echanical Material
and Forming of AA6016

\

luis Pérez Cag’ 2 Hans Ahlin2 and Mats

, Sweden

nology, Sweden

Jser's Confevgnce 2018
2018-10-18 _
\ >

swereal|IvF swerea



Outline

* Introduction

« Scope of study

« Methods for determining thermo-mechanical properties of AA6016
« Elastic and inelastic properties, anisotropy and formability

« Material model calibrations

» The stretch bending test

« Experimental observations
« FE-analyses

 Conclusions and future work

PART OF RLSE

. swereal|IvF P swerea



Introduction

« Global environmental challenges has made lightweight design
Increasingly in focus for the manufacturing industry

 One example is stamped products made of aluminum alloys. To enable
manufacture of complex geometries there is a need to develop hot
forming techniques

» Virtual tools are crucial to the success in developing advanced products
and manufacturing procedures

* Predicting the final geometry of a componentis a complex task,
especially if the forming procedure occurs at elevated temperatures

Pictures by AP&T
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Scope of study
 Research project - Advanced Light Weight Design by Hot Formed
Aluminium. Funded by Vinnova, LIGHTer.

« Develop test methods to determine the thermo-mechanical properties of
aluminum

« Screentemperature dependent formability of different aluminum alloys

« Generate experimental data to calibrate material models and perform FE-
analyses of hot forming in aluminum

« Compare predicted results with experimental observations in a forming case
« Study tribological aspects related to hot forming in aluminum
 Industry forming examples
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Methods for determining thermo-mechanical
properties of AA6016

« Elastic properties as function of temperature

 The RFDA system, non-destructive testing method based on analysis of
the vibration and natural frequency of the specimen

« Conductive heating of the specimento desired test temperature

[E-L. Odenberger, LI. Pérez Caro, H. Ahlin, M. Oldenburg (2018) Thermo-
mechanical Material Characterization and Forming of AA6016, IDDRG

2018, 3-7 June, Waterloo, Canada]
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Methods for determining thermo-mechanical
properties of AA6016

Plastic properties, anisotropy and formability, strain rate and temperature
dependence

* Inductive heating method
« Temperature resistant and ductile speckle pattern substances for DIC

» Focus on temperature distribution in the evaluation region of the test specimen. Induction
coil and specimen geometry interaction

* Yield stress, hardening, Lankford coefficients (R-values), Ag, n
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Methods for determining thermo-mechanical

properties of AA6016

400,0
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300,0
250,0
2000 | _o--c" —
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True stress [MPa]

0,0 0,2 0,4 0,6
True plastic strain

20C HT-NA, 0.2 (1/s)

——20CHT, 0.2 (1/s)
- --20C HT, 2.0 (1/s)

Time-temperature history prior to testing of AA6016. A soaking time of 90 seconds at 540 C is applied
before cooling to the specific test temperature. The tensile tests start when the temperature has reached the

designated temperatures.
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Methods for determining thermo-mechanical
properties of AA6016

Experimental references used to calibrate material models, 0.2 sI, E in [GPa] and o in [MPa].
*Strain rate of 2 5.

Temperature [°C] E G0 G43 G90 Oh Ro Rsis  Rao Rp o
21 67.50 60.09  54.40 4940 62.73 0.668 0.397 0.535 1.0 107.5
100 63.901 5041 49.29 53.68 - 0.656 0416 0.518 - 06.2
350 51.44 5055 46.20 5240 - 0.700 0.546 0.638 - 65.4
420 47.79  37.16 - - - 0.670

490 44.15 2477 25.90 25.00 - 0.698 0.601 0.676 - 254

[E-L. Odenberger, LI. Pérez Caro, H. Ahlin, M. Oldenburg (2018) Thermo-mechanical Material
Characterization and Forming of AA6016, IDDRG 2018, 3-7 June, Waterloo, Canada]
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Methods for determining thermo-mechanical
properties of AA6016
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Material model calibrations

* An isotropic yield criterion is compared with an anisotropic model,
available in LS-DYNA

 *MAT_ELASTIC_VISCOPLASTIC_THERMAL
« *MAT_BARLAT_YLD2000
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The stretch bending test

* The test are used to compare model predictions with experimental
observations. Forming both in RT and at elevated temperatures

* Double curved punch with differentradii, 3 and 10 mm

» Measure and compare punch force, strain, thinning, spring back,
localization and failure

* HT blanks at 540 C are formed with cold tool parts
« Temperature measurements using IR with calibrated emissivity
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The stretch bending test

 The FE-setup, room-temperature case
» Double curved punch with differentradii, 3 and 10 mm
* Punch are mounted with an off-setfrom centre by 6 mm
« Punch velocity is 25 mm/s

Effective plastic strain
6214001
s.ssum:l
4.9T1e01_|
4.360e-01_
1720001 _
110701
LabGe-01
1864801
1.2438.01
5.214-02
0.000e+00

(mm)

DIE-—

BLANK
BINDER
PUNCH

a) b)
a) FE-setup for the stretch-bending test in room temperature and b) punch geometries with a
radius of 3 or 10 mm, respectively.
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The stretch bending test

« Roomtemperature vs. thermo-mechanical case. Start temperature of 403°C
« DIC animations of major true strain using the punch radius of 3 mm
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The stretch bending test

Room temperature case, punch radius 3 mm

Measured draw-depth at failure: 14.25 mm
Predicted assuming isotropy: 11.79 mm
Predicted using anisotropy: 14.23 mm

Prediction of localization and failure is
conservative using an isotropic assumption

PART OF RLSE
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The stretch bending test

Room temperature case 23000 30000

20000 . 25000 Rl
punch force and spring back o -
s . 15000 -

) g )q,‘ g P Predicted (Anisotr)

punch radius 3 mm g /\ - st
o 5 10 15 20 25 0 5 10 15 20 25 30
. Z.disiplacement [mm] Z-dislplacement [mm]

Predicted punch force 2) b)
. . . Measured and predicted (FEA) punch forces for forming at room temperature (RT) with
IS OverestlmatEd USIng different punch radii. a) 3 mm, Test 1. b) 10 mm, Test 2.
an isotropic assumption o193

-0.03

0600 0.072 6.000-01
o 4.600e-01_|
3.000e-01 _
0.255 1800
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a) b)
a) Measured shape deviation using a punch radius of 3 mm, forming at 20 °C, draw depth 11.3
mm and b) predicted shape deviation using the anisotropic yield criterion.
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The stretch bending test

Thermo-mechanical case, punch radius 10 mm. HT at 540°C, forming starts at
405°C

Formability key

Cracks I

Risk of
cracks

Severe
thinning

Good
Inadequate
stretch

Wrinkling
tendency

Wrinkles

Measured draw-depth at failure: 16.77 mm
Predicted assuming isotropy *MAT_106: 13.02 mm
Prediction of localization and failure is conservative using an isotropic assumption
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The stretch bending test

Thermo-mechanical case, punch radius 10 mm. HT at 540°C, forming starts at
approximately 400°C

Study of temperature distribution just prior to start of thermo-mechanical forming using
IR-camera with calibrated emissivity

The initial blank temperature were found of importance to predict the stretch-bending
procedure accurately
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The stretch bending test

Thermo-mechanical case, punch radius 10 mm. HT at 540°C, forming starts at

approximately 400°C
PP ly
Upper Ipt. Y-strain Upper Ipt. Y-strain
1.7008-01 2.0676.01
1.305e-01 1.6350-01 ]
9,096e.02_| 1.2036-01 _
5.1d4e02 _ 7.7060.02 _
1192002 _ 3384002
2769e402__ 9373603 _
87116402 _»l 5258002 1)
1.0660-01 _ 8579602
1461001 __ 1.390e-01__
1,867¢-01 ] 182201
2262601 2.2588.01

a)

Figure 11. The characteristic double pole strain localization for thermo-mechanical forming with a punch
radius of 10 mm, Test 5. Predicted upper integration point y-strain at z-displacements 8.20 and 11.81 mm.

b)

The initial blank temperature were found of importance to predict the stretch-bending

procedure accurately
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The stretch bending test

Thermo-mechanical case, punch force and spring back, punch radius 10 mm

Predicted punch force _ oo )
is slightly overestimated § o A T, B AN T
5000 2000 1;‘
using the isotropic L w | 7
. 0 5 10 15 20 25 30 00 . 0 . 2
a.SS u m pt I O n Z-disiplacement [mm] Z-dislplacement [mm]
a) b)

Measured and predicted (FEA) punch forces for thermo-mechanical forming with different
punch radius. Punch radius of a) 3 mm for test 3 and 4, b) 10 mm for test 5 and 6.

Measured and predicted w0 b

g | Tw > .
temperature history at the § o \\ e _ NS e
punch radius center position B |
o = S IR et

a) b)

Measured and predicted (FEA) temperamre-hiétories during thermo-mechanical forming with
different punch radii a) 3 mm for test 3 and 4 and b) 10 mm for test 5 and 6.
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The stretch bending test

Thermo-mechanical case, punch radius 10 mm. HT at 540°C, forming starts at
approximately 400°C

0.637 0.694

0.727 Parts tion Z-axial Dist
e 0.599 0507 0696 art Separation a):l::oo |s°:nce
: : sooer
-1,120 \ E 1.120¢+oo:l
0560 > N 8.400e-01_|
0.280 = o 0,951 Lo
0.000 0424 - -1.104 e 500 smen]
i B Gt 0022
0840 ' 5600601 |
W 120 J sa
s -0.976 1.1206+00
: oA 1.400e+00
A, 0.296 0.033
a) b)

Shape deviation using a punch radius of 10 mm in thermo-mechanical forming, draw depth
15.52 mm (Test 6). a) Measured and b) predicted shape deviation using the isotropic material *MAT106.

Measured and predicted shape distortion using a CAD-best fit evaluation determined in a
least square sense
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Conclusions and future work

« The thermo-mechanical anisotropic behavior and strain rate sensitivity of
the alloy was determined

* The stretch-bending tests illustrate the importance of considering
anisotropy.

* Punch force was over-predicted using an isotropic assumption
« Formability was under-estimated using the isotropic assumption

« Using an anisotropic model, the punch force, spring back, localization and
failure (using FLC) could be predicted accurately

» Possible extensions to the study
* Include shear tests in the material model calibration

« Applying an anisotropic yield criterionto the thermo-mechanical stretch-
bending case
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