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1. Multi-scale framework

|

displacement
boundary
condition

Accuracy
a4
i E
o r_;i Coarse
qualitative — R grained
A l.' l) Py
0.leV 777777:“, e empirical
0.0001ev L @ "DFT | Tight binding
QMmc
o c 2 . . | .
T T T T T
Atoms 1 10 100 \ 1000 / 1,000,000 100
L o ps ns ns ms

Simultaneous coupling

Discipline
Engineering
Continuum
Materials
Science
Chemistry
Physics Log (Length Scale)
m
Time
Seconds
Microseconds | ]" h-.” -
Computed aided design of
P I_“l gt
Nanoseconds | - Atomistic > Deformation of turbine disc
Picoseconds
Dendritic grawth in turbine blade materials
[Femtoseconds Edge distocation
1 um 1 mm im Distance
Continuum lecula
Plasticity ~ Molecular Quantum
Dynamics ;.
T Mechanics
7 ol
7 2 I &

B IR
EM{I}_'.J

=100,000.1E10
[ ]

- g “ Scnling ey
=10.000 : ot
s AW
Hs 3 1 rearce
iR
=100
N5 Jotoenn i
ps
Length
A nm Wm h at
Length

crystal plasticity
structure, dynamics of dislocations
chemical binding / electronic structure

T T T T T T T
1018 10% 10 10 Time
[s]
Time Macro-
3cale (sec.) mechanical
Py

Single Crystal

Poly-crystal | |
- =
A
o
w =]

Quantum
1;_ = T T T ™ (meter)

SSCM-2015, 19th APS Conference on Shock Compression of Condensed Mat@®JUN-2015, Tampa, Florida, USA




2. Trans-granular cleavage
. t - Macro stress tensor

. t - Resolved normal stress on
crystal planes

. bcce crystals: {100}, {110} planes
cleave, normalsnygg, N110

. 24 planes of each family

° trljog = ma)ﬁ:l---24(n:100 1 Eh:mo)
t110 = MaX=1..24(N110 [ [hygg)

Two parameters

. o - critical stress, linked tg,
surface energy

. L - characteristic length, linked
to wavespeedc.

Cleavage criterion

If t165 = o ortyg = o — cleavage
propagation wer L per unit of time. (Source: Internet)
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3. Multi-scale methods

. Coupled discrete dislocation and
continuum plasticity

«  \oronoi polyhedra FE

e  X-FEM?

. Element-free Galerkin (reproduc-
ing kernel particl€)

. Finite poinf

. Free mesh

. Meshless FE

. Atomistic/continuum mech.

. .
. MD/continuum mechanics
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4. Cedlular Automata Finite Element
(CAFE)

. Used for solidificatiort® recrys-
tallisation't and fracturé® *

. FE - continuum mechanics -
stress, strain, etc.

. CA - crystals, crystal boundaries,
cleavage, grain boundary fracture
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5. Open source
FE
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FELYX
FEMLISP
FEM_Object
FEMOCTAV E
FEMSET
FFEP
freeFEM
Getfem++ HMD
Impact

IMS

kaskade
KFEM

LUGR
MiniFEM
MODFE
MODULEF
NASTRAN

NLFET
OLEFI
OOFEM
Open FEM

Open FEM
(INRIA)

OpenSees
Padfem?2
ParaFEM
Rheolef
SLFFEA
Sundance
TOCHNOG
VAPAS
VECFEM3
WARP3D
/88

Problems

. Scaling

. Portability

. Documenta-
tion

. Flexibility

. Continuing
development
and future
proofing

. Standard
libraries

. Algorithms



Manchsster X-ray Imaging Facility Terg&emme
University of Manchester Tonz,

CFC-Cu Divertor Monoblock from Palitecnico di Torino

6. ParaFEM
. MPI FE library

. Solids, fluids, heat transfer,
dynamics, modal

. Highly scalable, >50k cores
. >125M elements

Image Based Modelling Perforred with ParaFEM
10% Resolution, 1.2 M elements

. par af em or g. uk
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7. CGPACK ™ .17 _ cdllular autom-

oto+00jof1l1]1]2
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Fregquency

8. Grain boundaries

640 grains, equiaxed microstructure
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Grain boundaries
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Grain boundaries
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Grain boundaries
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9. Crackscrossing GB
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10. Microcracksjoininginto a

macr ocr ack
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Microcracksjoining into a macroc-
rack, 10° cells
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11. CA performance, Cray XE6, 10° cellst®

speed-up
10005 =
100+
It sync all ——
10 Co_sum-[ -
]_:___ o i I T S E A N P S A A ) R RO S
8 64 512 4096 32768
number of cores, Cray XE6
. Scaling due to identical calculations performed for all cells
. NoO asyncronous aecution
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Cracked model

S

12. CAFE sampleresults' Note discontinuity on the blue
. 3D cube, guasi-static tension band, corresponding to crack front
. D, the CA damage variable per ~ €rossing the boundary.

FE,D =1 - no camage (intact),

D =0 - failed
. Update the Young' modulus:
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No cracking
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CAFE sampleresults

The process is dren by the FE stress

The macro-crack emerges as uhege fields on the macro-scale.
cracks in individual grains join up after

crossing grain boundaries in poly-crys-

talline bcc iron. Green cracks - {110}

planes, yellw - {100} planes.
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CAFE sampleresults, exploring
uncertainty and scatter

Random samples of microstructure pro
duce different crack paths.
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13. ParaFEM/CGPACK CAFE scalingon ARCHER, Cray XC30

time, s scaling
10000- : -~ 10
C runtime. - - I
: *_s_c*allng-*- j
i = //)K i
1000% 7 i
. |
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ARCHER Cray XC30 cores

. 200 - 1,500cores= x5 scaling. Rrallel efficieng of > 60%.
. ParaFEM - MPI, CA - CGRCK - Fortran 2008 coarrays

. Hybrid MPI/coarray - neel, risky

. Cray and Intel navy, GCC soon
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14. Future: generic framework

We reed:
. Frameworkfor building multi-scale solid mechanics models
. Flexible expandable wide range of problems.
. API centred
. Opportunities forcode replacemerandinteroperability.

. The frame&vork must not not be linked to wmparticular FE code or gmpartic-
ular microstructure model.

. Concurrentsimulation at all scales, with adway information exchang®.

. The framavork must allav for implementinghomaenisationandlocalisation
(upscaling/downscaling) algorithms, e.g. using the representaiume of
material (RVE}® or nested homogenisation-localisatfdn.

. Multi-scale models are larg&eaascalenow and exascalesoon.

. The aim of the frameork is to allaw researchers to combine their micro- or
mesa-scale models with a variety of continuum mechanics FE solvers.

. Comparisorof different multi-scale models and of different modelling results
will be more rigorous and fair.
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