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Overview: Microstructure Simulations %(IT
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Britta Nestler and her group

Solidification Microstructures Polycrystallme gralnstructures

Microstructure
simulations
in material
engineering

Wetting at surfaces Crack propagation in grain structures



General workflow A\‘(IT

Karlsruher Institut fur Technologie

Model development[ > Simulation ViSLI'a"zatiO" and data
analyses

-~ High performance computing
-~ Vectorisation
-~ Model optimization

IAM



Pace3D - Parallel Algorithms for Crystal Evolutionk\‘("'

Karlsruher Institut fur Technologie

* the Pace3dD - package contains modules for the solution of various applications:

X phase-field models for microstructure formations in multicomponent and
multiphase materials
X CFD solvers for modelling fluid flow processes based on the Navier-Stokes
equations and on the Lattice-Boltzmann method
X Solid Mechanics o ) ot B
X Micromagnetism '
X Grand chemical potential, Grand elastic potential

* Implementation in C, C++ for Linux, > 600.000 l.o.c.
* simulations can be run sequentially or parallely

72..135 134.151
Worker 1 Worker 2

using MPIl and OpenMP on high performance computers

* performance-optimization of the software is achieved by adaptive meshes,
computing time and memory saving algorithms, dynamical domain
decomposition and data compression

* Framework for easy access of the pre- and postprocessing features

* Hugh package of pre- and postprocessing methods

IAM



Dokumentation des Softwareframeworks Pace3D A\‘(IT

Institut fur Technologi

* Mehr als 600 Einstellmoglichkeiten

* Annotationsprache, die im Code
Beschreibungen, Kommentare und |
physikalische Einheiten hinterlegt

* Generierung einer Benutzer- |
dokumentation aus den Annotationen

* Typsichere Benutzeroberflache

* Latex-Dokumentationskonzept zur ._ —_—
Komposition einzelner Dokumente _ I o

ZUu einem Benutzerhandbuch

Titelseite des Benutzerhandbuchs

IAM



Interoperabilitat von Pace3D A\‘(IT

Karlsruher Institut fur Technologie

* Pace3D verfligt Gber die Moglichkeit verschiedene Formate zu verarbeiten.

* Es existieren Exporter fir vtk und STL. Das Pace3D-
Framework ermoéglicht eine einfache und schnelle
Entwicklung von weiteren Exportern.

* Pace3D kann auch verschiedene Formate
importieren. Es  existieren Importer fir
Molekulardynamikdaten (MD Daten), Monte-Carlo
Daten (MC Daten), Calphad-Daten, Bild-
erkennungsverfahren und  Messdaten, z.B.
Electron Backscatter Diffraction (EBSD) und Finite
Element (FEM) Daten.

* Fur CAD-Anwendungen (z.B. Pro-E) steht ein Importer fiir das Stepdatenformat zur
Verfiigung. Aus dem Gesamtumfang des Stepformats ist eine Untermenge mit den
wichtigsten Elementen vorhanden.

IAM
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Phase-field model
for phase transitions
in multiphase and
multi-component systems
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Application to solidification

m 3D ternary eutectics w Ni-dendrit m Calcite crystals
m liquid - a+ B+ m AT ~ 250K m growth competition
m fe. Al-Cu-Ag @ 3nm nucleus m constant driving force

m diameter = 2um




Experimental patterns ﬂ(“'

Earlsrube [nstitute of Techraology

Dennstedt, A., & Ratke, L. (2012). Transactions of the Indian Institute of Metals, 65(8), 777-782.
Genau, A., & Ratke, L. (2012). International Journal of Materials Besearch, 103(4), 469-475.

24-12-2015 J. Hotzar - Large scale phase-field simulation of fernary eulectic directional solidification IAM-CMS
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Phase-field model derivation (IT

gardenube Inititute of Technology

Grand chemical potential functional:

V(. T) = L ( ca(p, V) + %w(qb) ) + U, T) dO
| - -~ v bulk potential
surface energy

phase-field vector ¢ = (¢4, oo, .... (;::N)T
order parameter ¢, represents the volume fraction of each phase
volumetric interface at the surface
smooth transition between the T
order parameters " \
Allen-Cahn type variational differentiation of \
the functional \
—s no interface tracking needed 0 v

Mestler, B., Garcke, H., & Stinner, B. (2005). Physical Review E, 71(4), 041609

24122015 J. Hotzer - Large scale phase-fisld simulation of lernary eutactic directional solidification IAM-CMS



Evolution equations for multiphases/components \“("'
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wsatcp& =€ (V * 8,V ¢, (4), V(P) — a,¢, (‘Pv V‘P)) o

1
EW'(Pa (4)) - ¥ (T"’l’ (P) ' Pa _A'

where A is the Lagrange parameter to maintain the constraint
zﬁ’}; ¢, = 1 and w is a relaxation constant.

du; GC(T)
(3= [En @D

K—1
{V- > My () Vi~ 3t (T 2 (4’)}

J=1

1

i9Ci (1)

with mobilities  Mj; ( Mjigu (@), Mj = Dy

||M2

D,jf{: Inter-diffusivities of the independent components

11
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Phase diagram Al-Ag-Cu ﬂ(“.

Karloube |ndtiute of Technolagy
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Data derived from: Witusiewicz, VT and Hecht, U and Fries, SG and Rex, S,Journal of alloys and compounds, 385, 2004 and 387, 2005

24122015 J. Hotzer - Large scale phase-fisld simulation of larnary eutectic directional solidification IAM-CMS



Microstructure prediction for Al-Ag-Cu ﬂ(lT

Larferube Instiute of Technelogy

tomography of experimen- 3D phase-field simulation of
tal Al-Ag-Cu structure of Al-Ag-Cu of 2420 x 2420 x
A. Dennstedt from DLR 1474 voxels on 84700 cores

25 24-12-2015 J. Hotzer - Large scale phase-fisld simulation of lernary eutectic directional solidification LAM-CMS



Disruptive technologies / HPC transforms ﬂ(“‘

Kar|srube [nstitute of Techrao|egy

https://upload wikimedia.orgwikipedia'commons/0/04/International_Space_Station_after_undocking_of STS-132 jpg

24-12-2015 J. Hotzar - Larga scala phasa-field simulation of larnary eulectic directional solidification IAM-CMS



Optimizations Layer ﬁ(“.

Harkerube Institute of Technolagy

Parameter Layer
Model Layer

Algorithm Layer

Hardware Layer

12 24-12-2015 J. Hotzer - Large scale phase-fisld simulation of lernary eutectic directional solidification 1AM-CMS



Optimizations |

Parameter Layer

® moving window technique

m diffusion in solid is multiple magnitudes lower than in liquid
—solid diffusion neglected

m temperature diffusion magnitudes higher than in concentration
——analytic temperature gradient

m fitting of Gibbs energies with parabolic approach for Calphad
database

moving window

| |

liquid

13 24122015 J. Hotzer - Large scale phase-fisld simulation of ternarny eutectic directional solidification IAM-CMS



Optimizations |

Model Layer

simplifications due to defined setup
classification of regions (solid, liquid, interface) —skip terms
classification of cells (number of active phases) —sskip terms

pre-calculation of multiple required values (temperature depended
terms)

AT

e af Technelogy

14 24-12-2015 J. Hotzer - Large scale phase-fisld simulation of lernary eutectic directional solidification AM-CMS



Optimizations Il

Algorithm Layer

access patterns / stencils

overlapping computation and communication

block structured grid and static load balancing

eliminate of common subexpressions / buffering techniques

m explicit kernel SIMDification
® Memory layout (AoS vs. SoA)

15 24-12-2015 J. Hotzer - Large scale phase-fisld simulation of lernary eutectic directional solidification AM-CMS
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Optimization results — ¢-kernel — Hornet

T

®arferube |rsttute of Technology

" | _5 ' : : : '
general purpose C _% 4 }% i i:} 4 = liquidbsolidbinmrfacc i
code | 7.11- 102
o - 1 0.87
b%m “&LB??’IE{ - 10.86 speedup 12 |
implementation 7 0.88
g with SIMD intrin- _% %fi b i p |
+ sies single cell :IS o7 PR
e okl
. . | 6.47
2. “{Th T{ZJ opti- 1 6.43 speedup 96
© mization | 6.86
with staggered |[7.72
s | [7.7 speedup 118 |
buffer 8.4
with shorteuts 111.7
(cellwise branch- - | 10.39 speedup 282 |
lng} T T T T T T T I T || EDE—JIB |
0 2 4 G 8 10 12 14 16 158 20 22 24

Million Lattice Updates per Second (MLUPF/s) for ¢-kernel

m 60 x 60 x 60 cells per block

24-12-2015

J. Hotzer - Large scale phase-fisld simulation of farnary eutectic directional solidification

IAM-CMS



Weak Scaling - Hornet / Hazel Hen A(IT

Harkiube |nititute of Technology

MLUP/g pre Core
et
[
|

95 2&5 2? 28 29 210 211 2[‘2 213
Cores

Bauer, Hotzer, Steinmetz, Jainta, Berghoff, Schornbaum, Godenschwager, Kastler, Nestler, and Ride: SuperComputing, (2015

21 24-12-2015 J. Hotzer - Large scale phase-fisld simulation of fernary eutectic directional solidification IAM-CMS



Spiral growth in ternary systems g(“'

tarlenub [retitute of Technology

Wlg Fesult ~

® Assumption, 2D tilt leads to m multiple spirals
spirals in 3D m spirals part of chain
" ' m large domains are
necessary

Genau, A, & Ratke, L. (2012). IJMR, 103(4), 469-475.
\ r

System parameters

® 940 x 940 x 2080 cells
m system with largest 2D tilt angle

. ’

Hitzer, Steinmetz, Jainta, Schulz, Kellner, Nestler, Genau, Dennstedt, Bauer, Kostler, and Riide: Acta Materialia, (2015) (submitted

an 24122015 J. Hotzer - Large scale phase-fisld simulation of ternary ewtectic directional solidification LAM-CMS



Storage needs for average phase-field ﬂ(l

titute of Technology

simulations

m used cores: 13600 on
Hornet/Hazel Hen/SuperMuc

m duration: 18h

m calculation domain size:
800 x 800 x 256 voxel

total domain size:
800 x 800 x 4500 voxel

voxel size per frame: 7 GB
number of frames: ~ 100
total mesh size: 393 GB
reduced mesh size: ~ 30 MB

m phase-field simulation of Al-Ag-Cu

Hotzer, J., 2017. Massiv-parallele und groBskalige Phasenfeldsimulationen zur Untersuchung der Mikrostrukturentwicklung(Vol. 70). KIT Scientific Publishing.
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Storage needs for large scale phase-field QAT
Si m u I at i o n S Karlsruhe Institute of Technology

used cores: 171696 on
Hazel Hen (2015)

duration: 6,7h

calculation domain size:
4116 x 4088 x 256 voxel

total domain size:
4116 x 4088 x 4 325 voxel

voxel size per frame:
192 GB

number of frames: ~ 30
. m phase-field simulation of Al-Ag-Cu with
reduced mesh size: =1.6x 1.6 x1.7mm on 171696 cores of

~ 100 MB Hazel Hen (2015)
— performance of 1,0401 PFLOP/s

Hotzer, J., 2017. Massiv-parallele und groBskalige Phasenfeldsimulationen zur Untersuchung der Mikrostrukturentwicklung(Vol. 70). KIT Scientific Publishing.
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Microtomography and simulations %("‘
of directional solidification microstructures S
in a ternary eutectic Al-Ag-Cu alloy

Massiv Parallel Microstructure Simulation on high computer systems
Pattern characterization, derivation of morphology diagrams
Cooperation with A. Dennstedt, L. Ratke, DLR Cologne

Cooperation with S. Kalidinid, Georgia Tech., USA
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Quantitative comparison of simulations and &](lT
experiments with PCA
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Steinmetz, Yabansu, Hotzer, Jainta, Nestler and Kalidindi: Acta Materialia, (2015

24122015 J. Hotzer - Large scake phase-fisld simulation of larnary eutectic directional solidification IAM-CMS
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n I I i I Karlsruher Institut fur Technologie

" In Vorbereitung: Positionspapier ,,Roadmap zu einer
Digitalisierung der Materialwissenschaften”
in Zusammenarbeit mit DFG, DGM
und Gesprachen mit dem BMBF

" DFG-Projekt:

Sustainable Lifecycle Management for Scientific Software (SuLMaSS)

" Weitere Projektantrage mit Rechenzentrum (SCC, RDM) und
Bibliothek in Planung zum Thema Datenmangement und
Datenflussmanagement

27
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