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|i dea " MDEA MATERIALS’ SUITE OF SIMULATION TOOLS

Object oriented, general purpose, parallel code for
computational mechanics in solid, fluid, and structural
applications including finite element and meshless capabilities.

An open source library of material models (solids & fluids) for :;EEEEE; M ueS|I
general numerical methods of continuum mechanics problems, 1990800 00
which can be easily integrated into commercial codes. ee000eer ., Ao arial UnivErSal Library

Ssener

-l

Computational micromechanics tool to predict ply properties of fiber-

, = — reinforced composites from the properties and spatial distribution of the
w/ o : — phases and interfaces to carry out in silico ply design and optimization.
An open source Kinetic Monte Carlo tool (coupled to a finite element \‘

code to include the effect of mechanical stresses and to an ion implant
simulator) to simulate epitaxial growth and damage irradiation.

capsul

http://www.materials.imdea.org/research/software

on.a

Suite of homogenization tools for polycrystals
within the framework of crystal plasticity.



http://www.materials.imdea.org/research/software

I' Uea(®) giNGLE CRYSTAL - POLYCRYSTAL HOMOGENIZATION

600

@ Virtual testing of polycrystalline ?wo-
materials can now be achieved by means £ a0
of computational homogenization. £

Key ingredients

@ Microstructural features: Grain size, shape and orientation distributions
easily obtained by means of 2D and 3D characterization techniques (including
serial sectioning, X-ray ytomography, 3D EBSD, X-ray diffraction, etc.)

@ Single crystal behavior: CRSS for each slip system and twinning (including
latent and forest hardening) provided by
- Multiscale modelling
- Mechanical tests of single crystals
- Inverse problem: back up single crystal behavior from tests on polycrystals
- Homogenization of polycrystals
* Nanoindentation
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@ a suite of tools for computational
homogenization of polycrystals

capsul

http://www.materials.imdea.org/CAPSUL

@ A tool to generate RVE of the microstructure (grain size, shape and orientation
distributions) using as input statistical data obtained from 2D microscopy images.

@ A set of crystal plasticity constitutive models that take into account slip and
twinning. Both monotonic and cyclic behavior can be considered by the
combination of different laws for isotropic hardening, kinematic hardening and
cyclic softening. The model is programmed as a UMAT subroutine for Abaqus.

@ An inverse optimization tool to obtain the crystal plasticity model parameters
from the result of a set of mechanical tests (both microtests on single crystals or
macroscopic tests on polycrystals).

@ A set of python scripts to generate cyclic loading conditions and to postprocess
the results to obtain fatigue indicator parameters and other microfields.




Ii dea RVE GENERATION microstructure

generation

2D images of the microstructure segmentation 2D grain size distribution
S 30

Experimental
grain size distribution| |

(3]
N

— — N
(=] (4 (=]

Fraction of grains (%)

W

OO

20 40 60 80 100 12C
3D grain size distribution Equivalent 2D grain size (*m)

30

Q@ The 2D equivalent radius distribution is
transformed into a 3D distribution assuming:

[\
(9}

\O]
S

- Spherical grains
- The probability p; that the section of a sphere

intercepted by a plane i is in the range
given by a € [a;_1,a;]

pl.j=ﬁ(,/Aj—ai_l—,/Aj—ai) |
J

y , : 0O 20 40 60 8 100 120
where A;is the maximum section of the sphere Equivalent 3D grain size (“m)

—
N

[a—
o

Fraction of grains (%)

StripStar, Basel University
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generation

@ The 3D RVE of the microstructure is an
ensemble of N polyhedra (each one
representing one grain) built from a
Laguerre tessellation.

T T Y Y 1 Y T T Y Y ! Y Y T T Y T 12 Ll

Experimental distribution
40 - il -

V(pi) = {ClL(p,pi) < dL(p,pj),j = ’L} | = RVE distribution

dr(p,pi) = [de(p,pi)]> — 77

with r; distance to the p; nearest neighbor.

@ The set N of points for the tessellation,
O(p), P = pi is obtained by minimizing the
error funj\g:tion

O(p) = Z |PDFerp(Vy) — PDFyriar(Vy)] AV
j=1

Fraction of grains (%)
N
o

AV = (Vmaac - szn)/N

' ' A A 'l ' l -
0 20 40 60 80 100 120 140

by means of the Monte Carlo method Grain size (um)

- PDF.,,,: Experimental probability density
function of the grain size ([V;,V; + AV))

- PDFy,;q;: Trial probability density
function of the grain size ([V;,V; + AV])
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dea CRYSTAL PLASTICITY MODEL e

\._J

Q@ A crystal plasticity model was implemented as a UMAT in Abaqus/Standard
@ Multiplicative decomposition F = FeF? ; velocity gradient T, = L¢ + FELPF¢

@ Plastic deformation is accommodated by v, slip and N,,, twinning systems

I p R I p I p I p Initial non stress configuration ( parent phase)
sl tw re—sl 5 &
—0 4
Tt :
7 /
N P : €
" FP Fe s
0%
i / 2¢ SN
f F SIS
SIS
RS

. ) . . XS
Intermediate configuration (parent + twin phases) Sese%e%
oS

P _ E { e’ a a
Ltw - f YtwSiw %Y my,
a=1

L F=FF'—

Ntw Nsl
- y .
= (12300 ) Y vist o,
a=1 i=1 % volume fraction of twinned system «
Ntw Nsl—tw
Lre—sl _ Z f Z T Ssl ® mg
a=1 1*¥=1

Final configuration ( parent + twin phaseq

S. R. Kalidindi, J. Mech. Phys. Solids 46, 267—271 and 273-290, 1998.
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Phenomenological model: Monotonic deformation

@ The crystal was assumed to behave as an elasto-viscoplastic solid.

@ Plastic slip rate 4% =4, (!T |
Tt

C

) SigIl('Ti) where ,7_2' =S (Si 0% mz)

s’ slip direction

@ Twinning rate m' normal to the slip plane

Ntw

o <7'O‘> % ) B Tit >0 o . o
f _fO(Ta with (1) = 0if <0 and f*=0 if Z:lf > 0.80

C

7 =8:(s* ®m?)
@ Evolution of the shear strength

. . NSZ 7_‘7 7_6 .
slip To = \7 |+ 57|

Niw 7_6
twinning ¢ ‘ ‘ 1d *Viw
re sl 7_] .'
) EO0¢) ~

re-slip T

V. Herrera-Solaz, J. LLorca, E. Dogan, |. Karaman, J. Segurado. International Journal of Plasticity, 57, 1-15, 2014.



Ii dea CONSTITUTIVE EQUATIONS sy

Phenomenological model for cyclic deformation

@ The crystal was assumed to behave as an elasto-viscoplastic solid.

@ The phenomenological model can account for the different cyclic deformation
mechanisms, such as Bauschinger effect, cyclic softening/hardening and mean stress
relaxation/ratcheting.

@ Plastic slip rate in the slip system i is given by 5 =4, |/ -

X
..

@ The slip resistance has three contributions: 7. =(To)+ 7/, + 7

. . | hoT' Lo
- Isotropic hardening:  +/ — $~ S hQ‘ 0 _ / g
P 9 7 j eC - I E i |y |dt

1

- Cyclic softening: t t

)=~ @@ (-0 F) =X ( [hla | [

The backstress y is introduced to include kinematic hardening °

X' =) Hdy'|7’| (<'>§d'))

N. Ohno, J.-D. Wang. International Journal of Plasticity, 9, 375-390, 1983.
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Physically-based model

@ The model is based on the Orowan equation 4% = p’ b'v’

where p., stands for the mobile dislocation density, bithe Burgers vector and
0 if Téf <0
T _ _ i 1\ ¢ . .
YT w exp {—% (1 — [T;{] ) }sign(T") if 0<7l

and | is the average distance between barriers, w the attempt frequency and AF the
activation free energy.

Q Ter = |Ti! — SZ where 33 is the athermal contribution to the slip resistance

s' is the thermal contribution to the slip resistance

D. Rodriguez-Galan, I. Sabirov, J. Segurado. International Journal of Plasticity, 70, 191-205, 2015.



Optimization

|i dea n LEVENBERG-MARQUARDT METHOD algorithm

@ Parametrization of the phenomenological constitutive models from
experimental data is critical for the accuracy. This task is carried out using the
Levenberg-Marquardt algorithm, well suited for non-linear problems.

@ Levenberg-Marquardt method: n
OB) =Y _lyi — flai, B) =y —£(B)]
1=1

Q@ (x;,v:) are experimental data (i.e. stress-strain curves in different orientations)
Q (z;, f(z:;8)) are the model predictions for a set of parameters 3

@ Objective: find the set of parameters B that minimizes O(3)
@ Assuming a small perturbation § of the model parameters and linearizing:
0 Li,
(o+0) ~ 1@ +38 = LB o)~ Iy - 1(8) - 19
J

@ Levenberg and Marquardt minimized O(3) by adding a dumping factor to the
expression of steepest descent, leading to the following linear set of equaﬁons:

(JTT 4+ Adiag(J13))6 = I [y — £(B)]

whose solution § provides the new set of parameters that minimizes O.




Fatigue indicator

|i dea FATIGUE LIFE PREDICTION parameters

@ Fatigue life is assumed to be controlled by crack initiation.
@ Crack initiation is associated with the development of persistent slip bands in
grains favorably oriented for slip. The crack propagates within the slip band.

t

Accumulated plastic strain  prp. — 2 (L 1L )1/2‘01,5

p 3 0 p p

. t . .
Plastic energy dissipated  FIP;, = / ' At de

0
. . L 72 /O_%,max
Fatemi-Socie FIPps = 5 1+ K
Oy

@ The fatigue life is related to the range of the FIP, AFIP, in one fatigue cycle
(averaged on a microstructural feature: grain, slip band, etc.)

N AFIP =FIP,

@ This approach can take into the effect of microstructural features (grain size
distribution, texture, etc.), defects (surface roughness, inlcusions, notches) as
well as multiaxial stress states on the fatigue life.




Applications

|| dea VIRTUAL TESTING OF Mg ALLOYS Mg alloys

RVE microstructure: Comparison with

grain size, shape, texture experiments

Numerical simulation
(FEM; FFT) of mechanical tests

Stress (MPa)

/ D
5 ND/RD45 --o--

Il Il Il Il Il
0 002 004 006 008 01 0.2
Strain

simulation experiments

Single crystal
plasticity model

Error
minimization

single crystal | Error objective
properties function

V. Herrera-Solaz, J. LLorca, E. Dogan, |. Karaman, J. Segurado. International Journal of Plasticity, 57, 1-15, 2014.



= Applicati
I' dea Mg DEFORMATION MECHANISMS "M alloys

@ Basal <a>, prismatic <a> and pyramidal <c+a> slip
@ Tensile twinning

Basal B 1st order Pyramidal [c+a] Tensﬂe TwirE]ing
{0001} <1120> {1011} <1123> {0112 <0111>
JAN YAN /\

C

> Q= >

. Prismatic
af {1100} <1120>
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I' dea APPLICATION to AZ31 Mg ALLOY "M alloys

_ {1010}

pMax: {ooo2)] Ma
@ AZ31 Mg alloy processed by : RD@ '
hot rolling (25.4 mm thickness)
@ Average grain size (25 ym)
@ Typical rolling texture
@ Tensile and compression
tests along different directions.

N

_P—/
350
300
Tension
ND (e2) Compression
ND 250
Tension ND45
Zf //q 45°
‘ 47 ) 200

Tension RD

RD (el) 1501~/

/ 100 {
TD (e3) P —=— Tension-RD

—e— Compression-ND

Stress (MPa)

S0 —a— Tension-ND |
—o— Tension-ND/RD 45
0. | | | | | | |
0 0.04 0.08 0.12 0.16

Strain



|i dea 8/ DETERMINATION of AZ31 SINGLE CRYSTAL PROPERTIES

@ Parameters to be determined: initial strength, 70, saturation strength, 75, initial
hardening modulus, ho, for basal, prismatic, pyramidal c+a slip and extension twining
@ Fixed parameters: - elastic constants of Mg single crystal

- Latent hardening parameters gsi—st = 1.0 gsi—tw = 2.0

- Hardening exponents as; = 0.6 ay, = 1.0

- Strain rate sensitivity exponent m = 0.1

300 Initial simulations Input single crystal parameters
‘ ‘ \ ‘ \ ‘ \ ‘ ‘ .
(pure Mg, values in MPa)
250 Parameter Deformation initial
mode values
200
— Basal 1.75
Ccl-U Prismatic 25
= 150 70 Pyramidal c4+a | 40
3 Twinning 3.5
g Basal 40
o 100 Prismatic 85
Ts Pyramidal c+a | 150
50 T Twinning 20
& —— T-ND —o— Basal 20
b —— T-ND/RD45 --o-- |] h Prismatic 1500
0 ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ | 0 .
0 002 004 006 008 01 012 Pyramidal c+a | 3000
. Twinning 100
Strain
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I | dea PREDICTIONS WITH OPTIMIZED PARAMETERS g alioys
300 T T T T T T 300 T ‘ T ‘ T ‘ T ‘ T ‘
| V. Herrera-Solaz, J. LLorca, E. Dogan, ]
|. Karaman, J. Segurado. International Journal
250 - 250 | of Plasticity, 57, 1-15, 2014. _
200 = 200
© ©
o o
= 150 . = 150
? ?
0 0
o 100 . ¢ 100
sim.
—— CompressionND --o-- .
50 e 50
—— Tension RD --0-- exp. sim.
—— Tension ND --0-- |1 —— Tension ND/RD 45 --0--
! | ! | ! | ! | ! | ! 0 I | I | I | | | | |
00 0.02 0.04 0.06 0.08 0.1 0.12 0 0.02 0.04 0.06 0.08 0.1 0.12
Strain Strain

ROBUSTNESS and UNIQUENESS

@ The input has to provide information for all the deformation mechanisms
(minimum two stress-strain curves, better three and, in the future, texture).

@ The results obtained have been shown to be independent of the initial values of
the CRSS for each system.

V. Herrera-Solaz, J. Segurado, J. LLorca. European Journal of Mechanics A/Solids, 53, 220-228, 2015.
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FATIGUE OF WROUGHT IN718

Applications
Fatigue IN718

stress-strain curves.

@ Wrought IN718 subjected to fatigue at 400°C. Average grain size =~ 12 ym.
@ The alloy subjected to cyclic deformation undergoes isotropic hardening,
Bauschinger effect, cycles softening, mean stress relaxation and ratcheting.
@ Cyclic deformation is simulated by means of the simulation of an RVE of the
microstructure. The parameters of the phenomenological cyclic fatigue model are
calibrated using the Levenberg-Marquardt method from the experimental cyclic

1200

-

600

Stress (MPa)
o

-600

—— 1st cycle
-2 cycle
-1200 - -midlife
- FUR R WU ST ST S—_— _—T_— _—
0 0.4 0.8 1.2 1.6 2
Strain (%)

1200

600

Stress (MPa)
o

-600

-1200 +

éyélé 5

AAAAA

T T T

T T T 7 LE T T T T T

— — Simulation

Experimental

| SRR SR S —

| I—

A L A A
0.8 1.2 1.6
Strain (%)

D. Gustafsson; J. J. Moverare; K. Simonsson; S. Sjéstrém. J. Eng. Gas Turbines Power., 133, 094501, 2011.



Applications

|i dea FATIGUE LIFE PREDICTION Fatigue IN718

@ Fatigue life predictions for R= 0 and R=-1 were carried out using
N AFIP' = FIP,

where the FIP was averaged in all the slip systems in each grain.

24 T T Y T b |
Experimental Simulation,
N = R=0 -
32 1.6 -
B N
2 FIP. = .
'?;1 1.2 “ AFIP;
m —
£ 08 T - -
©
= /
b 4
0.4} S TTTT——————a -
0 L 1 1 1 L | 1
0.0 1.0 10* 2.0 10° 3.0 10* 4.0 10°

Fatigue cycles



|i dea CONCLUSIONS

@ CAPSUL is a suite of tools for crystal plasticity homogenization of polycrystals
which can be used to take into account the effect of the microstructure on the
mechanical properties of polycrystals.

@ It includes tools to built a realistic RVE of the microstructure from easily
available experimental data (2D sections of the microstructure, X-ray diffraction
textures) and a robust inverse homogenization strategy (based on the Levenberg-
Marquardt method) to obtain the single crystal properties from experimental data
(micropillar compression of single crystals, monotonic and cyclic polycrystal tests,
etc.)

@ Current capabilities are focussed in the prediction of monotonic and cyclic
deformation as well as fatigue life. Further developments will include creep and
thermo-mechanical fatigue.
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