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Introduction n

Aluminum alloys
* |ncreasing use in the automotive industry over the past 20 years

= |mprove strength and reduce weight of automotive bodies for safety and fuel efficiency

Audi R8 Coupé Audi

Audi Space Frame in Multimaterialbauweise

Audi space frame in multimaterial construction
03/15

I Kohlenstofffaserverstirkter Kunststoff (CFK) .
T Carbon fiber-reinforced plastic (CFRP) 1 gy

nnnnnnnnnnnnn

| Aluminium-Blech
Aluminum sheet

I Aluminium-Guss
Aluminum castings

D.M. Neto (diogo.neto@dem.uc.pt) IDDRG 2021 | Germany



Introduction n

Aluminum alloys
O The main drawbacks of the aluminum alloys are
= Poor formability, particularly at room temperature

= High values of springback, particularly at room temperature
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Wrinkling tendency

Wrinkling

Insufficient stretch

> a: Aluminum alloy in cold forming
Minor strain &, b: Aluminum alloy in warm forming at 250C

c: Steel in cold forming
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Introduction

Warm forming of aluminum alloys
O Performing the deep drawing operation at an intermediate
temperature, leads to a decrease of the flow stress and an
Increase of ductility
» The material formability can be improved

= The springback can be reduced

» Temperature gradient from the bottom to the flange

(heated die and cooled punch) improves formability
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Introduction

Mechanical behavior of aluminum alloys
O The stress—strain curves of the aluminum alloys are influenced by
= Temperature

= Strain rate 7075-T6 aluminum alloy
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Objectives 6

Main objective of the study

« Analyze the influence of the material strain rate sensitivity on the springback of the split-ring

Procedure

* Finite element simulation of the warm forming process (cylindrical cup) using the non-isothermal
conditions defined in Benchmark 3 of the Numisheet 2016 conference

 The blank is from an AA5086 aluminum alloy

 The mechanical behavior is described by a rate-dependent thermo-elasto-plastic law

« The parameters of the hardening law are calibrated using data from uniaxial tensile tests at

different temperatures and strain rate values
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Warm forming process kB

Deep drawing of an aluminum cylindrical cup at

warm temperature

Blank

« The punch diameter is 33 mm. Both the punch
and the die present a corner radius of 5 mm
 The blank is circular (60 mm of diameter) with

0.8 mm of nominal thickness
« Blank-holder force (5 kN) constant until the cup

Is fully drawn
Blank-holder

» Different values of constant punch speed
= 0.05mm/s

= 0.5mm/s > Distinct values of the strain rate

= 5mm/s
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Warm forming process 8

Deep drawing of an aluminum cylindrical cup at warm temperature
 Both the die and the blank-holder are heated (240°C), while the punch is water cooled
« Springback resulting from the residual stresses is evaluated through the split-ring test (Demeri

test) by measuring the opening of a ring cut from the sidewall of the cylindrical cup

Ring s

opening
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Finite element model n

Numerical model
L Numerical analysis carried out using the DD3IMP in-house finite element code
U Numerical simulation divided into 6 stages

1. Heating of the blank within the tools

Deep drawing operation

Cooling of the cup
Unloading the cup
Cutting the ring

o 0ok~ N

Split the ring

Temp

239.43
I 215.57
191.71

- 167.85
l 143.98
120.12

: 96.261
72.399
48.538
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Finite element model m

Numerical model
- Half geometry is simulated (symmetry conditions)
 Forming tools are assumed rigid and isothermal

(described by Nagata patches)
» Die and the blank-holder at 240°C
= Punch at 70°C

« Blank is discretized using 11,970 linear hexahedral finite

elements

* Friction modelled by the Coulomb’s law (u=0.09)

« Interfacial heat transfer coefficient is 2500 W/(m?K)
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Finite element model n

Material modelling

 Rate-dependent thermo-elasto-plastic material constitutive model

« Elastic behavior described by the Hooke’s law (isotropic and temperature-independent)

Young modulus [GPa] Poisson’s ratio
71.7 0.31

« Thermal properties of the AA5086 aluminum alloy used in the numerical model

Mass density [kg/m3] Specific heat [J/kg°C] Conductivity [W/m°C]
2700 900 220
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Finite element model E

Material modelling

O Stress-strain curves (experimental) from

350
uniaxial tensile tests carried out at different
300 :
temperatures and distinct values of crosshead ; g
_ 250 | .
velocity g ¥
- 2200 | 4
« Increasing the test temperature leads to a " ’
%
decrease of the flow stress 7150
@ A
« The strain rate sensitivity is more visible at E 100 ¥
warm temperatures —T=25°C * v=0.0011/s
+ Negative strain rate sensitivity at room 0T T=150%C * v=001015s
gauv ! y —— T=240°C * v=0.100 1/s
temperature 0 ' ' ' ' '
N _ o 0 005 01 015 02 025 0.3
* Positive strain rate sensitivity at 240°C Plastic strain
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Finite element model m

Material modelling

d Evolution of the strain rate in each uniaxial

tensile tests

« Slightly increase of the strain rate during the

test, particularly for warm temperatures TZ 1 o : o
H 3 " ‘ Yy
« 3 distinct levels for the strain rate can be © &!ﬁ&i‘ ’ o Lmpmttions
.E M"‘*‘t“ ww
identified % A (,ww
— v=0.001 s
» 0.0001 —T=25°C ¢ v=0.001 1/s
— v=0.01s ——T=150°C 4+ v=0.0101/s
- v=0.1s" —— T=240°C * v=0.100 1/s
0.00001 - - - - -

0 0.05 0.1 015 0.2 0.25 0.3
Plastic strain
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Finite element model m

Material modelling
O Hockett—Sherby hardening law
* Flow stress at different values of temperature and strain rate

\Yo +(Qo +ai[1—exp(a2 T—D] 1—exp _b(gp){ (]} ){._j{ }

Y =

J\

m

« The parameters were obtained through the minimization of the difference between the numerical

and the experimental stress values

Yo [MPa] Qg [MPa] a; [MPa] ay b No Ny Mg m, g&ls™  T,[°C]
107.07 286.81 17.43 6.32 5.92 0.78 0.32 4.2x10% 11.58 0.001 600
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Finite element model ﬂ

Material modelling

1 Comparison between experimental and numerical stress—strain curves
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Finite element model m

Material modelling

O Plastic anisotropy (temperature-independent) 1
modelled using two different yield criteria (Hill’48
and Barlat’91)

» Parameters of the Hill'48 yield criterion evaluated

based on the anisotropy coefficients (r-values)

measured at 240°C 30 60 9f 120 1%0

Gy [MPa]

» The parameters of the Barlat’'91 yield criterion

evaluated using both the yield stresses and the _
——von Mises

—Hill'48
——Barlat'91

anisotropy coefficients, measured at 240°C

1EN
JU

611 [MPa]
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Results and d

Temperature distribution

Predicted temperature distribution in the

cylindrical cup for a punch displacement of 15
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The temperature distribution is roughly
the maximum value in the flange

axisymmetric
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Results and discussion m

Temperature distribution

* Influence of the punch velocity on the 250
predicted temperature distribution. 225
Temperature evaluated in 2 points (P1 and P) 200
O
s 175
(b}
o = 150
« The decrease of the punch velocity yields © 125
<b)
to a global decrease of the cup %100
|_
temperature (increase of the time to promote 75 F———-P1(0.05mm/s) ——-—-P2 (O 05 mrh‘757
: | -ooooeee P1(0.5mm/s)  -------- P2 (0.5 mm/s
heat loses with the cold punch) 0 P1 %5 mm/s) ) - P §5 mm/s) )
25 l l l l l l l l

0O 3 6 9 12 15 18 21 24 27
Punch displacement [mm]
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Results and discussion

Punch force

* Predicted punch force evolution for different Wi
values of punch velocity 12 F G
L / \
* Influenced by the temperature distribution E10 - ,// \
/4
'
and the strain rate in the cup § 8 I //
« The punch force evolution presents an £ 5 | jy/
: _ Q f/ ———-0.05 mm/s (Hill'48)
Increase when the punch velocity 3 Y A 0.5 mm/s (Hill'48)
: —— 5 mml/s (Hill'48)
Increases from 0.05 mm/s to 0.5 mm/s due , ———.0.05 mm/s (Barlat'a1)
" : e B A 0.5 mm/s (Barlat'91)
to the positive strain rate sensitivity : | | 5 mms (Barlat91) | N

0 3 6 9 12 15 18 21 24 27
Punch displacement [mm]
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Results and discussion m

Plastic strain rate

« Evolution of the plastic strain rate evaluated 1
In a point initially located in the flange (5 mm 01 L
from the free edge), comparing 3 different % 0ol |
values of punch velocity S

* The relationship between the punch velocity g 0.001 - % .
and the predicted plastic strain rate is % 0.0001 r A 8jg5mr?nr?5’5(.ﬂ'?.i.!l{§§‘ ) ‘
o | ot 3

«  For 5 mm/s of punch velocity, the plastic o | : g'fnrmngl(s'g(i?g%tgl) | :
strain rate ranges from about 0.01 s™" up to | 0 3 6 9 12 15 18 21 24

Punch displacement [mm]
0.1s™
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Results and discussion m

Split-ring test

 Numerical analysis of the split-ring test after

cooling down to room temperature
* Predicted distribution of the hoop stress on
the ring (before splitting) for 0.05 mm/s of

punch velocity

« Compressive in the inner surface of the ring
and tensile on the outer surface
« Slight variation along the circumferential

direction due to the plastic anisotropy
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Results and discussion E

Split-ring test

* Predicted values of ring opening for 3 7
_ _ m Hill'48 m Barlat'91
different values of punch velocity 6 F 55 5 9
= ' ' 4.8
 The impact of the punch velocity on the E»>
(@)}
springback value is negligible since it is £ 4
2 3
always evaluated at room temperature = ,
[
@
1
 Lower ring opening predicted by the 0

0.05 mm/s 0.5 mm/s 5 mm/s

Barlat’91 yield criterion due to the lower hoop

stress gradient through the thickness
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Conclusions m

Warm forming simulation of a cylindrical cup (AA5086) using heated die/blank-holder and cooled
punch

Study the effect of the strain rate (controlled by the punch velocity) on the springback, evaluated by
means of the split-ring test

Numerical analysis using a rate-dependent thermo-elasto-plastic hardening law

Calibration of the parameters of the Hockett—Sherby hardening law using experimental data from
uniaxial tensile tests performed at different temperatures and strain rates

The predicted springback is strongly influenced by the yield function adopted to model the
material anisotropy

The impact of the punch velocity (i.e. strain rate) on the springback is negligible since the

hoop stress distribution on the ring (before splitting) is only slightly influenced by the punch velocity
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