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AGENDA

• What is AIM?

– Rollie Dutton, AFRL/MLLM

• AIM for Solid Rocket Motors

– Lee Davis, ATK Thiokol Propulsion

• BREAK

• AIM for Liquid Fueled Rocket Engines

– Glenn Havskjold, Boeing-Rocketdyne

• AIM - the use of AIM to bound advanced rocket

engine TBC design

– Tony Evans, University of California - Santa Barbara

• Summary

– Rollie Dutton AFRL/MLLM
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Aerospace Structural Materials

Development:  How It Happened

Adapted from Fraser, 1998; Wax, 1999

• DoD materials transition opportunities
(systems) have drastically reduced

• Material development time far exceeds
the modern short product cycle

– iterative, empirical development of
“Knowledge Base” is lengthy, data
intensive, and expensive

21st Century Reality Demands that the Paradigm Change!

DKB
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Engineering Design
• Materials Input from

“Knowledge Base” of Data
(Data Sheets, Graphs,
Heuristics, Experience, etc.)

• System/Sub-System Design
is Heavily Computational
and Rapid

• Well Established Testing
Protocols

Materials
Development

• Highly Empirical

• Testing
Independent of Use

• Existing Models
Unlinked

Materials
“Knowledge Base”

The Disconnect!

Major disconnect between
materials development &
components/systems
engineering design

• Known alloy to reliable
part   ~36 months

• Steels for navy landing
gear  15+ yrs

• Lightweight composites
for army vehicles 15+ yrs

• Gamma titanium
aluminides ~30yrs and
counting

• Ceramics for engines -
30+++ ? yrs

• Evolutionary alloy
changes (ship steels,
superalloys, etc) ~7-10
years

Major disconnect between
materials development &
components/systems
engineering design

• Known alloy to reliable
part   ~36 months

• Steels for navy landing
gear  15+ yrs

• Lightweight composites
for army vehicles 15+ yrs

• Gamma titanium
aluminides ~30yrs and
counting

• Ceramics for engines -
30+++ ? yrs

• Evolutionary alloy
changes (ship steels,
superalloys, etc) ~7-10
years

Adapted from Wax, 1999

DKB
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Common 3-D Models,
Analysis Tools,

Database

Performance /
Flow Path

Materials /
Processing 

Manufacturing
& Cost

Design /
Geometry

Structural
Assessments

Secondary 
Flow / Thermal

Integrating Materials & Processes

with Engine Design

Materials & Process "cycle": 7-20 yrsDesign “development cycle”: <3 yrs

Adapted from Schirra, P&W; Evans, et al., AFRL
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AIM Paradigm for Materials R & D

Adapted from Wax, 1999

Time, yrs0 15+

Sequential R & D,
Locally Focused,
Time Dependent

Scope of Knowledge

Old ‘S-curve’
paradigm

Time

Parallel, Linked,
Globally

Optimized R & D
Through

Simulation

New, vertically
integrated systems

paradigm

• Sequential M & P

• Optimized from heuristics

• “Designer Knowledge Base”

NOT Ready Until Final Stages

• Building “Designer Knowledge

Base” begins at outset

• Optimization based on design

IPT need

• Time & effort refines quality of

knowledge base, not its scope

DKB Ready
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IPT /
Materials
Experts

Life
Prediction

Prognostics
Reliability

Components
Design, Allowables,

Validation

Cost/Value
Acquisition
Life Cycle

Alloys
Microstructure-

Properties

Processing
Manufacturing 

Suppliers 

Core Sciences & Methods
• Software Linking, Optimization

• Material Representation
• Structure Evolution/Kinetics

•Finite Element Methods
• Error Propagation

•Experimental Validation

Design

Major Components of Designer

Knowledge Base

Adapted from Fraser, OSU; Evans et al., AFRL
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Design Engr.

Full-Scale

Subscale

Production Hardware

Key

Insertion

Design Data for Other Components

Component Testing

Manufacturing Finishing 
Property Effects

Manufacturing Finishing and
Machining Trials 

Design Data for Initial Hardware

Validation of Process Model

Procurement of 
Preferred Alloy

Preliminary Alloy Scale-Up

First Iteration Alloy Refinement Second Iteration Alloy Refinement

Need Identified

Intentionally Defected Material 
Assessments

Long-Time Exposure Studies 
(50,000 Hours)

Periodic Design Trade Studies

Years
1 2 3 4 5 6 7 8 9 10 11 12

Years
1 2 3 4 5 6 7 8 9 10 11 12

R
i s

k

• Multiple Design Options

• Multiple Material Options

• Low Investment

• Fullscale Data

• Limited Material &
Design Options

• Limited & Costly
Abatement Options

• Full Investment

• Limited Uncertain Data

• Fewer Material & Design
Options

• Moderate Investment

Promise

Dependence

Commitment

• Complex 12+ year
cycle

• Most data generated
after commitment

• Producibility and
performance issues
are identified at a time
when:

–design options are
limited

–abatement is costly

• Uncertainty creates
risk for designers
throughout the cycle

Current Material Development Cycle
Turbine Engine Example
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Building Blocks

Full-Scale Tests (1 to 3)

Component Tests (3 to 10)

Subcomponent Tests (~250)

Element Tests (~2000)

Coupon Tests (~8000)

What We Test and How Much

Validate the Design and Analysis

Characterize the Material

Design 
Allowables

Concept Selection and Development

Calibrate 
Semi-Empirical 

Analysis Methods

Courtesy Gail Hahn, the Boeing Company
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Modeling in the Component Design Process

Rigorous
Quantitative

Models

Structure-

Independent

Continuum

Models

“Design”
Feature stress

analysis, shape
optimization

“Field Experience” corrects for i) microstructure variation, ii) inaccurate
analysis, & iii) incomplete understanding of service environment

“M & P”
Allowables
Database

“Field

Experience”
Heuristics
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Iterative
optimization

of
component

shape

Iterative
thermal,

stress, etc.
analysis

3-D code FEM code

Burst
LCF

da/dN
Creep

Includes
Validated
Material
Model

input
parameters

Structure Optimization

Unigraphics ANSYS

Finished
Design

Adapted from J. Schirra, P & W; Parthasarathy & Dimiduk, AFRL
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Philosophy of Design
Pervasive to All Structural Materials

Design Criteria for Safe Life

• Based on statistical lower bound

• e.g., disk alloys - 1 in 1000
components predicted to initiate a
1/32” crack

Damage-Tolerant Design Criteria

• Deterministic

• 1 or 2 safety inspections during
service life

Cycles (or Equivalent)
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Designs are Based on Minima - not Averages
Models that confidently predict minima can align

Materials Development and Design Cycles

6 yrs, $15M
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Even Simple Models Have a Big Impact

• Integrated structure-property-process models successfully

applied as point solutions
– statistically fit data to mechanistic-based property model

– focused experiments to model microstructural evolution

– accurate estimate of mean behavior

Experience shows concept is sound, projected payoffs reasonable

Shaft design:

 - 1/4  development time

 - 80% reduction in cost
P & W

Adapted from Schirra, P&W, 2000



25-Jun-03 13

The Case of Ni-Alloy Engine Disks

Adapted from Backman, GEAE, 2000; Shirra, P&W, 2000

• Continuum codes (i.e., DEFORM) for
thermal history and microstructure
correlation over disk cross-section

• Cross-section may be "zoned" into
a few regions (dual heat treat);
centimeter-scale homogenization

• Empirical yield-strength models, &
flow-curve 'templates,' used to
assign constitutive response

• Variation of structure averaged out;
local microstructure - defect

interactions not represented

• Data-intensive and time-costly
process for yield model and
'constitutive template' validation

Challenges to represent time-dependent failure; to introduce "new material"

A
B

C

Part

Locations

Alloy Spec &

Process Plan

Testing Output

�

�

Thermal/strain profiles &
selected area properties
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Yield Strength Model: T. Pollock, et al., 2001
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Physical Metallurgy Models Change from Explanatory to Predictive

IN-100 Subsolvus (Typical)

5 µm

Primary �' 'Grains'
(Ni3Al-like behavior)

Secondary & Tertiary �' 'Grains'
(particle hardening, etc.) 
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Process/microstructural

parameter(s)

LSL            MEAN           USL

Heat A

Heat B

Pedigree
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Microstructure/Process

Model/Transfer Fn

P
ro
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Temp, Stress, etc.

Ave

Min

Property Curve

Process/microstructural

parameter(s)/errors

Uncertainty Sources

Synthesize Minimum

Set the Average

Methodology Concept

Developed a Methodology to Estimate Mechanical Properties for a New
Material & Process using Limited Test Data

Combines Limited Test data with
Historical Data, Modeling Results &
Uncertainty Synthesis

DKB  Database - Design Curve GenerationDKB  Database - Design Curve Generation
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Designer Database
•Testing Data

•Model Predictions

•Uncertainty Data

•Property Curves

•AIM Models

e-Matrix

Yesterday’s Spreadsheet

Initial AIM DB

Final AIM Object
Oriented DB

DKB Database
• Designed a Flexible Object Oriented Database using a DBMS

(eMatrixTM), Based on Extensive Input from Alloy Developers
and Design Engineers. Key Features:

� Data are Traceable: Each Data Point Has its Own “Resume”

� Capability of Storing the Full Spectrum of Materials-Designer

Information

� Access from Web and Easy to Interoperate with Other DBMS

Systems

• First Version of the AIM Database (Access) has been Tested
at GE

� User cases were identified

� Results are being transitioned to the Final Object Oriented

Version

• First Version of the AIM Database has been implemented

� Populated with real GEAE data

� Typical use cases were developed

� Implemented an Expression Parse for Evaluating Design
Curve Expressions

• Implemented New Features in the AIM Web Interface:

� Query Property Data, Prepare Input for GEAE Material
Models and Store Complex Expressions for Design Curves

� Retrieve Design Curves and Prepare Files for Design
Analysis

Designer Knowledge Base
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•Used by design
engineer to modify
design level
properties.

•Base properties can
be scaled to perform
sensitivity studies.

•DKB can be called
to modify basic
material
characteristics in
order to achieve
these design
properties.

•New UIF is created
and can be used to
perform a new
analysis.

Modify Material Properties

- What the Design Engineer Sees

Modify Material Properties

- What the Design Engineer Sees
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Mission Modification Interface

Application of Thermal Stress Scale Factor,
Engine Speed Scale Factor, and Temperature

Adder to the entire mission.

Mission Modification InterfaceMission Modification Interface
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– Completed 3 real-world optimization cases

» Case 1: Vary forge and disk shape, keep heat treat

constant

» Case2: Vary heat treat and forge shape, keep final

disk shape constant

» Case 3: Vary heat treat, forge shape, and disk

shape

– Used genetic algorithm

» Robust, many landmines out there

– In each case the objectives to maximize burst

speed and minimize the forging and final disk

weight were achieved

» Heat treat variable bounds need refinement

– Completed 3 real-world optimization cases

» Case 1: Vary forge and disk shape, keep heat treat

constant

» Case2: Vary heat treat and forge shape, keep final

disk shape constant

» Case 3: Vary heat treat, forge shape, and disk

shape

– Used genetic algorithm

» Robust, many landmines out there

– In each case the objectives to maximize burst

speed and minimize the forging and final disk

weight were achieved

» Heat treat variable bounds need refinement

Integration Effort - A P&W First

Design reacts to change in material propertiesDesign reacts to change in material properties
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– Completed 3 real-world optimization cases
» Study 1 - existing material & process to new

part

» Study 2 - existing material & new process to

existing part (field support)

» Study 3 - existing material & new process to

new design

– Completed 3 real-world optimization cases
» Study 1 - existing material & process to new

part

» Study 2 - existing material & new process to

existing part (field support)

» Study 3 - existing material & new process to

new design

Case Study Summary

Integration of materials science with design offers significant

system performance improvements

Integration of materials science with design offers significant

system performance improvements

Cost Benefit System Benefits

3 Variable Variable -8% -6% +23%

Case Study Heat Treat Forging Part Forge Wt Part Wt Burst Speed Comments

1 Constant Variable Variable -13% -7% +5% Current State of the Art

2 Variable Variable Constant -6% n/a +15% Part shape constraints

Variable Full impact of tool-8% -6% +23%
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Rockets are Different
Must Address Requirements for Expected Applications

Comparison of Rocket Engine Turbines to
Aircraft Gas Turbines:

ITEM
ROCKET ENGINE

TURBINES

AIRCRAFT GAS

TURBINES

  FUEL     HYDROGEN OR HYDROCARBON HYDROCARBON

  OXIDIZER    OXYGEN   AIR

  THRUST-TO-WEIGHT RATIO    70 : 1   15 : 1

  OPERATING SPEED (RPM)    36,000 - 110,000   15,000

  BLADE TIP SPEED (FT/SEC)    1,850   1,850  

  HORSEPOWER/BLADE    630   200 - 470

  TURBINE INLET TEMP (F)    1,600 - 2,200   2,600

  HEAT TRANSFER COEFFICIENT

  (BTU/FT 2-HR-F)
   54,000   500

  THERMAL START/STOP-TRANSIENTS

   (°F/SEC)    232,000 / 7,000   100

  ENGINE STARTS     55  -  700   2,400

  OPERATIONAL LIFE (HRS)     7.5 - 100   8,000
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Another Challenge for Rockets

Courtesy John Halchak, the Boeing Company
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AGENDA

•  What is AIM?

– Rollie Dutton, AFRL/MLLM

• AIM for Solid Rocket Motors

– Lee Davis, ATK Thiokol Propulsion

• BREAK

• AIM for Liquid Fueled Rocket Engines

– Glenn Havskjold, Boeing-Rocketdyne

• AIM - the use of AIM to bound advanced rocket

engine design

– Tony Evans, University of California - Santa Barbara

• Summary

– Rollie Dutton AFRL/MLLM



25-Jun-03 24

Summary

AIM Tutorial
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Stronger OEM – Supplier Interaction

Shared analysis with enhanced exchange of information

AIM - Implications

OEM AIM

System

Supplier

AIM System

Secure

Web-Based

File Transfer

• Compatible, validated analysis tools, methodologies,

electronic formats and databases

• Collaboration software that strengthens teamwork

• Extensive, automated, bi-directional data transfer

• Optimization loops that challenge traditional boundaries

• Continued stringent protection of IP

Certification &

Qualification

Process

capability &

geometry

Material

requirement

& geometry

Process &

Geometry
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• Stronger interplay to determine materials needs and requirements

• Earlier benefits analysis

• Approval of AIM process and mechanics

• Acceptance of modeling to supplement limited datasets

• Coordination of funding to match faster development cycle

Subscale Alloy and
Process Development

Alloy Downselect and
Process Optimization

Scaleup and Optimization

Design System Generation

Engine Certification

111474 d

1 2 3 4 5

Years

6 7 8 9 10

Impact of
AIM Phase II

Impact of
AIM Phase I

Impact of
AIM Phase I

Support early

definition of

needs

Collaborate &

Approve AIM

Partnership – timing and

compression of funding

AIM - Implications

Stronger OEM – Government Interaction
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Implementation Requires:

•  Clear problem definition

•  Specific, Appropriate Models

•  Multiscale Modeling Links

AIM Requires a Hierarchy of Nested
 Representations
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• Ultimate Tensile Strength
• 0.2 % Yield Strength
• Tensile Ductilities
• Notch Strength
• Burst Margin
• Creep
• Rupture
• Rupture Ductilities
• Continuous Cycling LCF
• Hold Time LCF
• Continuous Cycling Crack Growth
• Hold Time Crack Growth
• Superplasticity
• Flow Stresses
• Abnormal Grain Growth Resistance
• Gamma Prime Solvus
• Carbide(s) Solvus
• Density

• TIP
• Structural Stability
• Exposed Behavior
• Defect Sensitivity
• Defect Content
• Grain Size
• Gamma Prime Size
• Segregation /Effects
• Inspectibility
• Quench Crack Resistance
• Multi-source Capability
• Low Costs--Elemental and

Processing
• Weldability
• Machinability
• Machined Surface Behavior
• Residual Stresses
• Cost Reduction Potential
• Size/Volume Scaling Effects

Eventually Must Address Full Breadth

of Component Requirements

DARPA - AIM The Issues That
Often Determine

Success or
Failure

Requirements for Turbine Engine Disks:

Adapted from D. Backman, GEAE
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Challenge: Use of Models & Simulation
Tailored to each class of properties?

Compare
Microstrain

Experiments for single-,
poly- & polycrystalline slip

Microstructure
Representation

characterize

precipitate
shape parameter
and size/spacing
distribution, etc.

Single-slip & latent-
hardening constitutive
law for single-crystals;

constitutive laws for
polycrystalline RVEs
(UMATs for ‘intrinsic

material’ RVEs) Scientific Frontier

multiaxial,
gradient test

uniaxial,
crystal test

Predicted

RVE

Response

Dislocation Kinetics

Simulations

Intrinsic length effects,

strain gradients

Numerical/Analytical

Model
Representation of

work-hardening from
microstructure variation

~ <10 µm3, 3-D

Existing

links too

weak

Parthasarathy & Dimiduk, 2000
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Maturation Challenges

• Legacy Issues w/ designers & suppliers

• Implementation is a moving target

– Windows of opportunity are there, agility &

commitment required

• We’re not a modeling program, but we

need models

– There’s No Apparent “Double Helix”

• Developing the capability to convert a

Design Requirement into an AIM

Methodology is Critical

We are making progress but tough issues remain
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Accelerated Insertion of Materials
Tools & Methodology New Material

DEVELOP & SAMPLE
REPRESENTATIVE VOLUMES

Constitutive Relationships

Simulation of
Single-Grain
Properties

10 �m

Micro-Scale Mechanical Tests

(~3 µm thick)

Grain Level

Precipitate Level

1 nm

Evaluate other issues (cost, suppliers,

life), Certify Design Drawing

1nm

Grain-Level
Property

Simulations

CONVERGE REPRESENTATIONS
& MEASURED PROPERTIES

SIMULATE PROCESS &
MICROSTRUCTURE

CAD
File

MEASURE PROPERTIES

FABRICATE
COMPONENT

M o Fe

N i

IN706 N i

N i

FABRICATE/ EXTRACT
REPRESENTATIVE

PEDIGREE VOLUMES

GENERATE CURVES;
SYNTHESIZE MINIMA

yield strength
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0.990

1A6917

1B4902

1A8301 & 1B7801

yield strength model

PWA1100

1150F; integral

SECTION SUBSECTION

METALLIC MATERIAL PROPERTIES HANDBOOK

GE Aircraft Engines

PREPARED BY DATE APPROVED BY DATE ISSUE DATE PAGE

OF

THE INFORMATION CONTAINED HEREON IS
PROPRIETARY INFORMATION

SOURCE SUPERSEDES CURVE NO.

CLASS:

APPLICABLE TO

DEGREES OF FREEDOM NO. OF TESTS NO. OF TESTS IN MODEL

MATERIAL FORM

SPECIFICATION

PROPERTY

TEMPERATURE A-RATIO K
T

TEST TYPE

FREQUENCY HOLD TIME RAMP TIME

TEST MODULUS, E(10  PSI)6 ANNULAR GAGE SECT., R’

ORIENTATION

 >( 95% CONFIDENCE OF 99% EXCEEDENCE) -
: MINIMUM X (AVERAGE) EXTRAPOLATED

1

2

1

D3659

D-30-r 5.3

2Mark R. Brown 21-JUN-96G. T. CASHMAN 20-JUN-96 28-JUN-96

RENE’88DT EXTRUDED & ISOFORGED

6746,6747,6969,7139-7144,7343,
7346,7244,7245,7373

FATIGUE (LCF): STRAIN,NF

D7361

1

CF6-80:  CDP SEAL, FOS
F110:  HPT SHAFT, LPT, FOS, HPTD, CDP SEAL
F404:  HPTD
F414:  HPT SEAL, LPTD, HPTD,,RET.,LPT COOL PLATE
GE36:  HPTD/FCP/ACP, S1/S2 LPTD, OBP
GE90:  S9-10 HPC, S1 HPT
PANCAKE & CONTOURED FORGINGS (PRE-GE90)

STANDARD MAT’L & ILG/PEDIGREE; GAGE DIA. .2"-.4"

1.0

562 566

20-300 CPM (0.33-5.0 HZ)

1.0

TANGENTIAL AND RADIAL

LONGITUDINAL STRAIN CONTROL, AXIAL-AXIAL

29.069

C50TF92 CL-A & CL-B

750F

CYCLES TO FAILURE, NF
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Summary

• The time for structural materials development and use must be
shortened (time focus, not cost focus)

• Industrial M & P community demanding a quantum-leap in
relevant engineering simulation capability

• Accelerated Insertion of Materials is the long-term, strategically-
relevant, computational materials science & engineering vision

• Materials Science & Engineering community must produce
integrated predictive tools

• Accelerated insertion demands integration of engineering design

with M & P to achieve true systems engineering of materials
technologies


