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Context: 

Materials for transport applications

Å 3 credits

Å Evaluation: 

o Oral exam

o Presentation

o Executive summary report

o Active contribution in seminars

Å Compulsory reading

o Davies, Materials for automotive bodies, Elsevier. 2003

o Yamagata, The science and technology of materials in automotive engines, 
Woodhead Publishing. 2005

Å Additional literature

o Banabic, Sheet Metal Forming Processes, Springer, 2010

o Illig, Thermoforming: a practical guide, Hanser Verlag, 2001

o Matthews & Rawling, Composite Materials, Elsevier, 1999
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Overview

ÅGeneral aspects of plasticity

ÅForming processes

ÅFormability of metals

ÅDetermination of formability

ÅDigital image correlation

ÅExample: steel

ÅSteel versus aluminium
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1 general aspects of 

plasticity
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Strength and stiffness

ÅStiffness

o Determined by composition and atom binding energy

ÅStrength

o Determined by

ÅComposition

ÅMicrostructure

ÅPoint defects (intersitial or substitutional atoms, vacancies)

ÅDislocations

o Affected by

ÅMechanical treatment (cold forming)

ÅHeat treatment (annealing, hardening, tempering é)
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Ductility

ÅImportance

o Forming

o Crash behavior

ÅDetermined by

o Composition

o Microstructure

o Point defects (interstitial or substitutional atoms, 

vacancies)

o Dislocations

ÅAffected by

o Mechanical treatment (cold forming)

o Heat treatment (annealing, hardening, tempering é)
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Plasticity: strain definitions

ÅEngineering strain / technical strain / Cauchy strain

ÅTrue strain / logarithmic strain / Hencky strain

ÅGreen strain

ÅEuler-Almansi strain
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Stress definitions

ÅCauchy stress tensor

ÅPrincipal stresses
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Plane stress condition

ÅPrincipal stresses in plane stress condition

ÅMaximum and minimum shear stress

o In principal stress terms:

Trescayield criterion (1864)
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Hydrostatic and distortional stress

Å Hydrostatic: 

o deforms the body (changes the volume)

o Does not cause plastic deformation

Å Distortional  stress component: 

o distorts the body

o Plastic deformation

ijijij s pds +=

ijpd
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Von Mises stress / octahedral 

stress
Å Invariants of the distortional stress tensor

Å Von Mises stress

Å Octahedral stress: ( ) ( ) ( ) 2
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Huber-Mises-Hencky yield 

criterion

ÅYielding starts when J2 reaches a critical value

General

Principal stress

Plane stress 

general

Plane stress 
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Graphic representation
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Uniaxial loading
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2 Forming processes
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Shaping processes
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Stretch forming ïdeep drawing
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Defects in 

deep drawing
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Parameters 

influencing formability
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Example
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3 formability of metals
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Formability definitions

ÅWork-hardening factor ónô

o Strengthening during plastic deformation

o Related to stretching

o Important for energy absorption and impact
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Importance of work hardening n

Å Importance: 

o Stretch forming

o Energy absorption

Å Determined by microstructure; dislocations, point defects :

o composition

o Heat treatment
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Formability definitions

ÅAnisotropy factor r

o Related to part thinning during deformation
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Directional dependence of r
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Coefficient of normal anisotropy

ÅDepends on strain
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Planar anisotropy

ÅVariation of normal anisotropy

ÅResponsible for earing

4

2 90450 ¯¯¯ +-
=D

rrr
r



29

Biaxial anisotropy coefficient

ÅBarlat Pöhland

o Flatwise compression ÁBiaxial tension
RD

TD
br
e

e
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Consequences of anisotropy

ÅTresca and Von Mises criteria no longer valid

ÅMore yield stresses needed

ÅYield criterion for anisotropic materials: Hill1948
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Hill 1990

sb: yield stress in biaxial tension

t: yield stress in pure shear
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Further developments

ÅNew criteria for the complex steel alloys for automotive



34

Experimental correlation

ÅFurther reading: D. Banabic, Sheet Metal Forming Processes,

Springer, 2010
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4 Determination of 

formability
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ÅTensile tests

o n

o r

o Plasticity during necking

ÅForming limit tests

o Punch stretching methods: Erichsen test, Hecker test

o Deep drawing methods:  Swift test

o Forming limit methods: Nakazima test
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Punch stretching methods

ÅErichsen test

o Indentation depth (mm)

ÅHecker test
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Deep drawing methods

ÅSwift test

o Limit drawing ratio

LDR
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Forming limit strain diagram
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Nakazima test

ÅForming test with varying boundary conditions
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Determination of deformability

limits: Hecker method
Å Deformation of a printed circular grid

o Largest straine1
ÅAlways positive

o Smallest straine2
ÅPositive or negative
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Forming limit curve

n important

r important
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Influencing parameters
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Other parameters

ÅTemperature

ÅStrain rate

ÅPunch curvature

ÅPressure

ÅDimensions of the grid

Åé
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Alternative measurement

method:

Digital Image Correlation
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B. Van Mieghem et al. Digital image correlation for on-line wall 

thickness measurements in thick gauge thermoforming. Key 

Engineering Materials (2013)

Introduction ïDigital Image 

Correlation

In every step of the 

process
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DIC in forming - Challenges

ÅStrain > 100% is not exceptional Ą when judging strain, 

choice of strain definition is important

ÅStrain rateĄ 0,01/s up to 10/s

ÅSpeckle technique on sheet (low surface energy)

o Custom paint

o Spray/Print

ÅForming temperature up to 300ÁC 

ÅBig displacements in 3D

o Field of View

o Depth of Field

o Lighting
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DIC in thermoforming
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