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Research Motivation
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- Blank design
- Die design

Redesign process parameters i

New material

Experiments / Constitutive model Flaws in model & ill-posed material selection
" | & Delayed production

"""""""""""""""""""""""""""""""""" e Die/Tool replacement (4-5 iterations)
e USCAR (Big 3 Automaker Consortium) (2003) -> 550 M wasted in the US alone (2003)

e Innovation in Sheet Metal Forming: Workshop Summary Report (2015)
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VPSC in a nutshell

Material Model Constitutive model Visco-Plastic model

y = ax o = Ce o=C"7¢

Material Property Moduli Visco-Plastic Moduli
~de

EZE

In VP crystal plasticity:
C'P = func ( Texture (ODF), Crystal structure, Slip/Twin, Dislocation density (CRSS), ...)

T = ua\/p
p: dislocation density
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Statistical representation of polycrystal

Discrete sampling

A A
Visco-Plastic model > >
D - E Orientation E Orientation
[0 — (C p &E 8 Distribution g distribution
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o o
A N Sample Axes
| D / X Crystal Axes
. ’ Orientation Orientation
e
Pt . .
& Discrete sampling to
b, s represent polycrystal
2
Each grain (crystal) is Euler space

anisotropic.
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Visco-Plastic Self-Consistent (VPSC) Polycrystal Model

Homogenization Eshelby’s inclusion
problem

Polycrystal constitutive law

\ (o
— —_ O = (Cvpg

Single crystal constitutive law

- | mS: o\" Stress of individual
Strain (rate) of | &=y, z ms ( S ) arains
individual grain - Te
Schmid tensor (~Schmid CRSS, Strain-hardening
factor) of individual slip gs
system (s) ™ =15+ (13 + 65 {1 — exp (F TS >}
1

T = apby/p  p:dislocation density
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Okay, you have learned VPSC

| have been giving lectures and talks on VPSC often in
- Korean community of crystallographic texture (B A 22t2| Hotx 2 21122 2))

So if you are interested in VPSC (and the mean field crystal plasticity in general) ...

JFrom now on, we’ll be exploring what is possible by using VPSC.
JThese examples are very limited as | am going to provide you with what | have done.

JYet, you might be able to enjoy the versatility of VPSC model in general.

YOUNGUNG JEONG@CWNU
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Forming limit diagram (FLD)
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Measurement of FLD is expensive and difficult

erp=0.430 &rp=0.422

RD uniaxial
tension —
(orp > 0, 07p=0)

Plane-strain RD
ORp = ZGTD > 0

e, Balanced
50 biaxial
Drawing Stretching stretching
Equi-biaxial stress ‘0, A "
— S—
(0rp = O7p) e =

‘/28./
/
\ 0 7\
: \ /
Plane-strain TD \ y
Orp = ZGRD > 0 \ \ /
\ \
B
20

TD uniaxial tension | ! | LA\,
0
(GTD > 0, Orp = 0) ——
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FLD predictive models found in the literature

Solution we focus: predictive models
using Marciniak-Kuczynski approach

Mechanical
tests

1D

Yield function

Polycrystalline
yield surface

)
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_ )
7 /4
i
/ 7.
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Failure

MK with yield function is the fastest
Direct crystal plasticity model is the slowest.

Crystal plasticity accounts for
microstructural features

= 0.75
- 093
- 114
141
174

- 0.75
- 0.89
- 1.07
1.27
1.52
181
- 216

2.15
- 2.65




Computational Speed

JComputationally efficient FLD calculations with crystal plasticity (VPSC)

JWe use® python to wrap the VPSC code so that we can run VPSC-FLD at many strain
paths simultaneously.

Parallel runs with

Benchmark results 24 CPU core units Ideal case
Spppd-l Ir\ “’@ T T T T
'c 10} g >0 X NR I | /
= i | NR £ = Y , 7
£ NR + Real time monitor 2 8 N 40f '>:<‘ ﬁ;: : ::2::2: v/ g
o = [0 4
£ . L% 6 = f
= DA + Real time monitor E g 30L e | -
2 o 4 o é %
-] =
z s , 2 20} e
a /
0 D A
1 2 3 4 S 10 PR
NR method: Multi-threaded 0 ' : ' '
Hutchinson and Neale (1978) parallel run ON 1?) 21?CPL3JO 40 't50
Wu et al. (1998) powered by Umber o core uni
Signorelli et al. (2009) ﬁ pgthOﬂ *Benchmark simulations were conducted using IF
TETEEEEEE T TS steel polycrystal aggregate with 100 grains
method:

MSMSE (2016)

YOUNGUNG JEONG@CWNU
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Predictive accuracy on IF steel

* VPSC-FLD: Forming Limit Diagram predictive tool based on VPSC code
* YLD-FLD: Forming Limit Diagram by YLD2000-2D & isotropic hardening

1.0

0.5
a)
[aet
I
0.0
-0.5

—— VPSC-FLD f, =0.9950
—— YLD-FLD f, =0.9985
—— YLD-FLD f, =0.9999
HH  EXP (ISO)

Demonstrated that VPSC-FLD works well

Talks at ESAFORM (2015) and NADDRG (2015)
Jeong et al. (2016) MSMSE

Steglich and Jeong (2017) IIMS

Jeong and Manninen (2019) MMI|

ETD

More examples of VPSC-FLD for magnesium alloys AZ31 and ZE10

YOUNGUNG JEONG@CWNU
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Model calibration (AZ31 and ZE10 Mg alloys)

Initial crystallographic texture

AZ31 alloy ZE10 alloy
- 0.50 - 0.50 0.50 - 0.50
0.78 0.64 0.65 - 0.59
- 1.22 - 0.81 0.85 - 071
1.91 1.04 1.11 0.84
3.00 1.32 1.45 0.99

4.69
7.33

1.68
2.14

1.89
2.47

1.18
1.40

Plastic accommodation mechanism

(slip/twin systems) )

e @
basal glide rlsmatl |de<a> T
fooon {000{1;} P % 10
=
[]
(%]
<
®
s
-0-050_
experiment i
pyramidal glide<c+a> tension - m RD [|—RD
twinning m 7D [|[—TD
{1122}(1123) {1072}(10T1) = DD ||——DD
0 . . . . . . . —o
000 005 010 015 020 025 030 035 040
plastic strain
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VVPSC-FLD application for AZ31

0.50
0.78
1.22
1.91
3.00
4.69
7.33

Mekonen et al. (2013)

0.8 1

084 R —®—failure = ——| . .
e imit e " Experimental strain
1 paths during Nakajima
061 tests are not strictly
c monotonic!
s
|L|T 04 7 g
: Initially 2.5% biaxial
0.2 - followed by monotonic
' [0 EXP (1SO standard method) trai th
== VPSC-FLD (monotonic) strain Pa S
—— VPSC-FLD (Pre-strain) (pre-strain case)
0.0 T T T T T
-0.4 -0.2 0.0 0.2 0.4
Ez minor strain
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0.2

0.0

VPSC-FLD application for ZE10

- 0.50
0.65
- 0.85
1.11
1.45
1.89
2.47

[ EXP (ISO standard method)
= = VPSC-FLD (monotonic)
= \/PSC-FLD (Pre-strain)

-0.50 -0.25 0.00 0.25

E>

0.50

* The effect of pre-strain is well
captured by VPSC-FLD

= AZ31 was more sensitive to the non-linearity in
strain paths induced by Nakajima spherical
punch.

= ZE10 was less sensitive.

YOUNGUNG JEONG@CWNU




Effect of initial crystallographic texture: approach

Formability of AZ31 and ZE10 at 200°C Ways to tweak initial texture of Mg
*Tilt of basal pole

Compared predictions with Exp. data
P predict WIth EXp eInitial twinning (TD compression)

Forming Limit Diagram
€

TD“ Frectura

X EXP (ISO standard method) |~
—— VPSC-FLD (monotonic)
—— VPSC-FLD (Pre-strain)

T a2

T .
-04 -0.2 0.0 0.2 0.4

\ 1
0-2|{75 ExP (150 standard method)
—— VPSC-FLD (monotonic)
—— VPSC-FLD (Pre-strain)

0.0 : x ‘
~0.50 -025 0.0 025 050

E,

*Optimal crystallographic texture can be suggested based on VPSC-FLD predictions
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Effect of initial crystallographic texture: AZ31

0.8
Pool of initial textures for AZ31
0.6 A
. () 0.4 -
b e 0 5 0.2 -
':..0001) @ {0001) 0.0 A %
Exp S30 S50 TD prestrain —0.2 A
(compression)
—0.4 -
— - -0.5 0.0 0.5
—_ ok - -
— & R E11, Erp

Initial crystallographic texture of AZ31 significantly affects the FLD
* Increase in the degree of basal pole separation expands the safe region (both RD)
* |sotropic texture (texture-free) case improves the FLD along all strain pathes.

D. Steglich, Y. Jeong (1JMS, 2016)
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Multiaxial measurement

Constitutive model

o = Ce G_F
A
[ — |
Need to validate C and the entire model by Loadcell to
experimentally measuring both (g,0) pairs in measure “force’
various stress/strain conditions.

_

Yet, it is difficult to measure
the guage area A

2D stereo digital
camera system

12/21/17 YOUNGUNG JEONG@CWNU



Augmented Marciniak tooling

Upper 1104 X8
| Binder . 66 |
Soec | J 12 ]
pecimen > X1
—Washer
=4 T Lock Bead
Lower 12
Binder
Ram
"~ 100
152.4

2D stereo digital
camera system
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Multiaxial strain and stress data from DIC and XRD

E

2D stereo digital camera system

+0.370 20 —— +0.373
+0.361 __ +0.363
£
+0.352 £ O +0.352
+0.343 +0.342
ol s +0.334 —20L——. ' +0.332
—-20 0 20 —-20 0 20
X [mm] X [mm]
— $:0.0° ~ $:45.0
0.0005k----- oo ' ' 1 ' ' '
0.0000} g S
= : X
.::w ; XN\ X X N
—-0.0005 z X RN 1 N
| X X
_0.0010 1 L 1 1 1 1 1
—40 =20 0 20 40
(0

1200

1000

800

600

400

Intensity counts

200

1
e Peak

Multiaxial stress state calculated using in-house code (DiffStress)
https://github.com/usnistgov/DiffStress
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https://github.com/usnistgov/DiffStress

Multiaxial stress-strain measurements using X-ray

Multiaxial constitutive data for interstitial-free steel

450

- The first case known, where X-ray / DIC method were

o successfully used for multiaxial experiments.
o 3001 ] . .
s - Enhanced amount of measureable deformation was realized
- . - (cruciform: ~7% -> 20%)
— —— Voce Fit . . .
I —— Voce fit=20 - Comparison with hydraulic Bulge test

— Bulge
§ Marciniak X-Ray ¥,

Y. Jeong et al., International Journal of Plasticity (2015)

S
\“14
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Uncertainty estimation

Monte Carlo experiments applied to X-ray
diffraction-based stress measurement using EVPSC

¢=0.0° ¢=45.0° |
= R I 1 S
= 1000 g 600
5 R
0 0
= 0 © 400
N 7
£ ks 200 :
~ —1000 S )
ﬁ g’ + o
o . : ; : . w
“ —-2000 | 0 .
-1.0-0.5 0.0 0.5 1.0 0.0 0.5 1.0

Equivalent strain E

sign(1) sin?y

Optimized experimental conditions
(less time without loss of accuracy)

Y. Jeong et al., Journal of Applied Crystallography (2016)
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Multiaxial constitutive data at large plastic deformation

—0.20
- Crystal Plasticity yield locus 54
450 |- . 48
' T 42 _ 015
_ _ - 36
g 300 __ 20
N 24 —0.10
“ 150 | 18
: 12 __0.05
: - 6
OF © - g —0.01
0 150 300 450  Workper [ (URD
_ MP unit volume
¥y [MPa] [MPa]

** Demonstrated that the experimental approach using X-ray is able to determine anisotropic
hardening for the IF steel with ‘anisotropic’ diffraction strains.

Y. Jeong et al., Acta Materialia (2016)
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Multiscale modelling for springback

Plane of symmetry

I'wi

TL < WJ m
n | Holder

12/21/17 YOUNGUNG JEONG@CWNU 30

e— Gl

Holder |Shect

'&RZ Die |

Micromechanical models (dislocation Conduct virtual experiments

structure formation/ annihilation) for complex loading paths

pl (+)

h =15 |1 - fi =— ]| if y**) >,
Ptotal

Crystallographic texture evolution

- 0.75 = 0.75
= 0.93 - 0.89
- 1.14 - 1.07
1.41 1.27
1.74 1.52
2.15 1.81
- 2.65 - 2.16

3
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VPSC (micro) and HAH (macro)

------ PCYS” (initial) 400 , ,
—— PCYS” at 0.002 offset strain ¥|IRD

PCYS” at 0.02 offset strain 350 |- £ITD
— — PCYSX (texture)

300 |

250 |

200 |

100 |

Equivalent stress [MPa]

00 0.05 0.10 0.15
Equivalent strain
S Sa S

SIIRDIS, SIITDIIS, / SIIRD|IS,
Sg S3 S3

Y. Jeong et al., International Journal of Plasticity (2017)
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Validating Empirical Rule of HAH

Yield surface (pi-plane)

Crosses: Current micro crystal plasticity model

Back-stress surface

|
|
|
|
|
|
Line: Macro phenomenological model | — % /—
S g | Prev/ Pt
2 2
| . Sy Tension
| Bauschinger- Loading
| effect
|
|
S S !
1 1 : Sl
|
|
|
Sy S; : S3
|
e ey . 1
initial 0.09 strain !

* Y. Jeong, F. Barlat, C. Tome (ESAFORM 2016)
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VPSC, HAH and Dual phase steels

TDT (6%) + RDT TDT (6%) + DDT
90° strain path change 45° strain path change DT (6%) +TDC
f=——400 mm—={ Load reversal test
o ° o o ° o o ° o o ° o 200
 Loading /| RS
1040 mm 600 mm | “* “oo. 7| 420 mm
/ A% 50 15
[=-300 mm—~| ~70°) fillet
angle
o o o o\{ 80 30

0 0’0 %0 ] |
[ .1" Loading ' 1t Loading
RD

TDT (6%) + BT BT

Force ratio Fyp:F;p
=1:1,2:1and 1:2

N

Undeformed Sheet sample

Biaxial tension

(Monotonic loading)

0O  EXP, initial
— — HAH, initial
<wervs VPSC-SPH, initial
—— VPSC-DPH, initial

o e oo S
D 3 O EXP, TDT 6%

‘ — — HAH, TDT 6%
+ VPSC-SPH, TDT 6%
RD gst Loading

X VPSC-DPH, TDT 6%

H. Kim, F. Barlat, Y. Lee, S. Zaman, C. S. Lee, Y. Jeong’, International Journal of Plasticity (2018)
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New elasto-visco-plastic crystal plasticity model

Visco-Plastic model
g = CVPgVp

EP = M"Po Note: MVP = (C"P)~1

Elasticity model

el = Méleg

P

Elasto-Visco-Plastic model

&= &P + g° Mo + Mo = &

* EPSC (P.A. Turner, C.N. Tomé, Acta metall mater 42 (1994) 4143-53)
* EVPSC (H. Wang, P.D. Wu, C.N. Tomé, Y. Huang, J Mech Phys Solids 58 (2010) 594-612)

12/21/17 YOUNGUNG JEONG@CWNU




Research Motivations

Reactor clad
tube and grid

Springback

Cruciform
biaxial
specimen

e




Our new model (VPSCH)

INew EVPSC (called VPSC+) — perturbed strain term addition.
(éVP — EVP) — —MUZ’: (O' — 6-) (éel _ Eel) — _Mel: (0°. . 5.)

The sum as a visco-plastic law with an eigen-
strain-rate ‘perturbing’ the interaction equation:

the eigen-strain-rate is @= (&°t — &%) + M (6 — &)

= (Met + Mel)_ (Pret — Mel)_

@ N o — Eprev
At

(&% —F 1+ &) = —W*P: (o — )

* Y. Jeong and C. N. Tomé (submitted)

VPSC+ results are compared with other similar models and experiments




Application to 316L stainless steel

Initial texture

- 0.87 - 0.76
— 0.90 - 0.82
— 1.00 - 1.03
~ 1.04 - 1.11
1.07 1.20
400 400
—— Experiment
= 300 A = 300 A
o o
= fo =
% 200 - % 200 -
o v
by —-==- EPSC &
5 100 4 ~-- EVPSC | 5 100 -
—— VPSC+
O VPSC
0 0 -
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
€11 Strain £11 Strain

YOUNGUNG JEONG@CWNU




AZ31; uniaxial tension and compression; flow stress-strain curves

2 2

- 0.50 - 0.50
- 071 - 0.68
- 1.00 - 091
- 141 - 1.23
- 1.99 - 167

2.81 2.25

3.97 3.04

Tension I Compression
+— —> | — <«
300 300 I -300 -300
A o d
_ 250+ _ 250 J....... —250 _250 ,.t
& & | © T o
= 2007 = 200 P £ 200 < 200 .
@ 150 A @ 150 | # —150 8 —150
b= 5 5 b= o
% 100 ~— EVPSC % 100 I 2 ~100 @ 100 {f"""
) ) s 1S
—— VPSC+ S S
50 - 50 - _
— VPSC 50 >0
0 T T T T 0 T T T T I 0 T T T T 1 T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 008 0.10 0.00 —0.02 —0.04 —0.06 —0.08 —0.1C 0.00 —0.02 —0.04 —0.06 —0.08 —0.10
£11 Strain £11 Strain I &17 Strain £11 Strain
- I - 0.50 - 050
- - 0.80 - 067
- I - 1.28 - 0.90
- - 2.04 - 121
- | - 325 - 1.62
5.19 2.18
I 8.29 2.92




Scattering Vectors, Texture, Diffraction Profiles

Compression of Extruded Magnesium, Transverse

|nCIdent neutron beam Bank 1, 2I—Theta| 90io, L—s_lcyclel 43 (Ijbsd. alnd lef. Profliles :
‘1013 .

.0
I

2

X10E 2
1.5
I

+90° Detector

.0
I

1

0.5
T

-90° Detector
Bank

0.0

-0.

Counts/musec
5
I
|

l-()Ea(jir]QJ Ei)(is; J.O J.Z ;.4 ;.6 ;.8 ;.O ;.2 ;.4 ;.6 ;.8

D*Spac%ng, AI

T:ipsverse 2

X10E 2
0

Counts/musec.
-1.0 0.0 1.0
= +
= R
E
-

LOngltUdIna| 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

D-spacing, A

ﬂ
gl
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Internal strain evolution (316L)

Tension

Schematic illustration on in-situ diffraction uniaxial test

— (111) VPSC+ —— (200) VPSC+ —— (220) VPSC+
—-= (111) VPSC —-= (200) VPSC —.= (220) VPSC
—-—- (111) EVPSC —-—- (200) EVPSC -—- (220) EVPSC
""" (111) EPSC <=+« (200) EPSC «=ex=0 (220) EPSC
400 400 -
350 - 350 -
— 300 1 — 300 -
© ©
(a8 o
= 250 = 250
a a
£ 200 9 200
5_‘ 150 - #;1 150 -
S 100 'S 100 1
50 - 50 -
0 T L T 0 T Ll T
—-0.0010 -0.0005 0.0000  0.002 0.004 —0.0010 —0.0005 0.0000  0.002 0.004

(g€l (kD) Internal strain (g€ ("kD) Internal strain
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Internal strain evolution (AZ31 - tension)

Tension

Schematic illustration on in-situ diffraction uniaxial test

— (1120) VPSC+ =— (1011) VPSC+ —— (0002) VPSC+
—-= (1120) VPSC —.= (1011) VPSC —-- (0002) VPSC
—== (1120) EVPSC —-== (1011) EVPSC ——=- (0002) EVPSC

Transver Longitudinal 0
ansverse 8 Transverse Longitudinal
250 I 250 -
—, 200 1 —. 200 -
© ©
s s
— 150 A — 150 A
")) )]
n 0
o o
ﬁ 100 A “ 100 -
|6‘ '6.
50 A 50
0 0
—O.IOOZ —0.b01 0.(;00 0.004 0.008

—0.002 —-0.001 0.000 0.004 0.008

(g€l (kDY |nternal strain (¢ (kD) Internal strain
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Internal strain evolution (AZ31 - compression)

Compression

_> 4_
Schematic illustration on in-situ diffraction uniaxial test
—— (1120) VPSC+ —— (1011) VPSC+ —— (0002) VPSC+
—_— (112_0) VPSC —.= (1011) VPSC —-= (0002) VPSC
--- (1120) EVPSC  --- (1011) EVPSC  ——- (0002) EVPSC
Transverse Longitudinal Transverse Longitudinal
-300 -300
—250 —-250
s s
s —200 g 500
? —150 2 —150
I g
) &
= =100 = —100
o) 1)
-50 -50
0 0

0.002 0.001 0.000 —0.001 0.000 —0.002—0.004 —0.006 0.002 0.001 0.000 —0.001 0.000 —0.002 —0.004 —0.006
(8! (hkDy Internal strain (g€ (kD) Internal strain
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o-er r

Computational performance

oerr
—»— EVPSC  —+— VPSC+ —d— \/PSC
Running time
—== EVPSC —== VPSC+ -== VPSC
316L
\ F g
N ; - 400 @
\ / —
\\ [I ()
~. N L 200 £
\—_~\~\I +
\~_~~~: ________ £ g
1049 70T “to ¢
c
0.5 - i z
0.0 -

1074

AEll

1073

1072

Y. Jeong and C. N. Tomé (submitted)
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Summary

—

\.

Visco-Plastic model

o= C"P¢g

/

1.0

0.5)

Forming limit diagram

wv
o

IS
[<)

Speed-up by parallelization

o

X
[m]
[m]
X

N/R
D/A
D/A + Monitor
N/R + Monitor

w
(=)
T

N
o
T

iy
o
T

10 20 30 40

Number of CPU core unit/

50

S

a Multiscale modelling

.

ﬁew Elasto-Visco-Plastic model

Méa + M"Po = &

YOUNGUNG JEONG@CWNU
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TRIP steel (304 Stainless steel

Undeformed 30% strain

RT 75°C 1
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