KU LEUVEN

s

Plate and sheet
forming

Z( /
F Y
i
4
o
B
o
| t—




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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1 general aspects of
plasticity
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Strength and stiffness

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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Ductility

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, ‘critremp er i ng ¢€)
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Plasticity: strain definitions

A Engineering strain / technical strain / Cauchy strain




Stress definitions

A Cauchy stress tensor

Tlet) T11 T12 13 Trz Ozy Oz Or Tzy Trs
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A Principal stresses
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Plane stress condition

A Principal stresses in plane stress condition

Ty + O Ty — Ty \ 2
71,02 = — 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 | Fmax — Tmin Trescayield criterion (1864)

KU LEUVEN

14/04/2016 9



Hydrostatic and distortional stress

ST to 4
A Hydrostatic:
o deforms the body (changes the volume)

o Does not cause plastic deformation
p&j ﬂzﬁkk:ﬁll-l-ﬂfzz%-ﬁaa:l
3 3 3
A Distortional stress component:

o distorts the body
o Plastic deformation

I.

Jkkﬁ
.
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Von Mises stress / octahedral stress

A Invariants of the distortional stress tensor
J]_ = S5 — D,

1
Jg = Eﬁijﬁjf

= 1(s] + 53+ 53)

= % [[511 — 522)2—1— l:ETzrz — 533)2 + l:fifaa — 511)2] + Jfg + cr§3 + a§1
= & [(01— 02)* + (02 — 03)" + (03 — 01)7]
217 — I,

Jg = dEt-(Sij)

1
3515k Ski

— 515253

_ 27 _1

=2 - lLL+ 1.

A Von Mises stress Svm :\/%[(5| - sy P (s -su P rlsu - SI)Z]:\/?’J_Z

A Octahedral stress: [oct:%\/(sl sy PH(sy-su Prlsu -5 ) :\1232
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Huber-Mises-Hencky yield criterion

A Yielding starts when J, reaches a critical value

|
cenera 255 =(S11- S20)° +(522- 539 +(535- 511)2"'6(5122"'5223"'5331)

Principal stress 2532/ :(sl -5 )2 "'(su - Sy )2 "'(5||| -5 )2

Plane stress 2 _ 2 2 2
Sy =511~ S11522+ 522351

general
Pl_ane_: stress 5§:5|2'5|5|| +52
principal
Pure shear S, = \/5‘512‘
uniaxial —
Sy=5;
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Graphic representation

Von Mises

Tensile test
Tresca , Spherical
N pressure
_ \‘ ‘ vessel
Torsion test ¢
Compression Tensile test
test
Spherical
bathosphere Compression

test KU LEUVEN
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Uniaxial loading

proportionality limit

elastic limit ultimate stress

g

yield stress

fracture
-

Ou | Ultimate stress

G; Fracture stress

yielding strain hardening necking
G’, Yield stress

Op| | Proportionality limit

| | | strain
| KI plastic behavior | €
elastic
behavior
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2 Forming processes
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Shaping processes

Heat Treatment  Mechanical

Forging Joining Machiningr
“ Pull Test
Furnace h '
ColdForming | - yeating | Inertia Welding

Casting

Life

Extrusion

Ring Rolling Induction Spot Welding Machining Spin
Heating Distortion Testing

a8

Sheet Forming

Resistance Stir Welding
e =




Stretch forming i deep drawing







Parameters influencing
formability

Formability ~

Mechanical
proprieties

£y, E! Rpuo[l; r, m

Metallurgical
proprieties

Texture, size, shape,

density of the voids

-

Chemica

proprieties

Chemical
composition

Strain bounding

criteria

Lubrication

Wrinkling
E

Roughness
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3 formabillity of metals

KU LEUVEN

14/04/2016 21



A Work-hardening f-acc t' o r

o

Formability definitions

Ono

Strengthening during plastic deformation

True stress

- [e) A an
- (]
0 7
7] 7 ) a
g :
Engineering =2 -
stress - 5
n=|-—
(%)
o = ke”
Strain 3 Log true strain

Typical true stress/
true strain curve

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

A Importance:

o Stretch forming

o Energy absorption Main Ram
A Determined by microstructure;

dislocations, point defects :

o compaosition

o Heat treatment

Waorkpiece (sheet)
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Formability definitions

A Anisotropy factor r
o Related to part thinning during deformation

Before load After load

€w _ __True strain in width direction
£y True strain in thickness direction

r=

KU LEUVEN

14/04/2016




Directional dependence of r




Coefficient of normal anisotropy

rO_ + 2r45_ + r90_
A

I, =

A Depends on strain

3

0 0.05 0.1 0.15 0.2 0.25
Longitudinal strain
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Planar anisotropy

A Variation of normal anisotropy

[ - 2r45‘ T e
4

Dr =

A Responsible for earing




Biaxial anisotropy coefficient
_ 6o

A Barlat Iy = o P6hland
RD

ABiaxial tension

o Flatwise compression
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Conseguences 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(S3- 81)2+H(Sl- 52)2+(2LS%3+2MS%3+2NS%2)=1

1 1 1 1
F=litziye T

1 1 1 1
Gty Meg

11 1
2H_x2+Y2_ZZ 2N:—l
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ﬂ



Hill 1990

/2 2)—1
=101 +onl"+ (0" /7") (011 — 022)> +dod[" +]of) + 03 + 205

A=2a (o} — o) +b(o1] —020)*} = (20,)"

S, yield stress in biaxial tension
t: yield stress in pure shear
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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 o O3 045 075 0oy Op Fy Fao Fas 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)




Experimental correlation

(52/ Y

------- Hill 1990 | L
021 - — — Barlat1989 |

BBC 2000 |
] Experiments |

0.0 . . . ; ;
00 02 04 06 0.8 1.0 1.2 1.4

01/Y

A Further reading: D. Banabic, Sheet Metal Forming Processes,
Springer, 2010




4 Determination of
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

ﬂ



Punch stretching methods

- g90mm -
A Erichsen test e
#§ 27%0.05
o Indentation depth (mm) larssa - ‘
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A Hecker test




Deep drawing methods

| 50 mm
e

- TT(1.97 in) ]
A Swift test .87
.. ) . Punch.ﬁ_\ Specimen
o Limit drawing ratio ]

t

—

ring
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. ] ! ’

Die /
K 27777777772
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Forming limit strain diagram

120 —
L
n‘ 100 _ FAIL ]
Z
<
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Nakazima test

A Forming test with varying boundary conditions

remainder
of
1 blank width




Determination of deformability limits:
Hecker method

A Deformation of a printed circular grid N 1
!,x\ riginal grid - ~.
o Largest strain e, J N SN
A Always positive S . -
. " i Vo -
o Smallest strain e, Ve N
.- . ‘| Deformed arid |-
A POSItIVE or negatlve MNegative rr:i:cl-r strain i B

Positive minor strain
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Replica of Fractured Specimen

TR

Typel @ Fractured (18 ... 22)
Typell W Necked or Fracture Affected (1 ... 4)
Type lll A Acceptable (5 ... 17)

0'?" ..21,21.22
@ 19
Major strain / % 18
[=] E"D_
" mol o 0,64 4
i £ i "=
50 o © © W23
“ (45]
a0~ —
= 9, 1 A5 Forming limit
| &
9 = 054 ae A7 o . (Necking)
301 1 A% A A¢
anl | | 12 910,13,14,15
E 10~
I I ] I I I I I I 0 4 ' + + - } ' ‘ + +
14/04/2014 20,25 -0,20 0,15

Minor strain / %

Minor Strain ¢,



Major strain / %
S0~

-20 0 20 40
Minor strain / %
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Forming limit curve

=
8; EE-"’82+£3=0]
Plane e
tension
€3 = —€
Uniaxial R
tension A\
rimportant | &<0 Stretching
& =&
Shear g 1T
& =& N\ /
&3 = 0
/ 7

\ \ n important

Plane strain \
compression
- 0
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Influencing parameters

A Major strain [ % B Major strain / % A Major strain [ % B Major strain /[ %
o o
7O
4 6o

s 208 T
A"
1w 1=
I R T I R I I I R T L1 11 I R L1 1 1
-40 -20 o 20 40 -4 -2 o 20 40 -4 -20 o 20 40 -4 -2y o 20 41
Minor strain / % Minor strain / % Minor strain [ % Minor strain / %

t/mm 4] ] *|1.00 t/mm 4] | 2200 t/mm o *1.00 t/mm 4] |] +|o.6o
n o [ 2]o.16 n 2lo.16 n 4 Lrjo2q n 4] *o.z
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Other parameters

1.0 |
A Temperature ook | ]
A Strain rate 08l ]
A Punch curvature 07l ]
CONVENTIONAL RATE
A Pressure % 0.6 - AB\?UT 10 mm/s i
o
|—
A Dimensions of the grid  g°51 LTt A
Ae goer e -
03 4 / B
0.2 1 /1 i
0.1 - 1 // e HIGH RATE _|
e ABOUT 100 m/s
0 | l I S | | |

-04 -03 02 -01 0 01 02 03 04 05
MINOR STRAIN




Alternative measurement
method:
Digital Image Correlation
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Introduction 7 Digital Image Correlation

Image acquisition

me
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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 technigue on sheet (low surface energy)
o Custom paint
o Spray/Print
A Forming temperature 100-300AC
A Big displacements in 3D
o Field of View
o Depth of Field
o Lighting
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DIC In thermoforming - Applications

A - Camera
A A—.B A B - IR temperature sensor

.‘ P - Pressure sensor

™ ¥ 7 -

| I 1- Solenoid valve
2- Manual air flow regulator
3- Compressed air accumulator
4- Incoming air @ 6bar
5- Clamped sheet

3 |

1
—

Thermoforming
@ cabinet

A FEull field in-situ thickness maps
A Influence of extrusion anisotropy
A Simulation optimisation

A Process optimisation

A .. m



Applications T Full field thickness maps

A Symmetric products are not always symmetric in thickness

Simulation DIC DIC
Thickness symmetry Shape Thickness

A Find cause by measuring in-situ during the proc;ii



Applications T Influence of extrusion
an ISOtrO py 150Final thickness distribution o

SECTION A-A
180 w - . 0.990
g - e V 100
N8, ¢ 0.937
' 50 ossa S
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e £ 08 % 5
/—\‘m . P ol
a Stress relaxation x 0. 779,1
o —2 3 - o 3
i 1 : : g -50) 0.727 3,
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~ -100]
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- ¢ | 0.622
Asymmetric thinning due to sa )
y g g 15056700 -5ox .o[ ]5 T50 0-969
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150, 0.115 150 1093
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0.068 100
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E -10.021 % £ | 0854 % 5
.§ N m ﬁ .Q
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%0 00263 -50 0.734 3
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B. VanMieghemet al.Impact assessment extrusionanisotropyon quality of thermoformedoroducts
CompositefVeek @ Leuveand TEXCOMR11 Conferenc€2013)




A Cross sectional thickness measurement

A What influences the thickness distribution

531



Applications T Simulation optimisation

A Sheet mould contact mnnnn
o Temperature dependent friction
o Heat transfer coefficient air/sheet Ei
o Heat transfer coefficient mould AN

05 - i

V| EENEEN NN NEE NN

25|D
T[*K] (T[*C]+273.15)
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Use of DIC to determine FLC

Zwick Roell

Test type 4

Forming limit curve (FLC)
ISO 12004

.- B



Example: steel

Effect of history and
crystallographic texture
on anisotropy

KU LEUVEN
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sinterPant 1 - Production of Molten Steel

- Sinter Secondary
Steelmaking

Limestone

i —

lron Ore

Basic Oxygen
Vessel

Blast Furnace -

Molten lron Click this
button to go to
the next

Electric Arc page

Recycled Coke Furmace
Steel-Scrap ;

Offcuts from various processes & scrap



Steel production 2

A Improvements for automotive:

-killed)

ing of Al with N: improved ageing resistance
A Pancake grains

o Vacuum degassing:

A Removal of all inclusions
A Low level of impurities
A Addition of Ti and Nb
- Binds Cand N
A IF-steel (interstitial free)
A Ultradeep drawable steel
- Improved r-factor

A Complete ferritic matrix
- C content very low C < 0.0002%

o
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