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Talk Outline

> i 2‘.
» |[CME tools development in NRL-led “D3-D” program b E S
»Involvement of four organization types S

> Importance of critical experiments (recurring theme)
> Importance of 3D (vs. 2D)
<+All must be considered in any ICME-related curriculum

Role of Government in ICME, implications in education @

Role of Materials Societies in ICME, implications I MS\

Final Thoughts and Comments

TMIS 2



Integrated Computational Materials
Engineering (ICME)

Integrated
R Computational
| Materials
K Engineering

A Transformational
Discipline for Improved

3 Competitiveness and
National Security

» Will result in large savings of $ and time toward
implementation of new optimized materials and
manufacturing processes

« (Case studies:

> Ford virtual aluminum castings program: > 7:1 ROI for
$15M investment Thermal Analysi

> DARPA AIM program: Rotor Design Tool, etc.

» Others........

<+ Must learn from (and include in education)

Local Fatigue Strength

TMS (courtesy J. Allison)

3



ICME in Education

Mmanuraciuring erorts

3D experimental reconstruction &
FEM model in a titanium alloy

« What role will/should universities play and how will this be
iImplemented in academia?

Curriculum
(undergrad, grad)

In addition to an R&D foundation for

ICME, develop “human capital” for

future ICME efforts (our professionals
ICME lourp )

TIVIS Theses Research
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One Aspect of “Integrated” in ICME —
Synergy Amongst Four Groups

Universities Government

Professmnal
Societies

Corporatlons

‘\j

* Must coordinate all four for optimal leveraging

* This approach to ICME must be considered “upstream” in any
curriculum development, or academic research
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Cornell University

[owA STATE UNIVERSITY

QF SCIENCE AND TECHNOQLOGY

Fueslex’
INNOVATIONS LLC

* Will discuss how four types of organizations interacted to

TS develop ICME tools and methodology in NRL program



NRL-led "D 3-D" Program

Data

Analysis .: Cornell :. ON R, DARPA - 5yrs, $4M

Dawson .. lowa State :.
Statistical Analysis, Rajan
“Digital Data Mining
Microstructure”

.- NRL :.
Spanos “Evolver”

Dual-Beam FIB, RINRL :. Modeling &

Geltmacher Simulation
Stress, Strain,

Yield, Damage and
Percolation
Modeling

Chemical Analysis

Serial Sectioning,
OIM

.: Risg :.
Lauridsen 3D

4D XRD, .: Cornell :.

H Dawson
Thermal and |:> Materials <:> Texture Evolution,

Stéeni: l:Eéggllgtsm, Atlas Thermomechanical
Response

.: Cornell :.

Miller _ .
3DXRD, .: Northwestern :.

Voorhees
Phase Field
Modeling

Mechanical
Loading, Large
Strains, Large

Scales

<RPI:. Part of larger “Research
s iman Tools Consortium”

Platform

Development, OSD (Ofﬁce Of Sec. Def.)

Code Integration
Software
Development

TMIS 7
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Input




Model Validation and 3D Microstructural
Analyses are Critical to ICME

qt, Gordon Research

Integrating Computational Materials Science And Engineer|

ajewsni), & iImportance or Su e | SR
>Powerful 3D models continuously S s
: Lo Sly — P
upgrading functionality, but validation =
lagging far behind

 Input for models - realistic (not idealized)

> “Image-based” or “microstructure-based”
modeling

> Provide for enhancement of models
> 3D critical - examples where 2D is insufficient

* Reminder: In Nat. Academies ICME report, and J. Allison past TMS talk:

~ o I i i
TIVIS 50% of Ford ICME Virtual Al Castings effort was experimental )




Reasons for Studying Materials
Microstructures in 3D

« Groundbreaking 3D experimental capabilities and powerful computer
hardware & software now available

Recent 3D modeling approaches (“imaged-based”) take as
Input real 3D experimental data - for accurate predictability and
design in computational materials modeling

_ \i"
Experimental -

| “Image-based”
Reconstructions -i§

Simulations

TMIS



Two 3D Studies at NRL

»Cracks, voids, inclusions — 4330 steel |
(collaboration with Northwestern) e
=)
» Methodology: —

v Define goals, system, problem

v Serial sectioning

vimaging & segmentation

v 3D reconstruction

v Quantitative 3D analysis

v“Image-based” computational
modeling (for ICME approach)

TMIS 10




Goals and problem set-up:  Ti alloy

»>Navy/DARPA interest: Ti & steel alloy and
process development

e [nitial problem set up
»>After much consultation (J. Williams, OSU),
chose a beta stabilized Ti alloy — 8 21S
(Ti-15Mo-2.8Nb-2.0Al-0.2Si-0.2Fe-0.130)

— Although other simpler alloys, this one slowed down
kinetics enough to control grain size

TMS 11



Goals and problem set-up: Steel

R I e S At o s OB D LT

>Navy interest: predictability and
of failure in advanced steels

* |[nitial problem set up
»Working with Northwestern & Questek,
decided on Ti-modified 4330 steel
»>Significant ancillary data (properties,
microstructure, etc.) and experience

(Wt%) | C Si | Cr Mo |[Ni |Cu |Ti |V [P S Fe

Mod. 029 [152 |191 038 |0.19 |0.14 | 0.042 | 0.11 | 0.012 | 0.005 Bal.
4330

TMS 12



3D Reconstruction: B-Titanium
Grains in Ti21S

Color represents crystal direction parallel with [ 0.00, 0.00, 1.00]

crystallography: “3D - EBSD”

* |DL scripts (D. Rowenhorst ) for
3D visualization,quantitative

analyses
> also interfacial texture analysis
code of Rohrer et al., CMU

« Subset only shown here
~1000 grains (300 internal)

 Full data set > 4300 grains
(2100 internal, unbiased)

TMIS 13



Quantitative 3D Analyses, Direct Comparison to
Predictive Models - Critical Validation for ICME Tools

O Ti-21S p-grains
—— Wakai etal (2000)

—+— Kirill & Chen (2002)

Rios & Glicksman (2008)

B Ti-21S B-grains
—— Log-normal
— Hillert (1965)

<R>=19.06 ym | |

vs traditional GG models vs newer models

 Direct comparison with recent theories & computational models
 More recent simulations, models match distribution much better

« Some variations near tail of distribution

> Important for fatigue nucleation, etc.
TMS 14



Curvature Driven Grain Growth

v-n=-M~yH

Mean Curvature: j — (L + 1_)

~ ‘Ri R
/ H dS
Faces

Growth rate of a grain is proportional to
integral mean curvature for all grain
faces, not including curvature at triple
junctions

15



Grain Face Integral Mean Curvature

OV _ Myvifg - /F 2 s

ol yi/3

zero mean curvature shape

» Showed this was due to
complex grain interactions
with nearest neighbors not

Idealizec M&S fully accounted for

Adjusted M&S

» Critical for enhancement/
validation of grain evolution
models for ICME predictive
modules

G is size-independent growth rate



Also Include Full Crystallography
and Interfacial Texture

used on the aggregate
structure to get
information about the
3D interfacial texture

Each point on the
interface is colored by
its crystallographic
normal

Have quantified facet distributions using CIND (Crystallographic Interface Normal
TMS Distribution) and Interfacial Texture Analyses developed at CMU




Mod4330 — Crack Reconstruction

Volume: 1096 x 831 x 150 ym3

18



Full Reconstruction Including TiN Particles

—
—
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3D Quantification (Chan & Olson, Northwestern)

TMIS

coD (um)

15

Average Crack Opening Distance vs. X

o

200

g

Courtesy S. Chan 20



Primary Particle Statistics

CT#1 CT#3 FSL
(low res.) (high res.) (M. Echlin)

Particle Density 129x10% |  109x10% | 2.84x10%

(#/md)

Volume Fraction 0.176 0.050 0.028

(%) 0.088 0.039 0.016

Mean Diameter 4.86 179 12

(Um)

'\N/':ia"r‘]t')\lo‘iare“’t' 15.8 6.7 10.0
eI 22 6 10.8 17 4

Distance (um)

Calculated values as a function of radius
and particle density, from J.S. Wang

TMS Courtesy S. Chan 21



How These 3D Microstructural Data Have Been
Employed in Computational Models

> Simulation of response to thermal exposure: Phase Field
modeling (Voorhees et al. - Northwestern)

* 3D reconstruction of crack, voids, inclusions
in Ti-modified 4330 steel

> Multi-scale ductile fracture modeling (Liu & Olson —
Northwestern)

TMIS

22



“Image-Based” FEM Simulations - 3 Ti Alloy
(Geltmacher, Lewis, Qidwai, NRL)

Real 3D Microstructure input into FE Model

Reduced dataset of 92 grains— 16 internal —spanning 136 x 128 x 137 um?.




Mechanical Response: Visualization at GBs,
Stress vs. Crystallography, etc.

Max. Stress (per grain)
vs. loading axis
direction

mean cumulative shear strain on grain
boundaries (vs. applied strain)




Predictive Phase Field Simulations of Grain

Growth - Using 3D Experimental Input
(with McKenna & Voorhees, Northwestern)

NRL B 21-S Serial Sectioning 3D Phase-field Model (Northwestern)
3D Reconstructions - Material Response to Thermal Exposure

Isotropic model Anisotropic model

TMS Collaborating with Risoe Nat. Lab., made first direct comparisons vs. time ’e



Using 3D Steels Data in Multiscale Fracture Models

(b)

Reconstruction

(d) Microstructural feature
Simulation ( preliminary result )

Step 1: validation Courtesy Step 2: prediction
S. Chan

» Results used as input into Multi-scale fracture modeling of Profs. Liu & Olson (Northwestern)
» For use in Questek materials and manufacturing design models

TMIS 2



Manufacturing Emphasis: Corporations
& Other Gov. Agency Interactions

centers - NCEMT (CTC) & NJC (EWI)

> Industry/Companies: Electric Boat, Newport News Shipyard,
American Tank and Fabrication, Questek

* Only recently though have begun to more intimately
Integrate across organizations, and amongst experimental
and computational tools

* Now primed to meld together 3D experimental and
computational efforts with more applied manufacturing
efforts - employing 3D suite of tools developed under D3D

TMIS 27



Role of Materials Societies in ICME

Serving the Computational Materials Science and Engineering Community

The Minerals, Metals, and Materials Society (TMS) has been recognized in the recent National Academies report for

its efforts to support the emerging area of Integrated Computational Materials Engineering.
LEARN ¢ NETWORK * ADVANCE Key areas of activity and future plans are described below.

Networking and Conference Programming

MS&T'08:
« Discovery and Optimization of Materials Through Computational Design
* Modeling of Multi-Scale Phenomena in Materials Processing

2009 TMS Annual Meeting:

* Computational Thermodynamics and Kinetics

* Open Source Tools for Materials Science and Engineering

« Progress in Computational Materials Science and Engineering Education
* Synergies of Computational and Experimental Materials Science

MSE&T'09:

* Discovery and Optimization of Materials Through Computational Materials Design

* Integrated Computational and Experimental Investigations on Microstructure Evelution of
Coarsening Systems

* Microstructure Characterization, Analyses, and Design

2010 TMS Annual Meeting:
« Three-Dimensional Materials Science VI
+ Computational Thermodynamics and Kinetics
* The Vasek Vitek Symposium on Crystal Defects, Computational Materials Science
and Applications
« Stochastic Methods in Materials Research

Roundtables/Workshops:
* Computational Materials Design: Experience and Perspectives: A lunch time seminar presented
with Penn State’s CCMD at MS&T'09.
* Materials Digital Laboratory Roundtable Luncheon Workshop: ICME, MatForge, &
Gibbs: Presented with the Center for Materials Informatics at Kent State University at the
2009 TMS Annual Meeting and MS&T'09

TMS2010 /=& T09

139th Annual Meeting & Exhibition

Your Professional Partner for Career Advanc

Knowledge Dissemination through
Technical Publications

JOM:
* 3-D Characterization: Methods and Applications December 2006
= |ntegrated Computational Materials Engineering November 2006
= “Materials Informatics” March 2008 and January 2009

Conference Proceedings:
* |ntegrated Computational Materials Engineering: Lessons from Many Fields
* Advances in Computational Materials Science and Engineering Methods
« Computational Thermodynamics and Phase Transformations
* Multiphase Phenomena and CFD Modeling and Simulation in Materials Processes

T\, Vour Materials Books and Mare e-Store!

TIMIS knoWLED!
RESOURCE CENT!

Online Resources

Integrated Computational Materials Engineering Digital Resource
Center at Materials Technology@TMS

« Literature resources

 Database resources

* Software/code resources

* Discussion Board

=1

= MATERIALS (3
T VO ST IS

=%
MaterialsTechnalogy.org
Creating a Professional Home for ICME

TMS is establishing a standing ICME committee as part of its technical committee structure that will
serve to continue and accelerate the momentum.

In addition, the Board authorized further activities to support four specific areas:
* Knowledge Dissemination

¢ Collaborative Networking

= Academic Activities

« Continuing Education




Role of Materials Societies in ICME, and in
Implementation of ICME in Academia

manufacturing
A
TIVIS f ( = = )
ICME
AN NS
i fessional
design materials
__/

» Conference Programming (subcommittee)
= 1t World Congress on ICME (July 2011) - see next slide

= TMS Annual meeting (March 2011) - ICME: Overcoming Barriers and
Streamlining the Transition of Advanced Technologies to Engineering
Practice (5 sessions)

TMIS 2



1st International Congress on ICME

» Will involve leading modelers and experimentalists in the field

» GRC like setting and schedule:
> Sunday (pm): Opening Keynote presentation
» Monday: Modeling Processing-Structure Relationships
> Tuesday: Modeling Structure-Property Relationships
> Wednesday (am): ICME in Education
> Wednesday (pm): Information Infrastructure manufacturing
> Thursday (am): Success Stories A
TIMS
- Strong UMC presence expected ' c M E
- One talk — out brief from this UMC meeting? h

- Abstract call: July 2010 (deadline Nov. 1) design materials
TMS 30

* |CME in education obvious major component




Role of Materials Societies

> Facilitate development of Information Infrastructure

(“Cyber-infrastructure”)

= As computational capabilities increase and data set sizes grow
(3D, terabytes), information infrastructure is critical

= Should be included in computational materials education

e O e begory  Goskmarks  foce et

e T O X dar W e /ot e astate achafvk kg action Tos, destination= % ) Clw 4

9@* @A‘I’ERIALS ATLAS

Experimental Studies Materials Atlas Predictive Simulations

TMIS 3



Role of Materials Societies.....

Nesting
and

= 2009: Survey on CMSE in undergrad. education (Thornton)

= 2011: Enabling ICME: Successful Transition of Advanced i
Technologies to Engineering Practice (Me Li, ICME Comm.) ==

> Metallurgical and Materials Transactions
= Current planning (T. Pollock, J. Allison, ICME Committee) on

special ICME issue pe—

THES

algve

» Conference proceedings
= 1stInternational Congress on ICME (2011)
= Others....

TM S E R e oy i



Role of Materials Societies

—y

TECHNOLOGY ik A
Integrated Computational Materials Engineering

http://iweb.tms.org/forum/default.aspx?forumid=13

= Materials Education Community:

TECHNOLOGY e 1y

£l [ 10

MATERIALS ¥

http://materialstechnology.tms.org/EDU/home.aspx

TMS 33




TMIS

ICME Digital Resource Center

Integrated Computational Materials Engineering: Digital Resource Center

¢ plQr Google

Integrated Computational Materials Engineering
[ Join THMS| o, search| 7 fag| T refresh) & login
Genaral Information
The most users ever online was 1209 on 12,/12/2008 2t 1:56 AM.
There are currently B guests browsing this forum, which makes a total of 10 users using this forum.
40721 users are registerad to the Integrated Com putational Materials Engineering: Digital Resource Center forum.
There are currently 2 users logged in.
Category Listing
Sandbox
Use this zome to create test postings, replies, and the ke.

1 Br3/2008 317 PM
oy Patti Dobranski
& 1232008 11:44 AM

Open Discussion Regarding Integrated Computational Materials Engineering by Ennio Curto

Literature Resources

ICME Case Studies and Overviews gp  W1AMZ008 1257 M

by Cathy Rohrer
Materials Informatics Case Studies and Overviews 1 ﬁéﬁsﬁu"“
Books 2 xﬂcﬁ?gﬁmﬁM
Computational Methods in Materials Education 14 ;Qéﬁﬂmh‘
Evaluation/Com parison of Simulation Methods 5 gﬁm mM

Database Resources
Ab Inito Databases v m}'ﬁh!
Crystallography Databases a Ey?gh;mm
Energetics Databases 10 ;;&g:ltﬂhgmu

5 BI200T 10:54 PM

Properties Databases oy Cathy Rohrer

Software/Code Resources

= AMOF2008 3:12 PM
Ab Inito Software/Codes % [y Cathy Rohrer

1M1472008 2:15 PM

A, Pckic £ ok Lol Fl

http://iweb.tms.org/forum/default.aspx?forumid=13

34



Materials Education Community
at Materials Technology@TMS

eann Materials Technology @ TMS

¢ Qr Google

[ - | [ ] [ + |rﬂ-jﬂ|"|http:,-fjmateriahtechnalngy.tms.org;EDUe‘ht}me.aspx
[1] 8 NRLFCU Outlook Web Access ESPN CNN  Fox BibleGateway.com Google Maps Business— CNNMoney.com Yahoo! Mail  Crofton, Weather

2 A - x =
MAIEHIALS (Y

TECHNOLOGY
MATERIALS

| Hew User? | Join THMS Today 3 TMS Network (L] 18§ |
ABOUT TMS+  MEMBERSHIP»  MEETINGS & EVENTS»  PUBLICATIONS:  FOR THE PROFESSION*  VOLUNTEERTOOLS:  PARTNER WITH TMS: ﬁ |

You are not signed in | Login here

MTETMS MENU Materials Education: Front Page

- News | Archive | About | - = = 'L
i Fromt Page PubBeations anfe
MT@TMS HOME PAGE
Discouraging Lessons: Study Reveals Barriers to Pursuing STEM
MEATIIIALS BOUCAIION Careers Erected at an Early Age for Women, Minorities DIGITAL RESOURCE AREAS:
MATERIALS AND SOCIETY By Lynne Rabinsan + Materials Education

Posted on: 5/21/2010 12:00:00 AM... "Why?"

EMERGING MATERTALS COMMUNITY SEARCH TOOL:

TECHNOLOGIES

Any parent of 2 young child hears that refrain dozens of times 2 day.
Experiences that adults take for granted represent a new mystery to sohve,
2 new idea to ponder for those just learning how the world works. This
natural curiosity should be fertile ground for planting an interest in a future
life's path as a scientist or engineer. And, it is, confirms a study released in
MTETMS FAQs March by the Bayer Corporation, which examined the potential root causes
of female and minority underrepresentation in science, technology,
engineering, and mathematics (STEM) careers. By the age of 11, 60

USER TOOLS percent of the study respondents—all female and minority members of the American Chemical Society
—indicated that were interested in science.

(Search)
ESTABLISHED MATERIALS @ Mat
TECHNOLOGIES

OMT@TMS

5 Education

VIEW USER PROFILE

While these individuals stayed the course on a STEM career path, they also presented a sobering
LINK TO OUR SITE picture of why many of their classmates didn't follow them, starting with lackluster—and even
discouraging —science experiences in elementary schoal.

"All children have an innate interest in science and the warld araund them,"” said Mae C. Jemisan, a
OTHER THS RESOURCES Bayer Making Science Make Sense® spokesperson in a March 22 statement on the study. "But for
[ ——— za{n;;aihllldren, that interest hits roadblocks slang an academic system that is still nat blind to gender

KNOWLEDGE RESOURCE The study, Female and Minarity Chemists and Chemical Engineers Speak abaut Diversity and

CENTER Underrepresentatian in STEM, is the 14th installment of an annual public apinion research project This site supported
commissioned by Bayer as part of its Making Science Make Sense program, a company-wide effort in part by the
TMS ANNUAL MEETING that advances science literacy through hands-on science learning, employee valunteerism, and public Mational Science
education. The results of the study were based on an online and telephone poll of 1,226 female and Foundation DMR
TMS MEMBERS-ONLY underrepresented minority chemists and chemical engineers. 13
. 4wl

http://materialstechnology.tms.org/EDU/home.aspx
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Role of Materials Societies

« UMC members, and appropriate faculty - consider active
involvement in (and leveraging through) the committees,
programs, and venues mentioned here

= Can significantly affect Computational Materials Science and Engineering
education through many of these activities

= If not currently a member, you can enroll easily/quickly at:
http://www.tms.org/Society/ProfMembership.aspx

TMS 36



TMS Contacts

Universities Government

itie
NS —
» Bringing together memopers rom the rour @

o~ AN
“foundational groups” for these many activities

)

* Director of Professional Development & Publications - Bob Makowski
(makowski@tms.org)

= Spearheading efforts on professional growth
= TMS contact on UECC (Undergraduate Education Coordinating Committee - ABET)

TMIS 37



Take Away Point from NRL/TMS Experience

« This intimate synergy between 3D experiment and 3D computational
modeling must be considered, and should become a part of any
curriculum in computational materials science and engineering, as well
as in university-based research related to ICME

TMS 38



Take Away Point - #2

considered upstream, in any curriculum related to ICME, as well as in
university-based research in ICME

/_\

Universities Government

( \@” )

Societies
U
TMS 39

Corporatlons




Suggestions For Future Directions of Research
and Education in 3D Analyses and ICME Tools

> In-situ and ex-situ 3D experiments

Continue to develop 3D experimental, analysis, and modeling

techniques in critical areas
> serial sectioning, FIB, SEM/EBSD, X-ray, computational modeling

ICME: Model Validation and Enhancement via 3D
experiments is critical

Must embed these tools into alloy/
process design cycle (ICME)

> Leverage with other programs, multiple
collaborators

 Archiving and mining 3D data:
> Web-based Materials Atlas

TIMIS " 40



1st International Congress on ICME (ICME 2011)

> Sunday (pm): Opening Keynote presentation
> Monday: Processing-Structure Relationships ME

> Tuesday: Structure-Property Relationships don e

> Wednesday (am): ICME in Education intograted Computational Materials Engtneering

Sunday, July 10th - Thursday, July 14th, 2011 » Seven Springs, PA

> Wednesday (pm): Information Infrastructure e

ring simulat odels and mm ru
amamnsss of this methodokgy, also known as Through-Procass Modsing. Over the paideﬂmm

> Thursday (am): Success Stories S e S

uddlsdﬂuﬁu wﬂlanmww multiscala me udahlgbminlmwrhnl of ICME. While some an
m Mmmmmeuhmmmmm insights into local mmmm upon

en ri ipsin Simiarly, ab-itio o aladatons

pmlds mngwwugamm mmppmmuumamm mdnwﬂlmwmesmﬂ

the mesoscale. T maration of the warious computafional
afin b,lnd\ddulmhs mmmdlnﬁmmm

 ICME in education obvious major component e

ms plqmnim an ICME Ipm walidated alpﬂ'"mnli afiorts is applcabls,
s naﬁ?m computational- and axperimental-basad talks: br hia

- Strong UMC presence expected e

« the digital infrastructure required for information sharing and modsl integration

The following sessions are planned:
* Sunday: Congress Welbome and Keynols

* Abstract call: July 2010 (deadline Nov. 1) S

Pater Colling, Gw;ﬂSpm Jubnllhm
e :m D(TH gmﬁ?;mmmwumwmmm Bangalors, India), Yves Bracht
. o wm ooe il Rt mummmmummmmun D'"% o ""“.’.'ffmm"
“*Hardcopies of Advance Flyer Available Here i e T e
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