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Edward DeMille Campbell
1863-1925

This annual lecture was inaugurated in 1926
in memory of the outstanding scientific
contributions to the metallurgical profession
by a distinguished educator who was blind for
all but two years of his professional life.
Despite this handicap, he contributed 77
papers to the scientific literature, the majority
of which dealt with a correlation of the
chemical constituents with the physical and
mechanical properties of steels. This lecture
recognizes demonstrated ability in materials
science and engineering. Professor
Campbell, Honorary Member of ASM
International, was born in Detroit, Michigan in
1863, and was educated at the University of
Michigan. After serving as a chemist in
various iron companies, he became an
Assistant Professor at the University of
Michigan in 1890 where he lost his sight at
the age of 28 in an explosion during a
laboratory examination of steel. For 20 years
before his death in 1925, he was Head
Professor of Chemistry and Metallurgy and
Director of the Chemical Laboratory at the
University of Michigan.
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A) Cybersteel 2020 (ONR D3D/Grand Challenge)
B) HT Carburizing Steels (DOE-OIT; GM, P&W)

MTL/SRG

C) Superalloys (DARPA-AIM; AF-MEANS, RMCI, MDT)
D) Bulk Metallic Glasses (DARPA-SAM)
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Properties

Performance

Processing

Cause and effect



STRUCTURE

MATRIX
Lath Martensite

Ni: Cleavage Resistance
~Co: SRO Recovery Resistance

]__

STRENGTH

SOLUTION
TREATMENT

HOT WORKING

(Nb,V)Cx

STRENGTHENING DISPERSION
(Mo,Cr,W,V,Fe)2Cx

Avoid Fe3C, MsC, M23Cs

A

SOLIDIFICATION

!

d/f

GRAIN REFINING DISPERSION

Microvoid Nucleation Resistance

DEOXIDATION

i

Amount
Dilatation

AUSTENITE DISPERSION
Stability (Size, Comp.)

REFINING

Impurity Gettering

GRAIN BOUNDARY CHEMISTRY
Cohesion Enhancement
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Hierarchy of Design Models

DICTRA
TC/Ap,

LM, TEM
MIOD, DSC {TC/MART
CASIS, MAP
Micr:omechanics
Detn('\j |:ABAQUS/SPO
| TC, AV
SANS, XRD b s
APFIM, AEM

o, , H

. _»{ TC(Coh)/DICTRA | PrecipiCalc™

ABAQUS/EFG

Quantum Design .=

SAM
KGB(AY)_




M2C Precipitation

M2C carbide precipitation behavior -
in AF1410 steel vs. tempering time
at 510C following 1 hour solution

treatment at 830C
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S53: Nanotechnology Now
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Grain Boundary Embrittlement

Embrittlement Sensitivity 0 — S
(K/at. %)
P
20 | Mn+S
| | L " |
1120 80 40 80 120
AE (kJ/mol)
-20
C Mn+C
Mn+B
40 |

J.R. Rice and J.-S. Wang, Mater. Sci. Eng., 1988



Potency of Embriitlement (eV/atom)
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Alloying Additions in Fe Sigma 3



Charge Density : Fe/Ti[C,N]

 Strong covalent feature

« Short bonding distance
Fe-C : 1.88 A
Fe-N: 1.90 A
(cf) Fe,C : 1.94 A

 Opposite buckling

Fe/TiC : 0.07 A
‘ Fe/TiN : 0.07 A

e Same maximum charge density in the bond
Fe-C:0.12¢/(a.u.)® Fe-N:0.12¢/(a.u.)
(cf) 1 a.u.=0.529 A



Interfacial Quantum Engineering
of Grain Refining Carbonitrides

MX/Fe
Work of Separation (J/m?)
V(C,N)
TIC/Fe VC/Fe | MoC/Fe
3.89 3.70 3.46
TiN/Fe | VN/Fe | MoN/Fe
3.29 3.17 4.31
X
X

Ti(C,N) Mo(C,N)




Subatomic scale

first-gen Dfrac
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Materials Development Cycle

Materials by Design™

Concept

@—' Design

Prototype

Process
Optimization

Full Scale Meet

Heat

Specify
Processing

Implementation

Yes

Production
Heat

Meet No

Objectives? A

Sample
Production

Application
& Process
Yes Design

Objectives?

AIM Methodologies



- Core Utilities

AIM ARCHITECTURE

Inteqration Infrastructure

ISIGHT framework
provided by Engineous

Microsoft
Software Enose

3RD Party tools to extend
ISIGHT’s integration
capabilities

[Msc\\sonwm

Analysis Components

Models provided by Pratt
& Whitney, General
Electric, Questek, and

SIMULATING REALITY

DS
others. Integrated by nE i'] |] | | |
Engineous into the DKB e

i iai Microsoft L
architecture via iSIGHT Ers PrecipiCalc
ueslex

* Distributed Resource Management = BNENATIBRS, LEG




PrecipiCalc™ Timeline

Software/Hardware Improvement

y/y’ Lattice| | 3D/2D coherency multiphase
arameters| | mappin | yansition o(R) Interaction
hierarchical diffusivity interfacial average “oalescance
sequencing scaling disgipation coring ’
®
24 hours™ onl || 2 hours* on Pentium 0.6 hours* on| || 0.3 hours* on|| 0.05 hours*
Pentium 11 11 1GHz with Pentium IV Pentium IV || on Pentium
600MHz improved numerical 2.2 GHz with| || 2.2 GHz with|| IV 2.2 GHz
nucleation treatment compiler optimized || with cluster
Biyth optimization parameters hardware
1/01 6/01 1/02| [Option 6/02 1/03 6/03 1/04
Base Start minidisk| | iSIGHT spatial R88 || |spatial
Start selected | | integration minidis tensile || | V2500
PWA1100 locations| | with grain samples
R88 F117 disk size and )i
coupons| | center APB energy| |uncertainty prior v’[carbide
.. i models error heat grain
Applications/Demonstrations analysis treatment | pinning

*single IN100 PWA1100 simulation




Basic PrecipiCalc Equations (2) —
Particle Growth

Growth : R _ (1+ R\/4ENV<R>)

dt —Q {AG”‘_ R
(RF+S(R)/(MOeprTD

where AG_ —[Aﬁ{ G }[ACT] wlcse (]~

0C,0C.

iV

r—[ﬁ{ ac }[DJkHACf]

aCiaCj dR/dt [ /\
. 0 >
Thermodynamics /Rc
Diffusivity N N
Interfacial Property subcrltlcalJﬂsupercrltlcal




Node 1462




Impact of DARPA AIM Initiative

» Material behavior intimately linked
and particpiating in the design process
» 4 months to improved capability

uG
Subrotor_orig.prt

———————————————————————————————

,,,,,,,,

ughatch.bat

Output_deform

baseload DEFORM

N_Burst




Minidisk Microstructure Prediction with
PrecipiCalc

Minidisk Bore Rim Attachment
Comparison Exp. PpC EXp. PpC Exp. PpC
Fraction 24 23.5 23.1

22.6 23.5 23.3
. , (%) 25.2 25 25.7
Primary y 103 118
Size (um) 1.28 1.29 197 1.32 12 1.31
Fraction
(%) 324 35 34 34.6
Secondary y 109 132 120 103
Size (nm) 129 107.9 157 135 114 84.2
146
. N . 18 19.7
Tertiary y’ | Size (nm) 20.8 21.5 218 21.4 21.4 20.7




Probabilistic Modeling of Manufacturing Variation:

PrecipiCalc™ Forecast of Minimum Design Properties
Part File  Heat Transfer PrecipiCalc  YS Model YS Distribution

NNOVATIONS LLC

ast Salt Lake Evanston Salt Lake City
Hartford City

Mechanistic simulation
+ (n=15) gives good
prediction of 1%
minimum YS.

*1n=701
m®a A m
000t E bttt

150 155 160 165 170 175
Yield Strength, ksi



ACCELERATING TECHNOLOGY TRANSITION

Bridging the Valley of Death for Materials and Processes
in Defense Systems

Committee on Accelerating Technology Transition
National Materials Advisory Board

Board on Manufacturing and Engineering Design
Division on Engineering and Physical Sciences

NATIONAL RESEARCH COUNCIL
- OF THE NATIONAL ACADEMIES

THE NAHGNAL ACADEHHES PRESS
Wmhmghn rYork : B
www.nap.edu -



TABLE 3.1 Some Computational Materials Engineering Tools

Type Tool Company Function
Design ISIGHT Engineous Software (Salt Lake Multidisciplinary design
integration City, Utah) optimization (MDO)

CMD QuesTek Innovations LLC Parametric materials design

(Evanston, lllinois)

Macroscopic ProCAST ESI Group Solidification processing
process (Paris, France)
modeling
DEFORM-HT Scientific Forming Deformation processing and heat
Technologies Corporation transfer (finite-element method)

(Columbus, Chio)

Microstructural PrecipiCalc QuesTek Innovations LLC High-fidelity precipitation
simulation (Evanston, lllinois) simulation
DICTRA ThermoCalc AB Multicomponent diffusion

(Stockholm, Sweden)

J MatPro Thermotech Ltd. Phase relations and basic
(Surrey, United Kingdom) microstructural modeling
Thermodynamics ThermoCalc ThermoCalc AB Multicomponent thermodynamics
(Stockholm, Sweden) and phase diagrams

Multicomponent thermodynamics

Pandat CompuTherm LLC and phase diagrams

(Madison, Wisconsin)
Multicomponent
FactSage Thermfact CRCT thermodynamics and
(Montreal, Canada) phase diagrams



ESTCP AIM Demonstration

* Objectiveisto —
- 0.990 |-Weibull
predict MIL-HBK 5 0.900 | Probability
11 7 ) a er
A”- Allowables 0.750 PP
gl?lggllg 3 heats > 0250 |
val . =
2 0.100 |
g 0.050 [
A = data fusion into
0.010 |- model simulation
£ 0.005 = - ® heatl
S . o @ heat?
o Mean value 0.001 o | I I
215 220 225 230 235 240

yield strength, ksi




Processing

Structure

Thermal Barrier Coating

Coating

Oxygen Barrier Coating

Properties

A

Bond Coat

Oxidation
Resistance

Surface
Treatment

Oxide Scale ( Al,O;, YAG)

Higher D, /Dg

Film Interface

A

Solid Solution

Low Oxygen
Solubility

Lattice Parameters

Aging

4

Solid Solution Strengthening

Creep
Strength

Solution
Treatment

Oxygen Activity

Diffusivities

Dispersion
Stability

A

Solidification
+ Shaping

Dispersed Phases: YAl
(Pd,Pt),(Hf,Zr,Y)Al, PdAI, Nb,Al

Lattice misfit

Ductility/
Embrittlement
Resistance

A

High Stability

Melt Refining

==\ N\

Coherent Interface

Metallic Matrix
(with low O,
solubility)

Low Coarsening Rate Constant

mOZ>Z0VOTOMT

System
chart



Critical Cooling Rate (°K/sec)

1.E+06
1.E+05
FeG-01
DarpaQl7 - 2000 at. PPM O
| 490at.PPMO -
1.E+04 - fDAR35 J!
~ Uw-02

1700 at. PPM O / 730 at. PPM O

1.E+03 D 021
arpa
FeG-02 _
360 at. PPM O 0 . 140at. PPMO
1.E+02 +— = — -~ - -——-—-r- ------ e —— .
Processability Goal

Inoues a”oy SY \DarvalOl \\ for Fe-Base(;yallo S

1040 at. PPM O 150 at. PPM O O y
1.E+01 Inoue5 alloy + Y

140 at. PPM O Pd-Ni-P (fluxed)
Greer et.al.
1.E+00
1E'01 T T T T T T — T
0.5 0.52 0.54 0.56 0.58 0.6 0.62 0.64

Critical Cooling Rate vs. T,

Reduced Glass Transition Temperature, T,/T,




Twin-Roll Casting at IMI




High Temperature Aluminum by Glass Devitrification

140 |

[EEY
N
o

JSF Stator Requirements [ |

/

° /. Bend test properties

[EnY
o
o

(o]
o

(o2}
o

40
20

Yield Strength (Ksi)

0 100 200 300 400 500 600 700
Temperature (°F)

SAD pattern recorded along the

700nm

700nm [011] direction showing the
: : N matrix and the precipitates a
S.EM 'mage of L1, particle TEM Dark field mage _ cube/cube orientation
dispersion. indicates L1, particles d

—2Enm. relationship.



PROCESS

| Tempering
A

| Cooling Rate
i
1

Solution
Treatment
A

1
| Hot Rolling
A

| Solidification
A

| Deoxidation
A

| Refining

System ch

STRUCTURE

art

Matrix

Bainitic Ferrite / Martensite
Morphology (lower bainite/lath martensite)
Composition
Kinetics

PROPERTIES

Toughness

Inclusions

Multiphase
Interface
Distribution

Grain Refining Dispersion

Strength

d/f
Microvoid Nucleation Resistance TiC,

Austenite Dispersion

Stability (Size, Composition)
Amount
Dilatation

Weldability

Strengthening Dispersion

(Mo,Cr,V,Fe),C ]_
BCC Cu precipitation

Dissolve para-eq Fe,C, M,C, M,,Cs —]

mOZ2>20$0TMXIOMT

Hydrogen
Resistance

Grain Boundary Chemistry

Cohesion Enhancement: B,W

Impurity Gettering: La,Zr

Systems Design Chart for Blast resistant Naval Steels




Set Carbon Level —> C

1
Weldability

Set Matrix Composition

——>  Fe, Ni, Cr, Cu

]

Martensite Start
Temperature

Bainitic

Cleavage
Transformation Resistance

Refine M,C Strengthening Dispersion

—> Mo, V,Cr,C —

I

Maximize M,C
Driving Force

Temperature

Solution Predicted Strength
Increment

Set Copper for Strengthening Dispersion

—> Cu,Cr —
|

Additional Strength
Increment

> Volume fraction of
Copper Precipitates

Partitioning of
Copper by Chromium

4

Optimize Transformation Toughening Dispersion

—> Ni —

Austenite Nickel
Content

Austenite Phase
Fraction

Meet Stability
Requirement

Castability —>

Cu, Ni, Cr

Optimal Composition

ueiisodwo) rewndo



Toughness — Strength Combination

s | NUCu-60

2 NU Bridge

- Steels

G 200 - Blastalloy160

)]
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Cu isosurfaces (Red
C atoms (Black)

BA160 Alloy

39 x 39 x 157 nm3 LEAP Reconstruction



Concentration (atomic fraction)

3-DAP
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Design phases

Dept.
IDEA 306 Capstone

Design
Elective

IDEA 106

Design
Elective

IDEA 308

Design
Elective

4 )

CONCEPTUAL SWISODILIENT :
SESICN DESIGN PRE-PRODUCTION

Needs discovery User Feedback Tooling design
Business planning ) Refine Specification o] rEviElan
Concept generation Alpha prototype Pilot runs

QFD Design review :
: : Testing

Prelim breadboard Vendor selection Revision

Prelim vendor assess

Prelim specifications \ )

- J

Inspired by the HLB Process; courtesy Walter Herbst



II.

III.

MSC 390 Materials Design

Spring 2005
Design Projects

Blastalloy 120 NM (396/EDC) IV.
Client: ONR, DHS

Advisors: Chris Kern, QuesTek
Padmanava Sadhukhan

Windmill Steel C64 V.
Client: GE Power Generation
Advisor: Yana Qian

NanoDie M60N VI.
Client; ITW Medalist
Advisor: Ben Tiemens

VII.

Terminator 4: Biomimetic
Self-Healing Mg Composite
Client: NASA, ARL

Advisor: Michele Manuel

Stentalloy Z: HP-SMA (396)
Client: Medtronic, Memry
Advisor: Matt Bender

Noburnium 2: YAGalloy 1300
Client: AFOSR, NASA, RMC
Advisor: Dave Bryan

Super Bubble (EDC)
Client: QuesTek
Advisor: Les Morgret



Ductile
Fracture
Tomography [Moran,
[Olson, Voorhees] Liu, Parks]
Toughness, Fatigue
Fatigue Strength Nucleation
[Olson, Kern] [McDowvell,
- Olson]
FSL(SEM/TEM) @3

Tomography
[Pollock]

Shear Instability
[Olson, Kern]

Microvoid Shear

[Moran, Liu, Parks]
Fatigue Propagation
[McDowell]

Tomography
[Seidman]
Yield Strength
[Olson, Kern] | -

Transformation
Toughening
[Parks, Olson]
. - |Precipitation
4+ /| Strengthening
[Voorhees,
Wang, Jou]

Semicoherent IPB
Adhesion
[Freeman,
Jerome, Wang] @

Bond Topological

[S/Ft; R(;J]Iatiﬁms /
Eberhart
QO
\Z

A

Luesliew

INNOVATIONS LLE
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IN100 Alloy: Submicron Carbide Distribution




[T l“!lltal Design Research Tools Consortium uesTE R
' rl Sll'lll:llll'e Contract No. N00014-05-C-0241 INNOVATIONS LLC

Shear Localization Simulation with Real Particle Clusters

Challenge Statement: Establish quantitative role of
Particle dispersion nonuniformity in microvoid shear
localization.

Approach: Analyze carbide dispersion
nonuniformity in IN100 tomographic

dataset and simulate shear localization 0z Sy
at potent clusters embedded in steel Lo B
matrix. ‘

Shear Localization
Simulation

3D Mesh

Impact: Shear localization is of central
importance in both fracture toughness and
ballistic plugging resistance. Incorporation of
design concepts in prototype steels already

demonstrates improved ballistic FSP V50
(ONR Mantech).

D.M. Parks, MIT, B. Moran, W-K. Liu Northwestern University; H.-J., QuesTek

ntified
Potent Cluster



»

1 micron

Captures essence of ductile fracture in shear

Localization — physical and mathematical
manifestations

0

0

0.25

0.50 0.75 1.00
deformation



Percent of Population Failed

99.99

99.9
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95
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50

_ Pyrowear 53

1 1—> Suspended Test: | | |

10 100 1000

Cycles to Failure (Millions)

Research Center

Recirculating Spur
Gear Fatigue Rig
Set to test surface
fatigue, 1.72 GPa
Hertzian stress




Overall Strategy for 3D Fatigue Modeling

-200
400 W”"
-600

-800

-1000

Residual Stress (MPa)

[
-1200

0.4 0.5 0.6

( AgPH

ch, ypu

y

~

Statistical estimates
of cycles to crack
formation with
microstructure and
spatial location

D.L. McDowell,

Georgia Tech




=== Design Integration

< Materials By Design

2
<
A 4

Desiglgngr
Knowledge
LOM

‘ Tomography Base
Atlas

|
>ie
|
|
|
|
|
| Production
LEAP/FSL | Heats
FIB/SEM |
Tomograph % |
|
|
|
Prototype
Alloys

LEAP
Microanalysis

Manufacturing

Variation
Prediction
System Process 7
Model Alloys LT
& Multiples Optimization
Model
Validation ISIGHT
Model Monte
Calibration PrecipiCalc Carlo
Database 3D 7y
Extension

Component
Selection

A

DEFORM-3D

Component Strength
~ Simulator
DFrac-3D ‘

TC/DICTRA |

[ TeCD | | FLAPW |

~— I
—

iSight/CMD/IDL



http://images.google.com/imgres?imgurl=http://www-2.cs.cmu.edu/~robosoccer/image-gallery/logos-internal/.darpa_logo.gif&imgrefurl=http://www-2.cs.cmu.edu/~robosoccer/image-gallery/logos-internal/&h=200&w=366&sz=82&tbnid=vPOU11Hy42UJ:&tbnh=64&tbnw=117&start=2&prev=/images%3Fq%3DDARPA%2BLogo%26hl%3Den%26lr%3D%26sa%3DN

The New Metallurgy
- Shifting the Core

Descriptive Science Predictive Science

Exploration for Discovery Pioneering by Design
Empirical Measurement Validated Simulation
Deterministic Science Probabilistic Science

Reductionist Analysis Systems Synthesis

LR

Knowledge Generation Value Creation



Our Vision: What an Engineer

Should Be

Technical specialist Creator of value
« Gets the job done! « Identifies and solves real problems
within a social and economic

e Can understand and analyze the
hysical and mathematical context
P ysmg _ _ _ * Works well in cross-disciplinary
underpinnings of his/her field teams
 Works effectively with both the Adaptive learner
abstract and the physical * Communicates effectively
. Works problems through to a  Responsible decision-maker

complete and realistic solution

10/10/2005 2



Systems Designh Approach i — Paect
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B atrme Compositon Full Strength
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Successful Prototype. Sample demonstrates 98% strength recovery.



Isothermal Section of Mg-Zn-Al Ternary System -
338°C COmpUtathnal

Thermodynamic Design

Percent Liquid Versus Temperature of Mg-14wt%Zn-3wt%Al

MgZn 100%
\ [ ernary Eutectic
\ ¢ 80% -
\ / 70% 1
W )
* g 60% <
= 50%-
S 40% |
o
1.0 30% 1
A Atomic Fraction of Mg Mg 20% 1
Mg — 14 wt.% Zn — 3 wt%. Al |19%] o Healing Temperature
Ay \’:? -~ _» ‘-,"‘ - - - - O% LJ LJ LJ LJ LJ LJ LJ LJ LJ LJ LJ
M W ¥~ - ] e 300 325 350 375 400 425 450 475 500 525 550 575 600
M:?‘:?:’_ = CaSI Mg-based Matrlx Temperature (°C)
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b3

3ihr;e6’logy-§hrough Image J softwvare
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