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Cartography for Materials : mapping elemental characteristics

Periodic table: Spiral format by Jan Scholten
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MDI for “Knowledge Bases” vs Data Bases

Materials Informatics:
The Materials “Gene” and
Big Data : K. Rajan
Annual Review of Materials

Research Zetab tes Reference Data

Vol. 45: 153-169 (July

2015)
Volume High levels of
R uncertainty
Terabyte
Dynami Va rlety Single scale
» Crystallography
» Metrology/ Sensing
» Biopolymer design
» Chemical design of
nanostructures
Static Multiscale > Catalysis
» Alloy discovery and
design
R B » Composites
'% College ofArt-s and-Sciences . - > Decision Systems in
- A School of Engineering and Applied Sciences
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» Formatting the inverse design problem as a data mining
problem

» Defining the concept of “data” in materials science-
mathematical framework for materials design via statistical
learning: materials informatics

» Applications in crystal chemistry design
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Inverse Design: an informatics/ data mining perspective

» Discovering classifiers:
»Can we trace and identify key characteristics of a
material that distinguishes key differences in a materials
behavior

»Ranking descriptors:
»Can we trace back and discover key parameters or
correlations of parameters without explicitly knowing the
forward design problem?
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Informatics for materials discovery

»Data driven discovery with limited or uncertain information

»Data from different sources---
»How can we deal with training and test data from different

distributions?
»What can be learned when a classifier (or predictor) is used outside of

the domain of training?
» Can we build classifiers?

» Establishing predictive materials science through data science

College of Arts and Sciences
School of Engineering and Applied Sciences Krishna Rajan




Multiscale Perspective

http://www.frontiersin.org/files/Articles/101961/fcell-02-00031-HTML/image m/fcell-02-00031-g003.jpg
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Multiscale Perspective

Multiscale interactions produce emergent /7 =RE
phenomena
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http://www.kurzweilai.net/robot-biologist-solves-complex-problem-from-scratch

Omics in Materials Science

Abstracted Specified
High-level models (L1) Low-level models (L2)

I Stafistical mining <
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I Markov chains

| 4 )
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Data and Materials Genome

Functionality= & (Xi, X » X3 » Xy » Xg » Xg » Xy » Xg eseees)
Issues:

e how many variables?
e which variables are important?
e classify behavior among variables
e making quantitative predictions ...relate functionality to variables ...
e traditionally we describe them by empirical equations:
eQuantitative Structure Activity Relationships (QSARs) are derived from
data mining techniques not assuming a priori which physics is the most important

Need to build database with these variables

* Need to establish a genomics-proteomics-metabolomics etc. :Systems
Biology approach

 What are the data management and sharing issues for a systems
approach?
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Uncertainty in Materials Behavior

Uncertainty in the thermal conductivity of insulation materials Original Research Article

0.055

Energy and Buildings, Volume 42, Issue 11, November 2010, Pages 2159-2168 i il
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Discovery Challenge

Photons
100s nm

Electrons
0.1-10s nm

4{ Crabtree G, Sarrao J. 2011.
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Electrochemistry

» Challenges in materials
discovery — sparse information
— search space prohibitive

Informatics aided combinatorial
experiments and high
throughput computation

Statistical learning- explore
parameter space outside
computational / experimental
bounds

Chemical bonds
0.1 nm

Annu. Rev. Condens. Matter Phys. 2:287-301
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CLASSI FICATI ON : Krishna Rajan
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ASSOCIATION : Krishna Rajan
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OUTLI ER DETECTION : Krishna Rajan
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ASSOCIATION MINING Krishna Rajan
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CLU STERING: Krishna Rajan
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Data for Design
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Data Velocity: discovering catalyst chemistries

J. Comb. Chem., 2009, 11 (3), pp 385-392
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Discovering Classifiers

research papers

Acta Crystallographica Section B

Structural
Science
ISSN 0108-7681

Prasanna V. Balachandran and

Krishna Rajan*

College of Arts and Sciences

School of Engineering and Applied Sciences

Structure maps for AYAY(BO,)X, apatite
compounds via data mining

Descriptor Brief description

a (;\} Lattice constant of the hexagonal unit cell

c (:\} Lattice constant of the hexagonal unit cell

cla Variable axial ratio (no unit)

FAT {zu\} Shannon’s ionic radii of A'-site ion (nine-coordina-
tion)

rn (;\} Shannon’s ionic radii of B-site ion

F AT (:‘\) Shannon’s ionic radii of A™-site ion (seven-coordi-
nation for F~ and eight-coordination for CI™ and
Br™: Dordevic et al., 2008)

rx (;\} Shannon’s ionic radii of X-site ion

Av CR (A)

Apx — Opx
Bex — Ogx
Apn — Xen

AE,.\' - BE!\'

A" 01 (A)
Al_QrrE=0
(A)
A 0(1\)
ARES" (A)

Yar-o (%)
VAo ()

3ar (°)

@ar (°)

a1 (%) 3
{(B—0O) (A)
(to—p_a) (")
Pau (A) i
AT_X (A)
aan (7)

AT 03 (A)

(DOS All—03 (ﬁ}

Elnlal (C\!)

Average crystal radius = [(rapd) + (ramx6) + (rgx6)
+ (rox24) + ryx2))/42

Electronegativity difference A atom and O atom

Electronegativity difference B atom and O atom

Electronegativity difference A atom at A site and X
atom

Electronegativity difference A atom at A'site and B
atom

Distance between A' and O1 atom

Distance between A' and O1 atom with the
constraint z = 0 at A"

Difference in the lengths A'—O1 and A'— 02

Difference in the lengths A'—O1 and A'— 02 with
the constraint z = 0 at A"

The angle that the A'—O1 bond makes with respect
to e

The angle that the A'—O1 bond makes with respect
to ¢ with the constraint z = 0 at A"

Counter-rotation angle of A'Og4 structural unit

Metaprism twist angle (/3 — 28 a1)

Orientation of A'Og unit with respect to a

Average B—0 bond length

Average O—B— O bond-bending angle

A" A" triangular side length

Distance between A™ and X atom

Orientation of AT—A"— A" triangles with respect
toa

Distance between A™ and O3 atom

03—A"—03 angle

Total energy calculated from ab initio calculations
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Ranking Descriptors

5.00
500 PPIOVONGCIZ¢ ‘Q sy omed 6.00 o —
" Pb10(ASO4)6C! \ c < 5.00 s
& — by Sr10(VO4)6F
= 400 snovosere, r04)6C12_Ld10(VO4)6C12 (= 5.00 A c - Sr10(PO4)6F. i
32 Pb10Y 4.00
) 410(CrO4)6C12 ] o 2 b b10(PO4)6F2
< 3.00 gayoMnosr6r o 5 4.00 - — Sal0MnOdoray !
. 2 \ T o| £ Sr10(VO4)6F Pbl£(004)6cl2 d10(vO4)6CI2 o O ~ 3.00 Zn5(PD4)3H
o 2007 Em(vomscu o (0] £ 3.00- d1Q(Cro4)6CI2 (0] o & ‘
& 1.00- Porocospc (Ch10(CrO4)6C12 o= =7 Ba10( = 5 0 2.00 | Bal0POAS
o Pb10(PO4)5F fas(pPbaycl ‘B @ ) : n ©
9 L ep1opoare g | posleasfar_ _ _ _ _ _ | 2.00 [ N v .2 < 1.00
g 000 , ‘jL m 21 8 | Cal0(vo4)6Cl2 X = o Pb10(ASO4)6C!
B 100 SA0ronger | Y|/ Mcdperpascz £ | & 1.00- Pbr0PO4)ECI2 [ €Ca10(Cro4)6C12 = 35 4] Pb10(VO4)6
907 snorondezy (1 ( \’)6 200 O“”C' S ! e Pb10(PO4)6F I O < 8 0.00T 3gpaarsciz,
200 e ‘7\ ! \@yfatbronssf? o S| & o00-f evroronsy: 95(PQ4)3F Q- $ 00| PibronsC
nam!ggﬂf,g% / K;ﬁlowomrf" “’@,‘ g = 7)) o Sr10(PO4)6C Cd10(PO4)6CI2 = 8 Sr1Q(PO4)68r
-3.00- f st = ¢ @ Sr10( s S & A b Cd10(PO4J6CI2
4000 500 0.00 5.00 10.00 T R S en0Red © 8 @ 2,00 #10BX Cal0(vT4)6C12
Scores PC1 (41.15%) O © 8a10(PO4)6F o Pb{0(CrO)B
; o 200 orodeca 10(PO4)GEr2 o 9 200, b 3 310(CrO4)6C12
Son nS5(PP4)3 ‘= O PQ4)68Br,
= 8 -3.00 —{B210(PO4)6BE h C“O“’O‘”fF% g 8 4.00 Cal0(PO4)68r2
. . . o o i ¥ — ' ' ' ‘
onic radius of A-site element decreases in this direction — O i o " AR0D 1000 -5.00 0.00 500 1000
@ Scores PC1 (41. 15/«) Scores PC1 (41.15%)
AN (a) (a)
§: = ¥ -0) B_ -0 Alz=0 0
(A -0 z o
0.3 a,, 8 0 ) E s EN N W0 0.4 AEN‘ EN AAM ‘o‘unoa
EN EN Bs \.-O! " b 0)
0.3 ¢4
AE“ =™ AIAI-O} P
- 0.24
2 - 9
2' \y""o § 3 0.1
; (A10) < ©
< -
13} < % 0.0
o S ©
ES e > 014
c 8 o
S < =
® © T 024
] @ ) -4
- 02 o 03-AIl-03 -]
P - - 03 Alz=0
‘OJ-AIIOJ . \J =
A | Alz=0
= 04l W X(A-01)"™ A_B,,
- A"-03 -
'Xv (A -01) ' &' X 04- ' d B (ALO) I Xy
A-01 AFN.BEN N TEN A BAEN-XEN A-01 ' \P(AIO)
EN T EN <t >
() "
b (b)

College of Arts and Sciences
School of Engineering and Applied Sciences Krishna Rajan



Structure Classification Maps from Data Mining

Descriptor Brief description

a (;‘o\} Lattice constant of the hexagonal unit cell

¢ (/o\} Lattice constant of the hexagonal unit cell

ca Variable axial ratio (no unit)

rar (A) Shannon’s ionic radii of A'site ion (nine-coordina-
tion)

s (/o\} Shannon’s ionic radii of B-site ion

F ATl (;\) Shannon’s ionic radii of A"-site ion (seven-coordi-
nation for F~ and eight-coordination for C1™ and
Br: Dordevic et al., 2008)

rx (;‘o\} Shannon’s ionic radii of X-site ion

Av CR (;\} Average crystal radius = [(rapxd) + (rapx6) + (rpx6)
+ (rox24) + ryx2))/42

Agny — Opn Electronegativity difference A atom and O atom

Ben — Ogn Electronegativity difference B atom and O atom

Agny — Xen Electronegativity difference A atom at A Tsite and X
atom

Apn — By Electronegativity difference A atom at A' site and B

A" 01 (A)

atom

Distance between A' and O1 atom
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Al Q018 =" Distance between A" and O1 atom with the
(;\} constraint z = 0 at A"
Aai_o (;o\} Difference in the lengths A'—O1 and A'—02
AM‘ 30 A} Difference in the lengths A'—O1 and A'— 02 with
the constraint z = 0 at A’
Yar—o (°) The angle that the A'—O1 bond makes with respect
o
A ) The angle that the A'—O1 bond makes with respect
to ¢ with the constraint z = 0 at A"
oA ) Counter-rotation angle ol A‘Uﬁ structural unit
war (%) Metaprism twist angle (/3 — 2841)
aar (7) Orientation of A'O, unit with respect to a

(B—0) (A)

(to-s_0} (")

Average B—0O bond length
Average O—B— O bond-bending angle

Pam (A) AT Al triangular side length
AT —X (A) Distance between AT and X atom
aar () Orientation of A" —A"— A" triangles with respect

A" 03 (A)

Dosan—os ()
b‘lol:sl (C\!}

oa
Distance between A"
03—A"—03 angle
Total energy calculated from ab initie calculations

and O3 atom

b 2
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Accelerated Design- value of “omics” design
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Informatics Driven Materials Discovery
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Discovering Chemical Pathways for Microstructure Sensitive Properties — Alloy Design

SCIENTIFIC 02 DI
REP?RTS Ak

S.Srinivasan et.al. 5,17960 doi:10.1038/srep17960(2015)

: PERIODIC TABLE OF THE NATURALLY OCCURRING ELEMENTS
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C is calculated as the manifold path distance from A to B to C, instead of

the direct path from A to C. This eliminates the assumption that the peoints

occupy a linear space when using a Euclidean distance.

aecum

41 42 43 44 45
Nb Mo Tc Ru Rh

175 76

> Path of increasing Cohesive energy (Al - > Ta)

> path of increasing Melting Point (Al - > W)
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SCIENTIFIC
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Ideal vaccine will mimic
the way in which a
naturally occurring
infection induces a
robust immune
response yet avoid the
undesirable effects of
disease

Ulery et.al (2012)
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Data driven health delivery systems
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Rational Design of Pathogen-Mimicking
Amphiphilic Materials as
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Alloy Design Paradigm

Traditional Design Approach

Matrix : \
FCC Solid Solution of Ni / High Temperature Property
Co Stability

—t Lattice Parameter Creep Resistance

Solid Solution Hardenirgy | Melting Temperature

Oxygen Diffusivity
Aluminum Solubility

Diffusivity Mobility -
) Toughness and Ductilit
Strengthening g y >

Dispersion

L1, Intermetallic Phas
—~ Lattice Parameter

—1~ Misfit Control
Minimize Coarsening Rate—

Avoid TCP Phases Oxidation Resistance
Grain Boundaries Low Oxygen Solubility
Pinning Bodies
Microsegregation

Inhomogeneity J

mOZ2Z>20V0TOMT

By integrating all the properties into our “alloy design periodic table”, we capture
the design minutia and make all of these connections without having to do all
possible calculations and experiments we would otherwise sequentially do.
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Chemical similarity / dissimilarity and materials design

SCIENTIFIC
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S.Srinivasan et.al. 5,17960 doi:10.1038/srep17960(2015)

171
Hat B j =

Design constraint —
intermetallic chemistry
that impacts
microstructural level
properties :

e L12

e Lattice misfit-

* High temperature
strength — modulus /
cohesive energy-
“Dissimilarity metric

”
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Advances in Methodology

Graph traversal
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Discovering Chemical Pathways for Microstructure Sensitive Properties — Alloy Design
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C is calculated as the manifold path distance from A to B to C, instead of

the direct path from A to C. This eliminates the assumption that the peoints

occupy a linear space when using a Euclidean distance.

aecum

41 42 43 44 45
Nb Mo Tc Ru Rh

175 76

> Path of increasing Cohesive energy (Al - > Ta)

> path of increasing Melting Point (Al - > W)

College of Arts and Sciences
School of Engineering and Applied Sciences

@

Krishna Rajan



Image interpretation : “inverse problem”...mapping the gene

Challenge:

To construct Robust
Correlations

between chemistry features
and

image features

Methods:

Data analysis
-Statistical learning

Mechanisms of image
/spectral formation

-First principles modeling
-Molecular dynamics

College of Arts and Sciences
School of Engineering and Applied Sciences

Spectral and image features

Krishna Rajan



Data Driven Image Based Modeling

Data forms: (i) voxel intensity corresponding to different modalities
of imaging (orientation — EBSP, chemical — EDS); (ii) distribution
functions of stereological metrics of microstructure (grain size
distribution); (iii) discrete data and bounds in discrete data (materials
properties); (iv) qualitative data (classes of materials, qualitative
processing methods)

Ranking Grains Similarity /
Distinct Impact on Properties

Data conversion
Data minjhg
) ) Volume rendering
SRS
; s -
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Atom Probe Tomography : the “Hubble” telescope in materials science
y Advanced volume reconstruction and

Contents lists available at SciVerse ScienceDirect
®

: data mining methods in atom probe
= tomography

F. Vurpillot, W. Lefebvre, J.M. Cairney, C. Oberdorfer,
B.P. Geiser, and K. Rajan

Computational Materials Science

journal homepage: www.elsevier.com/locate/commatsci

A graph-theoretic approach for characterization of precipitates

from atom probe tomography data
MRS BULLETIN « VOLUME 41 + JANUARY 2016 -

S. Samudrala?, 0. Wodo?, S.K. Suram?P, S. Broderick?, K. Rajan °, B. Ganapathysubramanian **
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3 D imaging : reaching the limits of imaging

Isolating structural noise via informatics

TR TH T Microscopy ...
Microanalysis

Refining Spatial Distribution Maps for Atom Probe
Tomography via Data Dimensionality Reduction Methods

Santosh K. Suram and Krishna Rajan*

At B S
kgsd R A

Py
: b

Contents lists available at ScienceDire

- Ultramicroscopy
) [L‘

journal homepage: www.elsevier.com/locate/ultrami

wiug

Mining information from atom probe data

Julie M. Cairney """, Krishna Rajan‘, Daniel Haley ““, Baptiste Gault“, Paul A]. Bagot®,
Pyuck-Pa Choi *, Peter ]. Felfer™”, Simon P. Ringer “”, Ross K.W. Marceau,
Michael P. Moody ¢
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Bridging the Pressure-Materials Gap

G A. Somorijai and J Y. Park Concepts, instruments, and model systems that
enabled the rapid evolution of surface science Surface Science 603 ,1293-1300
(2009)
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3 D chemical imaging : reaching the limits

- Isolating chemical noise via informatics

Contents lists available at S
oy
Ultramicroscopy ‘ . o . o o .
R , Kinetic E nergy Discrimination
Data mining for isotope discrimination in atom probe tomography @U Nk . MM 2 ZSMgb - - uAIB
Scott R. Broderick®, Aaron Bryden”, Santosh K. Suram*, Krishna Rajan ** g 2 Mg 5
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Materials Informatics

. Structure

Informatics: fusion of

data
Properties

Processing

Performance
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