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MATENG Context:
Materials for transport applications

A 3 credits
A Evaluation:
o Oral exam
o Presentation
o Executive summary report
o Active contribution in seminars

A Compulsory reading
o Davies, Materials for automotive bodies, Elsevier. 2003

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

A Additional literature
o Banabic, Sheet Metal Forming Processes, Springer, 2010
o lllig, Thermoforming: a practical guide, Hanser Verlag, 2001
o Matthews & Rawling, Composite Materials, Elsevier, 1999
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Hghmarene Overview

A General aspects of plasticity
A Forming processes

A Formability of metals

A Determination of formability
A Digital image correlation

A Example: steel

A Steel versus aluminium
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1 general aspects of
plasticity
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{EMmaTeNnG Strength and stiffness S empus
A Stiffness
o Determined by composition and atom binding energy
A Strength

o Determined by
A Composition
A Microstructure
A Point defects (intersitial or substitutional atoms, vacancies)
A Dislocations

o Affected by

A Mechanical treatment (cold forming)
A Heat treatment (annealing, hardening, (crtremper i ng €
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{EMmaTENG Ductility

ESME Tempus

A Importance

o Forming

o Crash behavior
A Determined by

o Composition

o Microstructure

o Point defects (interstitial or substitutional atoms,
vacancies)

o Dislocations
A Affected by
o Mechanical treatment (cold forming)
o Heat treatment (annealing, hardening, ‘cnthcemp e r 1 |



£y - . .
MATE“G Plasticity: strain definitions

ESME Tempus

A Engineering strain / technical strain / Cauchy strain

e:E:/-l
L,

A True strain / logarithmic strain / Hencky strain

e= In%%gz In(/)

A Green strain
eG_EMS:E(/Z_l)
2® 3 0 2
A Euler-Almansi strain
1417-150_14 1¢
= O=_ -
ETeE e o zé% /22
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{ehwarene Stress definitions

A Cauchy stress tensor

Tlet) T11 T12 13 Trz Ozy Oz Or Tzy Trs
o =0 = T{EEJ — |T21 T2 O23| = |Oyz Tyy Ty | = | Tyz Ty Ty= |
T{eg] 031 O32 033 Fog Toy Oz Tox Toy O
A Principal stresses
3 2 i ]
|05 — Aij| = —A* + A2 — LA+ I3 =0 op 00
Tij = 0 T 0
I = 011 + 022 + 033 0 0 oy
= Ogk ] )
I, = Ta2 023 711 T13 711 12
O3z OTa3 J31 0Oaa Og1 T332
2 2 2
= 011022 + 022033 + 011033 — Ty9 — Og3 — Ogy
1
= 5 (000jj — 0i;05i)

I;_J, — dEt-(Jt'j)

_ 2 2 2
= F11T20033 + 2512523531 — 019033 — Tg3011 — 031022
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{ehwar=ne Plane stress condition

A Principal stresses in plane stress condition

T, + O Ty — Ty \ 2
01,02 = — yi\/( 5 y) + 72,

A Maximum and minimum shear stress

2
_ Tz — Oy
Tmaz s Tmin — i%( 9 ) + T:E?y

o In principal stress terms:

1

Tmax = 5 | T max — Tmin Trescayield criterion (1864)
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Hehmarens Hydrostatic and distortional stress
Sij =S TP ¢

A Hydrostatic: 0 67

o deforms the body (changes the volume)

o Does not cause plastic deformation

_ Opp  O01n + 020+ 033 4
mT=—= = Efl.
3 3

A Distortional stress component:

o distorts the body

o Plastic deformation

o Jkﬁ:§
Sij = Tij — A
511 812 S13 11 T12 013 m 0 0
So1 Szz Spa| = |[0a1 O o3| — [0 w0
831 83z S33 | 031 O3z O3z3 0 0 =«
dyp — 712 713
= 721 Ogz — T T3 .
731 T3z T3z — T
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MATENG Von Mises stress / octahedral
stress

A Invariants of the distortional stress tensor
Jj_ = SLpp — U,
Jg = %Siiji
= (57 + 53 + 53)
= % [{511 — 522)24- (522 — 533)2 + (Jaa — r3‘11)‘?] + Effg + Efgg + ET§1
= & [(01— 02)* + (02 — 03)" + (03 — 01)]
— %If — I?!
Jg = dEt-(Sij)
%SiijkSﬁ:i
— 518383
— %I% — %Illrg —|— Ig.

A Von Mises stress Son :\/%[(51' s, F+(s,- s, P +(s,- 51)2] = /3],

A Octahedral stress¢__ :%\/(51_ s, +(s,- s, +(s,- s,f = %Jz
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deinmarene Huber-Mises-Hencky yield
criterion
A Yielding starts when J, reaches a critical value

il Tempus

STA)

2 _ 2 2 2 2 L o2 a2
ERNEE 25§ =(511- S20) +(S22- S3a) +(533- 514) "‘6(512"'523"'531)
- 2 _ 2 2 2
Principal stress 25 =(s)- sy F+lsy-su )V +su-s)
2 _ .2 2 2
Plane stress Sy =51~ S11522F55,+351,
general
2 _ .2 2
Plane stress Sy=Si -85, t5|
principal
Pure shear sy :\/5,‘512‘

uniaxial Sy=851
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ghmarene Graphic representation

\Von Mises
Tresca

Tensile test
~ Spherical

\\‘ ‘ » pressure

. vessel
Torsion test »" / '
N
N
\

Compression
test

Tensile test

‘i’ Torsion test
A

Compression
test

Spherical
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warene Unijaxial loading

proportionality limit

elastic limit ultimate stress

yield stress /

fracture
-

Ou | Ultimate stress

G; Fracture stress

yielding
OT), Yield stress

Op| | Proportionality limit

plastic behavior | €

elastic
behavior
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2 Forming processes



warene SNAPING Processes

Cogging

Extrusion

Rolling

Ring Rolling

=

—~

Sheet Forming

\_

Heat Treatment

Furnace

Induction
Heating

Resistance
Heating

Mechanical
Joining

Inertia Welding

Spot Welding

Stir Welding

<&

Machining

Machining
Distortion

Pull Test

Spin
Testing

Life




ESME Tempus

feRmarens Stretch forming i deep drawing

Copyright © 2009 CustomPartMet
Copyright © 2009 CustomParthet




MATENG Defects In
deep drawing
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Influencing formabllity

S

Texture, size, shape,
density of the voids

Metallurgical
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3 formability of metals
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il Tempus

A Work-hardening f~acc ttor 6 n6
o Strengthening during plastic deformation

True stress
- i (o) A

Engineering

stress a
(3

Stress
N
\
\
\
\
\
\
\
\

Log true stress
m \

™y

Strain Log true strain

Typical true stress/
true strain curve

o Related to stretching
o Important for energy absorption and impact
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Lo :
gemvarene  [mportance of work hardening n

A Importance:
o Stretch forming

o Energy absorption
A Determined by microstructure; dislocations, point defects :

o composition

o Heat treatment | ID |

e (sheet)
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il Tempus

A Anisotropy factor r
o Related to part thinning during deformation

Before load After load

_ Ew _ True strain in width direction
£y True strain in thickness direction
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ggmrene Directional dependence of r
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MATENG Coefficient of normal anisotropy

rO_ + 2r45_ + r90_
A

I =

A Depends on strain

3

0 005 01 045 02 025
Longitudinal strain



ESME Tempus

Les :
{ehwarene Planar anisotropy

A Variation of normal anisotropy

lo-- 2r45‘ T e
4

A Responsible for earing

Dr =




il Tempus

{ehwar=ne Biaxial anisotropy coefficient

r :i
A Barlat b Exp Pohland

o Flatwise compression ABiaxial tension

T muqmm U ||||||||||||'mz||||||m||||n|||u||u

0.25 | G/j "
§ / r,= 1.225
[ : I R’ = 99.98% ]
£ 020 / o
3
] L
a 015
c
£
e L
= 0.10 -
i ;
0.05 o
[ —— Experiments and 1
- linear approximation -
000 st e e et

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Strain in rolling direction
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{ehwar=ne Consequences of anisotropy

A Tresca and Von Mises criteria no longer valid
A More yield stresses needed

A Yield criterion for anisotropic materials: Hill1948

F(Sz- 53)2+G(53- 81)2+H(Sl- 82)2+(2LS%3+2MS%3+2NS%2)=1

1 1 1 1
2F:Y2+ZZ- X2 2L:?
1 1 1 1
Gty Meg
S S 1

X2+Y2_ZZ 2N:_

T2
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{ehmarene Hill 1990

2 2)—1
p=|o1 + o*zzlm—k(ofl/rm) |(U11 — 0‘22)2—|-40”122|m/ + ‘0'121 + 0”222 + 20‘122 (mf2)

N =2a(of) —03) + b (o1 - 022)2} = (20p)"

_ In[2(ras + 1)]

2
In 22°

045

(o —ro0) [1—(m—=2)/2)rss]

(ro+rop) — (m—2)-rog-roo

m

m-[2-rg-rog —ra5- (ro + roo)]
(ro +r9p) — (m—2) - ro - rog




wrene FUrther developments

A New criteria for the complex steel alloys for automotive

Table 2.3 The mechanical parameters needed for the identification of several yield criteria

Author, year oQ O3 045 O75 Ogy Op Fy Fo ras s rop o 3D A1 A2
Hill’s family

Hill 1948 X X X X X

Hill 1979 X X X X X

Hill 1990 X X X X X X

Hill 1993 X X X X X X X
Lin, Ding 1996 X X X X X X X X
Hu 2005 X X X X X X X X
Leacock 2006 X X X X X X X

Hershey's family

Hosford 1979 X X X X X
Barlat 1989 X X X X
Barlat 1991 X X X X X X
Karafillis Boyce 1993 x X X X X X X X X
Barlat 1997 X X X X X X X X X X
BBC 2000 X X X X X X X X X X
Barlat 2000 X X X X X X X X X
Bron, Besson 2003 X X X X X X X X X X X
Barlat 2004 X X X X X X X X X X X
BBC 2005 X X X X X X X X X X X
Drucker’s family

Cazacu—Barlat 2001 X X X X X X X X X X X X X X
Cazacu—Barlat 2003 X X X X X X X X X X X X X X
C-P-B 2006 X X X X X X X X X X X X X X

Polinomial criteria
Comsa 2006 X X X X X X X X X X X
Soare 2007 (Poly 4)
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{ehwarene Experimental correlation

02/ Y

044 .................. .................. ..... TH ........ ..................
———— Hill 1948 | : ' :

——————— Hill 1990 ; 5 : 5
02 1 Barlat 1989 .................. ............... . ..................
BBC 2000 |

® Experiments | f

0.0 - . . . :
00 02 04 06 0.8 1.0 1.2 1.4

G1/Y

A Further reading: D. Banabic, Sheet Metal Forming Processes,
Springer, 2010
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formability
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A Tensile tests
o N
o I

o Plasticity during necking

A Forming 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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Hghmar=ve Punch stretching methods

- g90mm -

A Erichsen test P
o Indentation depth (mm)  |usse, ' '\ 4
) £
G DX 4 | R

RN
EESEE 7 204 o 05 320.1 EP
/]

=2
| Np.7520.1 ™
N\ RETAIIING
RING
g3320.1
g 55%0.1 N

A Hecker test

Punch force




{ehwar=ne Deep drawing methods

A Swift test

o Limit drawing ratio

LDR

Punch

Nz o

1 50 mm .
(1.897 in.)

il Tempus

Specimen

—

Hold-down
ring
V7777777 PTIIIII s
\ : ?,/(
. ] ! /
Die z,
K ZZ77777 77777
/ 52.5 mm (2.07 in.) \
6.36 mm 6.36 mm

(0.25in.) radius

(0.25 in.) radius
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8hwarene FOrming limit strain diagram
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{ehwarene Nakazima test

A Forming test with varvina boundarv conditions

remainder
of
blank width
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warene  Determination of deformability
limits: Hecker method

A Deformation of a printed circular grid RS TIS T N
o Largest strain e, = VoS

A Always positive T L -

o Smallest strain e, m imd N

A POSItIVG or negatlve Positive minor strain




Replica of Fractured Specimen

® Fractured (18 ... 22)

B Necked or Fracture Affected (1 ...

A Acceptable (5 ... 17)

4)
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Major strain / %
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HEmarenc Forming limit curve
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Influencing parameters
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{ehmarene Other parameters

A Temperature 0 !

09— 4 |
A Strain rate

08— —
A Punch curvature | |

A Pressure CONVENTIONAL RATE

Z 06 ABOUT 10 mm/s -
" - - I
A Dimensions of the grid & \ T
) o D 5 B . 9 L ] ‘:’
A e g | _J S —— L
| e = =~ ] e ]
s 04 “CHIGHRATE Ny
&
03 4 - -
&
//
02 1 L -
//
04 L | e HIGH RATE _|
e ABOUT 100 m/s
| | | T | | |
%4 03 02 01 0 01 02 03 04 05
MINOR STRAIN
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Alternative measurement
method:
Digital Image Correlation
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MATENG Introduction 1 Digital Image
Correlation

Undeform@pge acquision 1 me t )

eformed

. : du B A & : A2
i, y.s) RE . i . d—za—: A N 0y Ardy+ W ot (Ar)
vie,y,s) Y v %g—; Ay g—{h %f—y} (Ay)?
—
o L . ]
g i AFFINE ‘ "
1
IRREGULAR [ ]
Y
QUADRATIC

E Zv Zr flr,y :l_f}:ﬂ\' roy.s)vlr, y, .\]]

Qe = 7 - =

O (S0 Sa 120 [T, TPl 1.9).0(.9.9)]
= | Lo 7|

) Y 2 flzy) = glp(e. g s). vz y. Sk
O’_\'_'\'f) o=t 1 X : ) - ]

U Zer-’bl'r'”;

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

thickness measurements in thick gauge thermoforming. Key
Engineering Materials (2013)
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Hghmarenve DIC in forming - Challenges

A Strain > 100% is not exceptional A when judging strain,
choice of strain definition is important

A Strain rate A 0,01/s up to 10/s
A Speckle technique on sheet (low surface energy)
o Custom paint
o Spray/Print
A Forming temperature up to 300AC >
A Big displacements in 3D
o Field of View
o Depth of Field
o Lighting




H8hwar=ne DIC in thermoforming

Stress relaxation

‘/%

Bubﬂble Inflation

-

mm




