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Integrated theoretical, computational and experimental programs to understand and develop the
physics, chemistry, materials and processing that confidently meet critical naval needs

Dendritic Growth
Quantification

Understandlng TBC properties

3D N| Zn T & failure mechanisms

|nterd|g|tated battery ’ ‘S‘

High Performance Functional Materials

< Power Generation & Energy Storage Materials
v Electrochemical Materials
v Polymeric and Organic Materials

% Piezoelectric Materials

High Performance Structural Materials

% Structural Metallic, Structural Cellular and
Composite Materials

< High Temperature Turbine and Ultra-high
Temperature Materials

< Welding and Joining
< Optical Ceramics

Environmental Quality
< Anti-fouling Release Coatings
< Solid and Liquid Waste Treatment

Optimization from Design thru System Life
< Computer Aided Materials Design

% Solid Mechanics and Fatigue

< Non-Destructive Evaluation and Prognostics

< Integrated Computational Materials Engineering

%
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The Next Big Thing in Ma

teials Isi't

A
i

We are in the midst of a long drive to change the culture of material
science from discovery to deployment

Research becomes more rigorous and
quantitative

Processing models and experiments
capture physical phenomena, uncertainty
and stochastic behavior

Design and manufacturing are linked to
material processing to ensure
performance and rapid qualification

Life prediction/sustainment becomes o
more accurate, incorporating effects of =
specific processing and service histories

We are moving material
science and engineering from
the analog to the digital age

Distribution A: Approved for Public Release
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L = Historical Perspectlve

Z,

1989 DOE: Advanced
0.8M Strategic Computing
| _ Materials Insertion
NRC: Materials
o Science & 8M e
Engineering 1.1GB s T R A R
COTA: for the 1990s e R R
Advanced e
Materials by BT
Design 30M 1999 e e
2001 10GB DARPA_AIM [ oot tee et e LT

AFOSR-MEANS
3

Accelerated Insertion of Materials

NRC-ICME DOE-CMS&C

2,000M
1TB

100M

ONR D3D 50GB
"] |I|Iglla| ;,
% 2 structure s

Materials Innovation
Infrastructure

2004
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Designer Knowledge

An efficient, robust, reliable and interactive process Base (DKB)

fully integrated into the available design tools and
design community. Provides (generate) the right
data at the right fidelity as it is needed.

The right source (model, experiment, experience) euristice -
to fill in the knowledgebase.

Confidence in the data and in the knowledge of Experiment B |«
errors and uncertainty. Model

Models can (and will) evolve and are distributed

Establish a modular methodology (Conditions v N
c1 [c2 [c3

P1

P2 [T

P3

Ensure configuration control

Provide for appropriate remuneration of IP
holders

Properties

Materials become a true design variable (not a time Kz- y
consuming and expensive look up table)

Designer’s View

Each data gnt has its own “resume”

Distribution A: Approved for Public Release



AIM Implementati

N

- Tensile Strength
- Hold Time Fatigue

« Strength @ Rim Increased 5.7%
« Strength @ Bore Increased 3.8%
* Crack Growth @ Rim Decreased 25.9%

Distribution A: Approved for Public Release



Details of Materials Models

; Linkage

-

i Geometry
Chemlstry (UniGraphics - CAD
l‘ Deformation &
. Heat Transfer (Deform)
Thermodynamics - Forging » Producibility &
Thermo-Calc - Heat Treatment Cost
Misfit l

Precipitation Grain Structure
- Basic - Data driven
- PrecipiCalc

Micro Anomalies

Creep LCFE Tensile Notch Serlsmwty
- UTS Ratio

- Yield

GE Distribution A: Approved for Public Release



N Example: Elements of yield = =

n;i;n;:/mie;.mh...n.bmue..uu . Strength mOde_I . il :

p . .
. -

14% 37%

: : , Shearing of
Yield of Primary y Secondary y’ (Pairs)

Shearing of Hall-Petch
Tertiary vy’ v Solid Soln vy Phase
(Individual) Strengthening “Matrix”
4% 8% 25%
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Job Initiated at GE Lynn.

Objective: Estimate fracture load and location.

Disk CAD model (at
GE Evendale)

Strength models
Models Run at U. of Michigan

T
—o— PWA1100
—=8 - Model

Mon Nov S 14:04:57 2001 GENERATED BV AIM- DER

Procipiiate Distriution {GommaPrims) B—

e _:e,:\a
)

PRECIPICALC : y Model
(Model Run at Questek)

200

a
S

Secondary | | | E“m“““‘"
Primary

=)
S

Yield Strength (ksi)

SR REERRLR L LR LRRREEREERE

o b Reppich Model
Brown and Ham{Model

1
0 200 400 600 800 1000 1200 1400 1600

Temperature (PF)

01778

Precipitate Size Distribution

DEFORM - Heat Treatment
Model run at GE-CRD.
Process variables (heat
transfer conditions) from
database at Laddish)
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Case Study HeatTreat] Forging| Part |Forge Wt| Part Wi Burst S eed Comments
l Constant | Variable| Vaniable| -18% Fixed Microstructure
2 Variable | Variable|Constantl  -11% Fixed Part Geometry
3 Variable | Variable[ Variable| -21% Full Opt. By AIM toolf

Superalloy disk burst test validates the methodology

Bore
initiated Y
fracture

Rim
initiate
fracture

Integrated tool & models reduced development and test
cycle by greater than 50%

demonstrated improved design capability (5% in
speed)

identified and tested process outside of experience
base

eliminated subscale experimentation

mapped & integrated material property spatial
variation into structural performance

provided insight into material impact (failure
location)

readily integrated and responded to evolving model
capability

Distribution A: Approved for Public Release



Process Test Lessons
Guidelines Databases Learned

O Techrnology Maturation = 0 Heuristics O Help/Index
O ﬁ.ppll@tmn Readiness  =p 0 HEUT’iStiE KI'II:I'."'.'lEIng Itemn 2 O 5 Chart Surnrmary
L Insertion = o O Compro Meshing Rules
O Suppart & O Heuristic Knowledge Itemn 3 O Notes
O Certification T
o Dosion ® Hewristic Knowledge Ttermn 4 O Teammates
? . O Contract Information

O Surwivahility O License
O Assermbly B Vers:
O Producibility ~LEr=I00
O Structures -
® Durability W IM7/877-3 | @ Details About IM7/977-3 D Fiber
O Supportability O Resin
O Materials a 'ﬁ'sq';g??-S * O adhesive
b Cost ® Prepreq
E f':held:!eht O Processing

eqgal Rights T
O Yiew Maodel & O Producibility

O Lamina

O Laminate

O Structure

O Durability

O Demos & Templates
O Modules
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file Edt View Favorkes Tools Help
GBack - = - @ 1) A | Qoearch [siFavortes @Meda ﬂl%-é FEARPR
Address r&_:l +ffplsD 18586 . mw. nos. boeing 1% _1.0.0_Di ity _main. htm j @G:l |Ll1ks
=
Pro 0 A ADO
Datab d A
i ability.html - Microsoft Internet Explorer
Fle Edt View Favortes Jools Help
ok - - @[3 4] Qoo (airovnes Gde J - SE- B DR
Addvess [&] hetpj ol boeing. com:B080/AIM-C/V_1.0,0_D {Durabilty. bt
P A View Durabilty xRL Sheet
a D
o Four Step Methodology Process:
Durability . . )
Durability Assessment of Composite Materials Stais 1+ Cheelhist of Diability Tiaiss
Step 2. Library of Durability Models and Data and Structures
Step 2 Library of Models and Data
Step 3: Guidelines on Required Testing
Step 4: Interpretation of Analysis Results
[Consult Durability Conformance Planning Checksheets ((XRLs) for durabality issues and Test Data
These §; dsh are not lled datab They will not he saved hy this system software. (View Methodology Applied to the Hat
Stiffened Panel)
[Thermal Degradation SpreadSheet V' 1.0.0 3-07-03
(Degradation Theory Manual
[Thermal Degradation Data Set
This will select, implement, and develop models that relate the effects of environmental exposure to the change i structural
ef This includes d ining the life of the product to first detectable damage that can affect the strength of the part
if usage continues or alternately the residual strength at the end of the service life. Beyond this, a methodology for ﬂ
implementation of the modules and the application of heuristics are also bemng developed in support of the ATM wision of - {
reducmg the time to nsert s, The thermal degradation of polymer systems is highly temperature dependent and involves E J_j_j_ - Local intranet A
mmany different chemical reactions. The type of chemical reaction depends on environmental factors, such as pressure,
concentration of oxygen, moisture, and diffusion charactenistics. The environmental factors will govern not only the rate of
reaction, but the type of reachons that happen Our work thus far has focused on thermal effects; wathout oxygen or mosture,
thus temperature is the only accelerating factor. The approach taken here builds on methods and analysis taken from the
HICT program and from the literature.
SuperMicMac SpreadSheets and Manuals (Stanford University) V 1.0.1 7-31-03
The program runs on Microsoft Excel and is composed of several worksheets some shown and some hidden. Most of the
icalculation is real-time, meaning the calculation 1s performed instantly every time any iput is changed. Additional features such
las the interactive guide, analysis of multiple and spectrum load cases, parameter study, and carpet plot can be performed by
pressing appropriate buttons on the worksheet. The purpose of this program 1s to prowide the engmeers and designers an
integrated durability analysis tool that can predict the long-term stiffness and strength of composite laminates at wxde ranges of
temperature and moisture conditions. These predictions will facilitate the matenial selection, ply on ion op ion, and
reduction of time-consuming durability tests,
[Delamination Tool Spreadsheet V 1109-01-03
[Delamination Tool Manual
The Delamination Durability Tool allows for durability analyses of composite structures that are l.i.kely to dcvelop delammahons :'
Bone [T [ [ tocaimntrane
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Descriptions and Powerpoint == = == = = =
p p GBack - = - (D 7 | @search (G Favorites  fMedia @l B- 5 - LN
Address I’G;I] http:/pls018586.mw nos, boging com:B080/AIM-C/Y_1,0,0_Development/AIM-CamputationalLinkfComputational Toolsfdema16,/docsfinde:x. htm j @GO ‘ Links

files clarify the purpose of :
ea Ch Te m p I ate . Problem Statement: StressCheck Failure Analysis by Strain Invariant Method of Hat Stiffened Panel

Purpose: Establish Failure loads for various loading cases

Validation: Hat Stiffened panel test and build, plus F/A-18E/F data to validate the building blocks leading up to a hat configuration

4} PowerPoint Presentatior crosoft Internet Explorer 5[] 5[‘ P
Fle Edt Y¥iew Favorites Took  Help ‘ | b
EBack ~ = - @) & | Qsearch GEFavorkes Eivedia 4 | 54 Sh -Eme g Meutral Ases are taken fromthe pey AN
05, bosing. . ComputationalTools/demot &fdocs{Dematé_files/frame.htm x| e center of the ply stack up for each region
The loads are applied and reacted at the
neutral axie. This means the left and right
axes may not be the same,
h
Fadie
Requirements Hugze
Limitations
Public Interface AIM_C = DemO 1 6 o thet
Details . .
\ SIFT Analysis of T-Section | pro=n
Inputs - Geometry Overview CuterFiy L w1
Ic";',:'[ﬁ“'u?l';""daw Provides a SIFT analysis of a T-Section under general in-plane loading conditions. The ms ShnPly 25
| Material P module inputs include geometric, material property, ply angle, mechanical loading, and thermal loading N M
nputs ~Material Frops parameters. The module outputs the strain invariants (J; and s,,,) for each ply and the maximum of the I 1 g,
Outputs skin, inner, and auter laminates. Failure can be assess by comparing the maximum strain invariant a
Input File with the critical strain invariants for the respective material system. The module can be used for both
Output File co-cured and co-bonded T-Sections. Material systems available include IM7/977-3 Tape, AS4/977-3 . o
) Tape and Cloth, FM300K, and EA9394. The module should be used to accelerate the design of T- ShinTly 1
'EJI‘L‘:;":I"?“S of the Hat Section joints such as those faund in various stiffener geometries and web-to-skin intersections. The
! module utilizes SIFT to achieve this acceleration by allowing highly accurate predictions of the T- k= 1 = I >
Loads at all Heutral Axes Section behavior under general load conditions with only un-notched lamina data of the various
material product forms available in the module. Additional material can be added to the module if the:
necessary SIFT data and verification is available i3 Description :
Parameterized local model capable of analyzing a narrow-range of geometries.
F Calculates failure loads.
Radii of the noodle, layups, angle of web, size are inputs.
adius hth
theta | ¥ Input Variables
to T s
e ﬁa % Description
s

[~
[ BB Localintranet Y

I" BOEING

< Slide 1 0713 2

Outiine

[&] pone [ [ B8 ocal intranet 7
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Input Screens for the = =

.

Templates

Wiew Catalog Diefine Input {, ROCS

v

Estimated run time: T hour.
A Design Space Scan will be performed on

Instance Description: [demal6_10-10-03

StressCheck

r
Meutral Axes are taken from the < S, -

center of the ply stack up for eachregion.
The loads are applied and reacted at the

neutral azxzis. This tmeans the left and right
Fxes may not hethe sarne.

h
Radins
Hugzet
theta
OuterFly 4
A
i : FewsPlr 4
DuterThy 1 i Bewt Tl 1
me ShinPhy 25
1 M
r MM memmemmem e .
[P TR L Hiag

] A
]

]

i

]

H 3"
ShinFly 1
[ 1 e b 2
Description Value Unit Domain

hth - Height from Inner Ply to top of ply convergence

thk - Depth into the page for the hat maodel : in 2.0] ;I
@ Applet StatusApplet started ’_’_ ’_ &I;'if Local inkranet 4
Distribution A: Approved for Public Release




@ A =% Impact of AIM on a

Specifi(_: System

Rom’u!i;nry ]_?amn:ﬁ . éc'omnl Ru;Jh

F/A-18 component

Using AIM Methods and Tools
46% Savings in Labor

53% Savings in Time

Lower Risk
AlIM- Baseline
Developed
Stress at Crack 50.9 ksi 13.4 ksi
Initiation (tension)
Stress at Failure 78.0 ksi 34.2 ksi
(tension)

AIM part is better quality, slightly lighter, and simpler to manufacture than
baseline.

Distribution A: Approved for Public Release



The Next Big Thing in Ma

teials Isi't

A
i

We are in the midst of a long drive to change the culture of material
science from discovery to deployment

Research becomes more rigorous and
quantitative

Processing models and experiments
capture physical phenomena, uncertainty
and stochastic behavior

Design and manufacturing are linked to
material processing to ensure
performance and rapid qualification

Life prediction/sustainment becomes o
more accurate, incorporating effects of =
specific processing and service histories

We are moving material
science and engineering from
the analog to the digital age
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=L Materials Genome Initiative
s/ » for Global Competitiveness:

Revolutionary Research . . . Relecant Rosults

Materials Innovation
Infrastructure

http://www.whitehouse.gov/blog/2011/06/24/materials-genome-initiative-renaissance-american-manufacturing




Materials Innovation Infrastruc
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Computational

Tools

Experimental
Tools

Digital
Data

Computational Tools

* Develop validated models to predict performance of
materials under a diverse set of conditions

* Guide and minimize traditional experimental testing
matrices

* Ensure software is modular and simple to use

Digital Data

» Establish new databases, standards, assessment
methods, quality assurances, and preservation
systems for material properties, software, and
experimental results.

« Effective retrieval and analysis of materials data in this
new paradigm

» Approaches for data sharing and protection of IP

Experimental Tools

* Accelerated methods for automation, interpretation,
and visualization, including visualization of structure in
3-dimensions

* New approaches that link materials science
experiments in a way that efficiently fills in empirical
data and models where computations fall short

» Seamless exchange of experimental data with models,
input to provide material-specific parameters, and
output to validate model predictions.

Distribution A: Approved for Public Release



COMPUTER-AIDED MATERIALS '+

DESIGN (CAMD

De Nuevo Calculations and Exploration
* Design strategies for new material creation
* Expand DoD materials portfolio

Introduce New Approaches / Develop New Tools

* Develop heuristic-based modeling methodologies, akin to
what is done in the pharmaceutical industry for “drug
design,” to create new materials from new “lead”
materials

* Develop design principles from the atomistic level
through processing of bulk material (physics-based,
multi-scale modeling methods)

* Develop data mining methods capable of exploring well
established chemical databases for alternative materials

D&I Investments to Advance Materials Science and
Application
* Theoretical tools are being developed to explore potential

energy surfaces so that dynamical processes of
molecules can be predicted.

* Anew Hf/Sc alloy predicted by high-throughput quantum
theory; now a candidate for synthesis and testing.

* A CAMD superconducting material; higher Tc materials
are now being considered.

Distribution A: Approved for Public Release



Integration of Advanced Analysis with Materials Research

Objective: Materials design toolset

Define a coherent framework for prediction & optimization of material
properties

Explore new approaches for modeling
Computational efficiencies: less data but more information
New approaches to performing calculations

Exploit tight collaboration of experiment, characterization, modeling,
and computation

Rapid identification of new physical phenomena

Approach: Draw advanced analysis into each stage

Explore reduced-order descriptions of microstructure
Capture stochastic micromechanics of microstructure evolution

Constitutive modeling that includes inherent randomness and emergent
behavior

Process modeling

Investigate mappings of microstructure evolution models into reduced-
order random-field descriptions

Performance optimization

Distribution A: Approved for Public Release

Tiime = 1000 MCS  run name: cubell
Vi pricls = (LOD00DOOE+O0; size = 200
<r>= 2677637 - temp.= 0.1500000
pricls = 0; no. bndry = 1]
permilrs = 0; parts crmrs = Lt

3D reconstruction of LaSO,
inclusions in C-61 steel,
created from 240 serial
sections.
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Building Tools to Integrate Theory, Computation & Experiment to Accelerate Materials
Discovery through Implementation

Basic Research enabling ICME

» Advance multi-scale and multi-physics experimental
capabilities that move material science from the analog to
the digital age R

* Emphasize model-guided experimentation at the nano-, Dendritlc Goowth
meso- and macro- scales to discover, understand and
articulate interactions

 Anticipate the random nature of microstructure, and non- 3-D
. . . . . experimental
linear effects of processing variations that lead to localized data of

variations in materials performance Ti-B-21S

» Link basic research to reliable, cost-effective processing-
manufacturing design for accelerated qualification and
service life management

Lightweight Structural Materials Research

* Demonstrate utility of approach and establish “best
practice” to reduce certification costs by 75%

* Develop thermodynamic, kinetic, deformation, and
microstructure models and data sets

Simulation of
extrusion of

* Integrate applications with iSight AAB082 for an
) . LCS-2 sidewall
* Calculate microstructures, validate system panel

» Develop similar 7XA models for Flexible Infrastructure

Distribution A: Approved for Public Release
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Quantifying Surface/Interface Reactions for Advanced Battery and Fuel Cell Design

Objective: New high-performance electrochemical energy
storage and power conversion systems

» Develop effective design tools and integrate validated physical
models into robust CFD codes

» Collaborate with designers to develop and improve high-
performance power systems

* Incorporate physical knowledge into real-time process control

#‘»on mchnnla,,,.

< A Transport

Approach: Focus on science, tools, and systems

» Develop new approaches for modeling charge-transfer incorporating
fundamental physics, chemistry, and electrochemistry

» Develop fully resolved models to represent effective properties of
composite electrodes

» Develop model-predictive process-control algorithms for tubular
SOFC stacks All ceramic

« Develop model-predictive process-control algorithms for hg?g;:ﬁ::e;r
rechargeable battery design 9

and reactor
+ Initially develop and validate for solid oxide fuel cell (SOFC)

— Apply to design a class of all-ceramic microchannel heat-
exchangers and fuel-processing reactors

+ Extend SOFC modeling tools to Li-ion batteries

# reconstructed Li-
ion cathode

Distribution A: Approved for Public Release



