaded

R1 = Rfinal = Runloaded

R1 = Rfinal = Runloaded for various metals, 
treatments, and thicknesses

steel: ⬇Y/E, ⬇springback

titanium: ⬆Y/E, ⬆springback
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DFM for Sheet Metal

bending radii and allowances


springback: over-bend or stretch


bend reliefs
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Stretching and Drawing

stretching: fix the flange and push down


drawing: do not fix flange
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Ashear
h

bL

Fshear

Fstretch

Astretch

h
b

Fshear = σUTSAshear = σUTSbh

Fstretch = "strength" ⋅ Ashear =
σUTS + σy

2
bh

Forming Forces

Fbending =
σybh2

L
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102101100 103 104

N kN MN

105 106

weight of a smartphone

force to break an egg shell

human bite force

crocodile bite force

space shuttle main engine thrust

largest blue whale

human weight

Toyota Corolla weight
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Rate/Cost/Quality/Flexibility

Advantages


- net shape process: rapid formation of part


- material properties are improved


Disadvantages


- high cost of equipment and dies


- limited flexibility of shapes and sizes


- accuracy/repeatability
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