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Personal Background and Motivation 1A

l Space partitioning

Myself in a nutshell: o8
= Dr-Ing. in Metallurgical and Materials Engineering \Q, %
= Development of parallelized software tools for VR¥
full-field microstructure evolution modeling and
atom probe tomography
= BiGmax software engineering consultant

Surfacing using alpha shape triangulation

Distancing to triangle hull
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Tessellations, Atom Probe Crystallography,
Spatial statistics, and clustering using
thread-parallelized spatial indexing

Our motivation:

[Landing page statement of this workshop]

This talk:

“ Metadata and file format situation for atom probe tomography experiments
® Motivate that the microstructure evolution modeling community is another well-suited
candidate to have on the FAIRmat radar in the future
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The BiGmax Network 1""
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FAIR, FAIR-DI e.V., and FAIRmat

_ What is FAIR ?
SCIENTIFIC D AT At _
Research data management paradigm

Comment OPEN  Published: 15 March 2016 | Flndable
The FAIR Gmdlng Principles for scientific ] Accessi ble
data management and stewardship = Interoperable
Mark D. Wilkinson, Michel Dumontier [...] Barend Mons B n Repl’Od UCi ble

e FAIR Datalnfrastructure What is FAIR-Dl e V. ?

"
FAIR-DI for Physics, Chemistry, Materials Science, and Astronomy e.V.

An association to promote FAIR materials science

What is FAIRmat ?
FAIR-DI e.V. lead initiative to write a proposal to DFG's
Nationale Forschungsdateninfrastruktur (NFDI) call

M. D. Wilkinson et al., Scientific Data, 3, 2016, 1

C. Draxl and M. Scheffler, MRS Bulletin, 43, 2018, 676
http://www.go-fair.org/fair-principles/

http://fairdi.eu
http://www.dfg.de/foerderung/programme/nfdi/index.html
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@ Continuum modelers

@ Scanning probe microscopists
@ TEM microscopists

@ Atom probers

= Scale-bridging experiments motivate cross-community research (exp + sim)
= Mental barriers ,more reward for research results rather than tool development™
= Strong permeation of proprietary/closed source software tools many of which lock data in

“  Perception persists that documenting experiments FAIR is very challenging
® Zoo of data and file formats plus strong differences in mindset, technical knowledge, and
sophistication how acquisition and analyses pipelines to experiments are documented

http://www.dierk-raabe.com/multiscale-modeling
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Motivating the Examples from Engineering Communities

| want to give two examples with the following motivation:

 Identify status quo of metadata and file format activities in APT/FIM
and microstructure modeling communities which pinpoint that

* Planned FAIR-DI e.V. activities in pillar A and B fall on extremely fertile
ground if FAIR open source tools were to be developed

* Make aware of specific activities in the continuum microstructure
characterization and modeling community which are difficult to tell
apart from what FAIR-DI e.V. [ FAIRmat aims

Markus Kihbach, m.kuehbach@mpie.de
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Case 1: Atom Probe Tomography Experiments | 53

= Nano-meter-sized site-specific material specimen

* |onization of sharp needle-shaped specimen, = 5o nm radius
= Ultra high vacuum, cold (20-100K)

= Destructive

Multi-channel plate . Measure hit position and time-of-flight
Pulsed ionization (laser/voltage) | . Using controlled pulsing
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APT/FIM Experiments: Their Right to Exist and Workflow

Why to do APT/FIM experiments?

» Characterize and correlate chemical composition with local crystal defects and microstructure

= Possibility to measure as many as a billion ions per measurement delivers statistical significance

Specimen preparation Measurement ~ Analyses Publication  Curation

» Thermo-chemo-mechanical history = Tomograph environment = Case specific/operator analysis tasks and workflows

= Metallography steps = Tomograph conditions » Proprietary software + user scripts

» Electrochemoical /ion milling steps = Experiment settings * |on type identification based on time-of-flight

» Environment of devices between = Measureion hit positions = Reconstruction models to get atomic positions
which specimen is transferred = Measure time-of-flight = Descriptive spatial statistics and computational

geometry on atom positions to extract features
= Distill results in light of research questions

Markus Kihbach, m.kuehbach@mpie.de



Status Quo on Metadata in APT/FIM Experiments

Specimen preparation Measurement Analyses Publication  Curation

O O

\Non-FAIR in most steps!

* Thermo-chemo-mechanical history

Third-party infos + manual lab book
* Metallography steps

Manual lab book
» Electrochemical orion milling

Manual lab book
= Transfer environment

T’ p’ pOz/Hz’ t

o [

Tomograph environment = Case specific analysis tasks and pipeline

Electronic database Explorative, electronic + manual lab book
Tomograph conditions * Proprietary software + user scripts

E-database + closed vendor Electronic + manual lab book

Experiment settings Ad hoc shell scripting
E-database + manual lab book
Paper + researchers directory archive
Ad hoc selective uploading to
online repositories is on the rise

Measure Xget, Ydet triight

Closed non-public manufacturer file
Neither file layout nor fields completely
documented, transcoding required

Markus Kihbach, m.kuehbach@mpie.de



Status Quo on File Formats in APT/FIM Experiments

Specimen preparation Measurement Analyses Publication  Curation
".

Zoo of formats, data scattering, essential
Thermo-chemo-mechanical history ® Tomograph environment = Case specific analysis tasks and pipeline

and raw data locked in undisclosed file for

Vendor specific ASCIl machine protocols and SQL databases RHIT/HITS/POS/EPOS/ASCII
* Metallography steps = Tomograph conditions * Proprietary software + user scripts
Closed binary RHIT/HITS
» Electrochemical orion milling = Experiment settings
Closed binary RHIT/HITS
= Transfer environment = Measure Xget, Vaets trlight Word/TEX

Transcoding selected content from RHIT/HITS/POS/EPOS/ASCIITAR/ZIP

RHIT/HITS to open binary POS/EPOS
No hashing mechanisms commonly place

Markus Kihbach, m.kuehbach@mpie.de
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Towards FAIR Metadata in APT/FIM Experiments

> vy 398 — — — e " 201X - ongoing
imwmtmmp —] . = .
2y emm Efforts by individuals (especially B. Gault) to get
|\Giecentien) YDedu0JngAFTHAROO10 OISRl posapto " |GearTa RHIT content opened up through manufacturer
« g REOTE_36088-+01 pos apthS * | | Object Astribute Info | General Objest bnfo »
« @& 00_BExpenmentContesxt
Ei ExpenmentTypie Humber of attributes = 2 Al Attribite U D
i SampleDescr -
-i:-t:%olrili.n-nfr.;nf::f Kama Type Agray Size Value - 2017 2018
i enimentEn eGiobal SlUnit_Detx Sting length = 2, stnng padding = HET_STR_SPACEPAD 2x1 mim . . wgw .
- E:E.}r|rr|9n:‘.;f:rln[?.;.+gﬁlc::|bfgl SiUnit_Dety Stnn; length = 2 sTr=f|3 Eamm;=H5T_9T1=>._5PACEPAD 2%1 i APT/FIM Commumty initiative to form IFESTC
¥ ExpenmentStanDateLocal

IPR e o sigalorst | LInitiate community-wide efforts what constitutes

¥ DetectorGeometryOpticalEc w
4} DetectorGeomstyfied Metadata documentation mentality APT metadata and how to open up closed formats

u! Detactorinto
B which applies for exp and sim:

FlightFathTiming

3 Instumentinto & Performing a characterization on a real
larvinomgs | specimen is applying a tool
PulseNumber

Reflectronini % Performing a simulation on a virtual

N SampleName

2 Tip2ReconSpaceMapping I H .
5 TpGeometyOpteaEaun specimen is applying a tool

) TpGeometyRes =  Meimplementing first HDF5 proof-of-concept for
« @ 03_ExpenmentResults . ey . . .

5 DetectorDeadPuises = Tool-focused view: ac.qU|S|t|on and post—processmg side, now in contact
with manufacturer about opening up file format

u Q1/2019
IFES TC drafted metadata specification for acquisition
Agreement to move to HDFs5 as file format

O

DetectorHitMutiphcty
1 DetectorHiPostons n

ExpenmentFnalizationStaty EXp/SI M CO nteXt
st D » Tool environment
1 PulseFrequend .

oot Tool state + settings

PulsaVoltage . 03' 04/2019
Exp/sim results

Manufacturer about to roll out complementary
open binary file format, unfortunately custom brew
but company signalized that HDFg5 ,is a good choice"

StagePosition
| StandingVioltage
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APT/FIM Experiment Curation through FAIRmat 200
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Proof-of-concept trials to use Zenodo + NOMAD to archive APT/FIM experiments

Files (7.3 GB)
Name
PARAPROBE.SimID.20231.STDERR. txt
md5:a590d8e02a0d204b86c5aceB2aszb1516 @
PARAPROBE.SImMID.20231.STDOUT txt
md5:e3e307bfded596908407fc1 9153513459 @
PARAPROBE.Transcode EPOSZAPTHS.R76_20
md5:fb0de7eld45565ec3a3cd?e1342906%9%2 @
preview.png
md5:3e4910b4324263202aalcazaddocd 5T @
R76-20231-v01.aptfim
md5:5510662709302159416c0703%dcd 1de2 @
R76_20231-v01.epos.apths
md5e86ddede 7892626507977 6840167 @

R76_20231-v01 epos.targz

md5:da005298e322cb07425f2c76cbed5b7e @

© -
Ef’ ChUsers\m.kuehbach\AppData\Local\Temp\R76-20231-v01.aptfim - Notepad =+

File Edit Search View Encoding Language Settings Macro Run  Plugins  Window 7
3 ke = - = = =
cEHEHBS LB s Gh|locity 2 |BEIETEEARAD =0 mD BB
[E= CONFIG_Reconstruction h dl [H COMFIG_Reconstruction.cpp dl = new 1 £ = R76-20231v01 aptfim E3 |
1 i
2 "data repository name": "zenodo.org®,
3 "data repository url": "http://zenodo.org/record/2663484",
- "data preview url": "http://zenodo.org/record/2669484/preview.png”,
=
& "experiment method": "atom probe tomography or field ion microscopy”,
T "experiment location”: "Disseldorf, Germany",
8 "experiment facility institution”: "Max-Planck-Institut fir Eisenforschung GmbH",
9 "instrument info": "LEAP RT76-20231-w01",
10
11 "experiment date global start™: "00.00.0000 0O0:00:007,
12 "experiment date global end": "00.00.0000 00:00:00",
13 "experiment data local start": "00.00.0000 00:00:00",
14 "experiment operation method": "apt”,
15 "experiment imaging method": "laser"”,
16
17 "gpecimen description™: "WC nano grains with Co, Cr, Fe, V segregated at the grain boundaries bulk sample polycrystalline”,
18 "specimen chemistry": ["W", "C", "Co", "V", "Cc", "Fe"],
19 "specimen microstructure”: "poly crystal”,
20 "specimen constitution”: "single phase”, " " -
22 "measured nions evaporated™: 127453578,
2 "measured detector _hit pos": "yes",
24 "measured detector hit mmlt": "yes", May 6, 2019
25 "measured detector dead pulses": "yes",
26 "measured_time_of light": "yes", Atom probe tomography nomad-FAIR
27 "measured standing voltage": "yes",
2 "measured pulse voltage": "yes” demonstrator dataset R76-20231-
29 }
vO1.epos.apthb
Zirong Peng; Baptiste Gault; Markus Kuhbach; Markus Scheidgen




APT/FIM Experiment Curation through FAIRmat §:30-

Proof-of-concept trials to use Zenodo + NOMAD to archive APT/FIM experiments
The NOMAD Laboratory

A European Centre of Excellence

Upload Communities

Upload  Communities

demO Atc wvays. 2o
vOl.e
Zirong Peng; B [ del Atom wevezos

 otaset | open pccess |

v
. demo Atom probe tomography nomad-FAIR
VOT e[ demonstrator dataset R76-20231-

T v01.epos.apthb

Filter entries and show:

Only migrated [] All entries

ssssss

Metric used in statistics

Entries [] Datasets
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m probe tomography or field ion microscoy Diisseldorf, Germany unavailable Wei, Ye; Peng, Zirong et al
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5[ IEN N

m probe tomography or field ion microscopy

10!

m probe tomography or field ion microscopy Diisseldorf, Germany unavailable Wel, Ye; Peng, Zirong et al
To! Diisseldorf, Germany unavailable Wei, Ye; Peng, Zirong et al
TO:

m probe tomaography or field ion microscopy

o
&
=
7
g2 & & 2 2

Itidimensional photoemission spectroscopy Germany, Hambur q 4/1/2018, 2:00:00 AM Xian, Patrick; Emstorfer, Ralph

Credit to Markus Scheidgen here
https://labdev-nomad.esc.rzg.mpg.de/fairdi/nomad/experiments/gui/search
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Take Home 1: APT/FIM Experiments and FAIR

= APT and FIM are state-of-the-art microscopy techniques for probing quantltatlvely the
3d architecture of many structural materials at the atomic scale.

“ The APT/FIM community has understood the necessity to improve on above FAIR barriers.
Key individuals have been convinced to implement FAIR compliant tools: more complete
metadata collecting on the acquisition/measurement side, use of more efficient, open, and
collating file formats.

hence calling for FAIRmat activities: data consolidation, doing a lot of persuading, and
professionalized software development.

Markus Kihbach, m.kuehbach@mpie.de



Case 2: Characterizing Physics of Evolving Microstructures

Deformation Annealing Terminology

Recovery Recrystallization  Grain growth

static and dynamic phenomena

A.Rollett, G. S. Rohrer and J. Humphreys, Recrystallization and Related Annealing Phenomena, 3rd, 2017

Markus Kihbach, m.kuehbach@mpie.de 15
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Case Study 2: Mesoscale Microstructure Characterization 13O0

Key motivation:

= Quantify state variable values (dislocation density, stresses/strains) through exp/sim to feed into
mean-field/continuum models to predict material properties

= Cost-efficient alloy development, understand ensemble dynamics

Key assumptions:

= Parameterized (ab-initio-quided) crystal defect properties, statistical representative volume element (RVE)

=  Continuum-scale models: 3d geometry of crystal defects + chemistry:

= Solute concentration fields, dislocations, grain and phase boundaries, multi-phases

= Few physical mechanisms dominate kinetics, thermodynamically-driven evolution

p\ 4
y = obvgexp | ——=(1- M sgn(Teff) C o V6B = mVG = mp
kT T vy by gy W 1 2 f/
4P oAy TIWNL Vep = ml /2 Gb“Ap —yx —ay r]
: w * H
= m = moexp(~ -

D.Turnbull, Trans AIME, 1951, 191, 661-665
\ - G. Gottstein et. al., CRC Press, 2. ed, 2010
K ' 0. 200 4?9- U. F. Kocks et al., Pergamon Press, 1975
< ¥ T F. Roters et al., Comp. Mat. Sc. 158 (2019), 420-478

Grain ID
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Efficient File Formats + Metadata: Deformation Example

Evidence of typical friction in the microstructure modeling community:

= Move to HDF5 when letting established proof-of-concept tools loose
on larger RVEs [ more numerous parameter runs does not scale

= Often then motivating deeper thoughs on metadata

Integrating Materials and Manufacturing lnnovation
March 2017, Volume 6, [ssue 1, pp 83-91 | Cite a5

A Flexible and Efficient Output File Format for Grain-
Scale Multiphysics Simulations

Authors Autheors and affiliations

Martin Dighl » Philip Eisenlohr, Chen Zhang, Jennifer Mastola, Pratheek Shanthraj, Franz Roters

root
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y— goometry

nodes Ny x 3 double

comnectivity N, X 8 int
cellType N, int

— rapping

®=— cells

— materialpoint

— homogenization

+— constituent

...

— constitutive

=— callReanlts

+— materialpeint N, derivedData
— homogenization N, derivedData

#— constituent N, X m. derivedData

— constitutive N X n, derivedDeta

— inc 0
materialpoint

hemegenization
[

constituent
conatitutive

y— inc_10

—-

— -
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Efficient File Formats + Metadata: Annealing Example CoFi 22

HF HDFYiewr 3,99 2012_2017
File  Window Tools  Help . . .
2o ©mE = GraGLeS anisotropic grain growth solver
YAREVAMPPAPEROS\GRAG LES3DPBCOREAMSD LIS RAGLES SimiD 1 annealhs = [evel-set method
s B GRAGLES SimID .1 .annealhb =

2 00_SimulationCaontext
2 01 _ToolEnvironment
2 02_ToolStateandSettings
s @ 03_SimulationResults
« @ Snapshots
« @ Iterationd
« @ Boundaries
B FacetAreas
B OwnNborlDsRandomOrder
2 ContourHulls
s @ Grains
B GrainlDs
B GrainlDsRandomOrder
B NeighborCount
B Orientations
& StoredEnergy
B Surface

m

B Volume L 2016-2019
o =  Understand effect of long-range neighbors on
- @ teration 1 abnormal grain growth through monitoring
- Qb Iteration12 . .
& Horation 3 grain boundary network geometry evolution
= g:ﬁeragonlg =  Only each 1000 grain survives the coarsening!
> eraton . . .
- € lteration1s = =~ 5000 triangles x 50000grains x 2000 time steps / 2

= 1-10TB per simulation + replica studies

Markus Kihbach, m.kuehbach@mpie.de



Specimen preparation Measurement Analyses Publication  Curation

= Thermo-chemo-mechanical hiStOI’y =  Microscope environment = (Case specific ana|y5i5 tasks and pipeline

= Metallography steps * Microscope conditions » Proprietary software + user scripts

= Electrochemical orion milling = Experimental settings = Reconstruction models to get crystal defects
= Transfer environment = Measure muIti-spectraI image = Grain boundary network, microchemistry

= Distill results in light of research questions
* Individual workflows

RVE synthesis Simulation

* Possibly experimental input = Parameterization

= Synthesis method and solver Kinetics/thermodynamics solver

= Hardware and software used Hardware and software used

RVE state variable value field snapshots

Markus Kihbach, m.kuehbach@mpie.de



To not be Wearing Blinkers: DREAM.3D

ﬂ DREAM.3D
D R E M 3 D = Carnegie Mellon University + U.S. Air Force
. Materials science division-lead example of

= 3d microstructure synthesis and analysis tool

Home About - Download ~ Help ~ Posts

» Pipeline-based workflow
@ 2018 Workshop on Methods for 3D Microstructure Studies DREAM.3D Version 6.5.121 is Available for Download © n JSON metadata document pipe“ne Settings
DREAM.3D 6.5 New Features for each microstructure realization

By Mike Jackson in Demo, Mew Feature, Official Release, Training @ 2013/06/29

There are some terrific new features in DREAM.3D version 6.5 and we are here to let you in on some of the major additions.

= One well-documenting tool of a

A Fresh New Look : : : -
pipelines of different mentalities

We stripped DREAM.3D down and gave it a fresh new look that any body with the proper skills can modify to how they want.

| Edax_IPF _Colors - DREAM3D
b 5 Generate IPF Colors [ §l Bt e =

01  Import EDAX EBSD Data (ang) | 4 B £8sD sean u DIQEAM D IS ONne acce tEd and
Parameters 4 Phase Data -
02 Rotate 5 le Ref Fi

LatticeConstants 1 1 1

03 ot e mference . creasingly used tool in ICME
e [ Apply to Good Elements Only (Bad Elements Will Be Black) MaterialName I n r I n U I n

04 Threshold Objects 4 5can Data

0> e 5 color = Motivates community members

— El Data ELno
06 ITK:Image Writer . . Bookmarks @ X
Euler Angles |  EBSDScan/Scan Data/EulerAngles | 4 B Prebuilt Pipelines to Interface the|r tools to
Phases | EBSDScan/ScanData/Phases | 4 BB Examples
- . » I Anisotropy
Mask | EBSDScan/ScanData/Mask | » BB DREAM3DReview
Ensemble Data p IR MASSIFUtilities

http://dream3d.bluequartz.net
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To not be Wearing Blinkers: MATIN and ICME 5] R

'\ \J

Materials Data
Metadata Qutput/Results

rE-- D00

Microstructure Property N\ Anz
" Characterization Measurement g

LJL)LV'LJLH
Ll o] &L ¢
L J LI 7S
JJJ LIS

XRD — ' p Uniform single Location
Nanoindentation :
- Structured Hierarchical File
: Metadata Systems

"o e
| - £@ Bei

= MATIN — Materials Innovation Network
= Georgia Tech University (S. Kalidindi)-lead initiative
= Develop fully-integrated materials processing and characterization toolbox

https://matin.gatech.edu/groups/mined_super/facilities/data_science_tools1

Device

Markus Kihbach, m.kuehbach@mpie.de
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Integrated Computational Materials Engineering (ICME) 8 3R
B

Edited by Georg J. Schmitz and Ulrich Prahl

ICME is ,linking of individual microstructure evolution models to enable simulations of T

a processing chain with which to probe (structural) materials using virtual laboratories" Software Solutions
forICME _

Role of experiments for ICME:
= Keyingredient to parameterize models and quality
= Many experiments within the microscopy communities addressed in FAIRmat
should be seen in context of the microstructure models the experiments should support

Status quo consensus on metadata and file formats:

= Wide consensus that HDFg is method of choice to carry
through/manage FAIR open science workflows

= A community moving to customized HDFg

= Not only this workshop showed, this alone is not enough: ontologies? workflow hierarchies? reproducibility?

Open questions:

= How to convince proprietarizing software developers within the community to open up file formats and
provide interfaces for docking open science community developed workflows ?

= How best to support these domain-specific communities instead of telling them just
you have to implement all the tools to a FAIR-compliant level yourself?

Markus Kihbach, m.kuehbach@mpie.de



Take Home 2: Microstructure Evolution Exp/Sim Using RVEs

® Cross-scale/correlative diffraction/microscopy experiments which probe physical mechanisms
and are used to initialize full-field ensemble models define the status quo.

#Zoo of solver and implementations whose FAIR state is similar like it was in the ab-initio
community prior to FAIR activities shown in this workshop.

“ Despite considerable ICME activities, there is still no consensus nor completed tool
modifications and hence most simulations and experiments get still documented non-FAIR.

“"What is necessary to achieve stronger permeation of FAIR principles in these communities ?

Tools which automatize documenting of exp/sim and connect/integrate these in ICME pipelines

Opening of proprietary software algorithms and exporting to open source file formats (like in APT case)

Necessity for further success stories to convince community that efforts in moving to FAIR is worth it

Necessity for a cultural change from monolithic software solutions to flexible pipeline-based approaches
with rigorously implemented auto-documentation functionality

Stronger communication of technical side + benefits of using open source data repositories across groups
Software engineering, programming, data science technique training in graduate and PhD curricula

Markus Kihbach, m.kuehbach@mpie.de



Thanks Questions ?

fo r yO ur “ Development of parallelized software research tools
% Strategies for research data volume handling

atte ntion | ® Metadata management

® Email m.kuehbach@mpie.de
= Skype kaiobach
* Phone +49-211-6792-381

Dr.-Ing. Markus Kuhbach
BiGmax software engineering consultant

Research scientist in the group MA/Theory and Simulation
Max-Planck-Institut fUr Eisenforschung GmbH
Max-Planck-Str. 1

D-40237 Duesseldorf AOPN 1 nn

Room 649 ﬂ _ 2 iARS 1917-2017
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