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QuesTek Innovations LLC

A Founded 1997; privately-held; located in Evanston, IL
A19 Employees, i ncluding 15 Engineers (

A Rapidly designing, developing, qualifying and inserting new materials using
computational methods on integrated basis

A Creates IP; licenses to OEMSs or alloy producers/processors

A 4 alloys licensed: FerriumE M5 4E, C61E, C64E and S53]|
A ~10 major new alloys in development, 30+ patents awarded or pending worldwide

A Working with many colleagues in industry and academia

A Serving industry and government

A Recipient of many business and technology awards

A Expanding our staff
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We Create Diverse Material Systems

Alron-based
AAluminum-based
ANickel-based
ACopper-based
ANiobium-based
ATitanium-based
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Examples of QuesTekds Comput ¢

A-10 Main Landing Gear

Photo © 2000
Craig Baumer

Ferrium C61 Ring and Pinion
Gear Steel

SCORE Off-Road Racing
Circuit, Baja 1000, etc.

Ferrium S53 UHS
Corrosion Resistant Alloy

Aircraft Landing Gear
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Modeling for the Purpose of Materials Design

Performance

Phase |: F[:IHF{E I Phﬂﬂﬁ;ll:
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; y . stan . Testing
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: ) - 1 Component
Concept Q ] . Demo |
_ Evaluation | 1
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Integrated Computational Materials Design

Computational Materials Design Overview

Design material as a system 10 meet customer-defined performance goals
&g a Desgn Chant” for Famum S53
PROCESSING STRUCTURE PROPERTIES
— - .
2 €

mem -
F Solidification Design
o ™ he

e A
A ¢

— C v, TEM 0.900 Heat 1
E Map TC/MART 0.750 Average: 288 ksi

- - CASIS, MAP 0.5007

B-Basis: 282 ksi

ABAQUS/SPO
TC, AV

Probability

SANS, XRD A-Basis: 280 ksi
APFIM, AEM

o, H

TC(Coh)/DICTRA -

e | PPT-H
ABAQUS/EFG

0.001
Kaa(AY) 270 2;0 290 3(‘)0 I 310
UTS, ksi
L e A e ears AEROSPACE
; . " . KAk Aerospace saE :
Phase I: ; Phasell: Phase I SRR MATERIAL gt O R

Design
Modeling

Concept 5

SPECIFICATION R oo

, Ty, / Superseding AMSS922 |
i i Steel, Corrosion-Resistant, Bars, and Forgings

' DEEIHI'I T 10Cr - 5.5Ni - 14Co - 2Mo - 1W (0.19-0.23C)

L]

| Define Goals | ; : ,

: : H ! i Allowables | | Vacuum Induction Melted, Vacuum Arc Remelted, Normalized, Annealed
: : . Testing | UNS S$10500
E : : ' | Component |
; f : Demo

| Concept
X 2 h |
| Ewvaluation | | |

¢ uEs | = Computational Thermodynamics & Kinetics Seminar Materials By Design®
INNOVATIONS LLC 2011-04-06



Example FlowBlock Diagram for UHS Gear Steels
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Use of Models inMaterials by Design

Model Improvement >
. Physics-based Mechanistic
SR EeE s Parametric Models Models

‘ \ ' / )

(" Phasell: ) (" Phase lll: ;

Phase I: . g
Concept __ Design Qualify
| Modeling - , .
[ Define Goals ] p— — Design
- ) « Allowables
o= | Design | Testing
oncep R T— —1—'
| Generation | | Prototype J - .
| ) - - Component
( Concept | <> J X Demo )
Evaluation 1 \ }
<'> | Scale-up ]
— $ -
AExplorative Evaluation ASensitivity Analysis
Type of Calculations: | ATrade-off Analysis AAccelerated Insertion
ARobust Analysis/Design of Materials
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MartenSite MOdeIS (Ghoshand Olson, 1994)

MsModel

TCY

QuastBinary

he

FCC

-

B

C

X

fu(T) Model

N.(n¢D), Preexisting
ency Distribution

&
t QoOAYitocatalytic
Potency Distribution

N,

n.,*

tivated

n

ﬁritical Energy, \

DGe/it=DGs(n) *WsX) W™ (T)
1 DGy(n=18): Surface Energy, nis

Defect Potency Size
hem Balance ¢ Ws(X) : Frictional Work by Solute

Strengthening
w W/ (T): Frictional Work by Dislocation
Forest

DGchem(T:Ms) = DGcrit (T: Nb)

Solve forMg

&

DGehem=DGs(n*)+Ws(X)+W;" (T)

Volume Fractionf(,) Evolution:
dfM/dn = (Nm b m)f@)a'fM)V(f) Solve forfM(n:r}n*)

with f, (n=2)=0 and findf,,(T)
where:
V:  Volume ofMartensiticLath Subunit
D: Grain Size
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Bainite MOdeIS(OIson,Bhadeshiaand Cohen, 1989, 1990)

BsModel G
FCC DGonen With ) 5 —
interstitial BalangeCritical Energy ) J
partltlonlnq) rlt:mS(n)_i-vaSS(X)-l-Wf (T)

DGchem(Xa’ T:Bi‘:) = DGyri (Xa’ T:BD)

Solve for Band x4

TC/

X X
fs stasi{ T) Model can be formulated similar tig,(T) model DICTRA

Bainite Subunit Growth Rate Model

G FCC wCarbon Diffusionv(ﬁxa, X))
wlnterfacial Mobility
CcC wSolute TrappingVk (Xa, X))
X I = Vn I
« L Set of NoALinear Equations:
Xa DGt 'Y hen wV,(N) =Vg =V
BCC FCC WDGchem = DG+ WeS{X)+HDGs (n) Wy (T)
Solve fov, (n), Xa, andx
TCcr Xe XX —» Used to estimatdainite start Gcurves
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Precipitation Growth and Nucleation Models

Growth Model
(1+ R1/4' I§I<R>) féDG 2s(RVafl & matrix
"R ; b: precipitate
G, effective driving force
OG; misfit strain energy

Growth: dR

whereDG [—,] e—

3DC] [C"] (m]- [7£])-oe

@HC uC,
e 2a? a_ '
c=[pc] e G “ A Nucleation Modgl e
gHCLC, oy 1 SteadyStateNucleationRatel s = Zb V—;e"BT = fY ss(RAR
m 0
2 1/2
. e Vs o
whereZeldovitd factorZ = é 7U
§4p N, ’ksTR.* 0
— . 16p S
work toform-acritical nueleud, =
. 2
DICTRA Sae 8
Vm -
. R N.“D
rateof atomicimpingement =40k, Gm
\/
PrecipiCalc N, is Avogadrosnumber k; is Boltzmanns constant
R Is critical radiuswheredR/dt=0, T is temp eratre
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M,C Model for Secondary HardeningMartensitic Steels

Enhancements t®&recipiCalc

wBC&CementiteParaEquilibrium Condition Elastic Relaxation Fastor

wHeterogeneous Nucleation ddislocation 0
with pipe diffusion TX
. .. | 0
wSimple Coherenc‘i]ransmonModM . Surface Energy
Modified HCP Description with S o
Micromechanical Elastic Coherency Energy _/-

Parameterized by Aspect Ratio and Misfit ~ Scor : >
(Compositions effects implemented into a + Aspect Ratio

¢/ Qa ¢5. 0 _fS
wSimplifiedCementiteDissolution 1

m Diameter,d

wSimplified DislocatioRecovery Dynamics 3n
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- - - AF1410 M2C Kinetics at 510C Temper
AF1410 M,C Precipitation ¢ worp—— "
z ' . - _simuation  Significant lower
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E te0st e O
% ; ( ] et t1/3 :
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Isothermal MC precipitation -l . v ;

. . 4 o .
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M : 0.01 0.1 1 10 100 1000

ontgomery,Surface Scienc&6 Time (hour)
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simulation include: surface energy 0,05 | ]
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Qu e s Tkrrdperary Software Platform (CMD)

Model developers, materials designers and developers

i"""""""""i GUI P_ython/SheII
i  DAKOTA i Scripts or Consol
Command Line€
Interface
CMDPrograms
A Standardized I/O command
line interface CMDIntegrator API
Aintegrator API —— | LProgran] o ~cwD
rogram
Model Implementations T
Numerical Librarﬂ'CIPUC—API
1 f A Modularized
ﬁhS{g%g 2"3 A Object-oriented (C++, Python)
A Standardized communication to

I,
CALPHAD Thermodynamics apd

Mobility Databases enable customized integration
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CMD GUIn Pre-Processor

A Operates AICMDPrograms

A Selects Models and CALPHAD Databases

A Sets uExplorative, Full FactoriBloE Sensitivity and AIM Analysis
A Rapid Visualization of Results

¢ QuesTek CMD{TM) Interface

B Ale  Edit Help
Window
Tabs —] ‘ThLI | Compute | Create Plot | Merge Plots | MinMMax Analysis | Uncertainty Analysis | Uncertainty Plot |
~CompositionModel Input | Models [basic] .
Name |Test Input Actions ¥ / Ibasic e
Material | | "2 © e v X% iz - Select Model
: w | T ¢ o2 Size tcalc Remove Model
Compositipns,, , - [ ¢ Stider sppc-hom Add Model
and Mode 3 Mo [z 2.':5:31"’" i
Input g4 T(C) sppl:—dl:l Shuw MU“EI Infﬂ
sppc-mec
Parametegs w5 Ratio o *Mm‘ Actions ¥ | Reset Model
~TDBs [SSOL(+M2C)] Export iSIGHT Component
tcfe2k - MSrﬂochennocalcNemﬁh -' Set persistent mode
, . nd . 55014 - fusrflocal/thermocalc/vermnflinux/data’s
Activated o ) 2™ Entries ssol - jusrocalithermocalcivem/linuxidatassol/ssols Set Char Mapping
2™ Entry 1" Entries pure - fustAlocalithermocalcivemainuxidata/pure/purese:
- long entry field geo - fusrflocal/thermocalcivernflinux/dataigeo/geosetuy Replace Argument Char
435 - fusrfiocalithermocalc /vem/linux/datarg3sigassetuf
Message N 1ic) [1z00 < _ B D
Bar \\ TDB Actions & |
__A Progress Bar ‘./
C disallowed second input TP QuesSTew | 200702027
$ LESIlE K Computational Thermodynamics & Kinetics Seminar Materials By Designe
INNOVATIONS LLC 2011-04-06

20




CMD GUIn Post-Processor

A Generates Explorativielots with one

or two variations
A Combines/Overlays Mu
A Adds External Data

ltiple Results

Input | Compute | Create Pict  Merge Plots | Mnfdax Analysis

#: (8.8), 10 points e
¥.(1535) 10poms |2V o Pat sumena. |

Uncartaimty Analysis | Locertanty Plot

Extract |  Hide Options |

Function or Nlems: 2,131 2)

Plat Cptlans

ot Tiow: [Exangis

Xisbel; [T ¥ Labe; [HI |

K- Shirt!Scake: (32 + 8 >

Result file

Avaiable Results

50 - Contoer Vauss; (540 S30H53 5 531)

Comliur Saltngs
* LUnes

i Experimental Data
name in () Rusts Actiens ¥ | 4 Data v
] ‘(ammmnuccncc Enthapy.in ot Lapg | Imsert Pl {
{2) 8 (ke Entopy] Sava to Fie
Dsﬂlll’ . (mJ)[am;cmc Parmliwllos; Start T O"’ T
|| e,
{2) B T (K) X
Results Manager Manager

rasaull Tik(s ) “SafaMoudre) _

amalnde

dpd A50n%* losded

MiedTiae 20030120

LX)

|

Mo Segregation Example

0 01 02 03 04 05 06 07 065 09

Solid Fraction of Interest
Set(s) of iso-
—contour values
for 2D contour
plot

Disallowed

— features are
grayed out and
not assessable
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CMD GUIn Sensitivity and AIM Analysis

3 compositions and model inputs
LA (such as HT conditions)
/ \ described as uncertainty

- . robability distribution
mean Width P y m
File Edit Help E
Input | Compute | Create Plot | Merge Plots | Mintax Analysis | Uncertainty Analysis Uncertainty Plot | ﬁ
Results Hle:[momefhjjuufpmjectfcmdz.-’uifjunk.dat Load File View File ‘ .

Select Entry: IC ¥ Input, min=0.153183349461, max=0.242325271895

Data Range Selection
Minimum |-1299 Maximum 1299 _1 Skip Failed Computation Reset |

d, dP per point=0,

~Plot Configuration

Plot Title [This is a test

X-Axis Label |C
X-Awis Minimum |0.145726583339 X-Axis Maximum |0.246782338017
~Histogram MNormal Probability Plot

Plot | Bin Witth (empty for default)[0.005 | Plot | Minimum Probability Shown %0.01

uncertainty result loaded | QRuesTew 20070227
Q UES =K Computational Thermodynamics & Kinetics Seminar Materials By Designe
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Approaches forlntegrating Thermo-Calc/DICTRA

Software | Type
PARROT | Macro
TCLib IPC
TQ API
s~ =~
’ N\
/ TCIPC || IPC
i
. TCAPI /| API
. /
S —

External

Speed| DICTRA Codes

No
Yes

Yes
Yes

Yes

Access

ibility
Partial
Full

Partial

Full

=]

Multiple

Instances

Programming

Facility

Limited
(PARROT)

Full (C)

Full (F77)

Full

(C/C++/Python)

Full (C/C++)

Error

Detect Author
NES TC-AB
NES TC-AB
NES TC-AB

<ol [QuesTek

Yes TC-AB

Aueslier
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e s ImESEY Model Integration Example: Castable
High Strength AA7xXxX

_________________________________________________________________________________________________________________________________

User Overall Surface Energy dT/dt or O, Surface Energy
Input| | Compositions gLkl T Content FCCILIQ |
__________________ VA_\
PrecipiCalc
v Primary L1,
[ Thermo-Calc ] i PreCipiCaIC
L1, Particle Inoculation
Size
T, (FCC) Distribution .
(PSD)
LIQ ~ Grain Size
—» Compositions [ PSD Width
w/o| L1, . Correction
¥
Corrected L1,
PSD
TC|DICTRA
Ql_j ESleE Computational Thermodynamics & Kinetics Seminar Materials By Designe
e - 2011-04-06 o
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Model Integration Example: Design of Low Cost
T1 Casting Alloys

Computational Models

Design Parameters

| =1

TB—transus

Equilibrium Calculation

Scheil and Growth
Restriction Model <

Martensitic Start
Compositions* Temperature

Tliuuidus

ﬂ-I-soli(jiﬂcation

Eutectic Fraction

Growth Restriction
™ Factor, G

TTT Model

Solvus Model \\

To, Mg

Strength Model N

™~ TTT Diagrams

T~
TC DlCTRA\* >~ | T of Intermetallics

ThermoTech T Ti-Data QuesTek\

VAN

/

Thermodynamics Mobility ™~ UTS
@ HES I EH Computational Thermodynamics & Kinetics Seminar Materials By Designe
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. orati | Tradeof Analys

Matrix + Strengthening Grain Pinning Dispersion
Dispersion Design Design
WAL RALE AAAR bR { bAddd hiihd | A REA { piddd Bikdd fiddl kakt) kidda) "1'(?\ [7\:0,;"\I""‘] ) \\",I’"(,‘(.‘A(A“'
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> 1126404 - " 112404 - . aos L S e L . .
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[ ks it v & T(C)
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c
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Sensitivity Analysis on S53 Compositions

Composition Sampling
(Wt%, £6s):

C £0.01Cr £0.2 Mozx0.1
W £0.1 Co+x0.3 Ni £0.1

Variations of;
Structured carbidesolvusTs, martensite
Ms, precipitation contrdDG 0 s

V +0.02

Propertyd hardnes$iRc, toughness CVN

1000 Monte Carlo runs (12 minutes on a Pentium IV 2.2GHz CPU)

Probahility Distribution far SN Prohahility Distribution far DiGE(k2C) Prohahility Distribution for DG( Intermetallic)
£ £ 2
-2 80 - mean val = 467653 = I mean val = 156609 2 BO [ mean val = 351854
% Al - st dev = 1.1657 % ad std dey = 0.0310322 TC % |- std dev = 0.0148247 TC
E 807 E 50+ E B0
i 7] i . iy
5 40 —_ b 40 —_ S 40 __
& 20 S 20 S 20
£ ... 12=3 . {2
= ] aululll FEFF = - ___.—Illll I lll.n_ = = ]
= | T | = | | | = | | |
41.7694 46,7654 50115 15.5581 15,6609 1574388 376713 3.81854 3.8596
CWM DGEIMZC) DGE( Intermetallic)
Frobahility Distribution for k43 Frobahility Distribution for HEG Frobahility Distribution for T
£ Z Z
a0
-2 80 - mean val = 182,146 -2 B0 | mean val = 53.6696 = mean wal = 102015
o | - st dev = 111497 TC o |- std dev = 0104583 DICTRA © | stel dew = 1.21442 TC
E 60 3 60 - S 60
404 ¥ 40 TC| |2 a-
=] | [=] _ [=] i
ot
o s} i s} |
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Example of CMDY ISIGHTRobust Optimization
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S53 n Design For Scale

12 1 1 1 1
o Solidification Simulation
8- i
2
2 6 DICTRA |
=
4 - n
edge
2 center B
0 T T T T
- 0 20 40 60 80 100
- Time (hr.)
016 1 1 1 1 1 1 1 1 1
12 hours
0.14 - co
S o121 Homogenization Simulation
L .
c
g 0'10‘&_
(@]
% 0.08 - -
8
@ 0.06 Ni -
L
< 0.04 1 B
g Mo DICTRA
= 0.02 —h—

N ———

T
T 0O 2 4 6

T 1 T T T T T T
8 10 12 14 16 18 20

E-5
Distance (m)

10 microns

Scan line

m300I1b
"m3,0001b
m 24,0001b

225 225

161515

YS [ksi] UTS [ksi] EL.[%]

RA [%]

iy
-nn!

Aueslier
INNOVATIONS LLC

Computational Thermodynamics & Kinetics Seminar
2011-04-06

Materials By Designe

20



Probabilistic Modeling of Manufacturing Variation:
Forecast of Minimum Design Properties

Accelerated nsertion of Materjals

Process Variation PrecipiCalc YS Model YS Distribution

DICTRA

_.0.990

< 0.900
0.750

0.500

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

' ;; m

0.005F _ & R ._\n=129
n=701

m®aA A [}

O00T et

150 155 160 165 170 175

Yield Strength, ksi
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Accelerated Insertion of Materials (AlIM)
Application Example: Ferrium S53®

Predicted A-basis minimum = 280 ksi UTS A-basis minimum: 280 ksi UTS
0.990 -
S . 2t
0s00| Prediction  Heatl g ergs 5
> 0.250 O
3 0.100 Experimental A Mear-value
.E 0.050 Data AIM Predictions
(2
0.010
0.005
0.001 ] g
DICTRA { 3
-—— 7T AMS MIL-HBK 5
275 280 285 290 205 300 Specification A A-GAllowables
UTS, ksi
Aaim methodology has demonstrated reliable predictions for design minimums
Aallows designers to apply design models to estimate property variation prior to
full design allowable development
AReduces costs and risks of material design and development
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Outline

A Intro: QuesTek and Materials by Design

A Mechanistic Modeling With ThermoCalc and DICTRA
A Implementation With ThermoCalc and DICTRA

A Materials by Design Calculation Examples

A Future Directions
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Future Directions

A Model uncertainty and prediction confidence level

A Integration with additional system design framework
and methods

A New computer hardware and software architectures

A Further integration with component-level process
simulations

A Robustness improvement

A Cross platform

Q uEs | = Computational Thermodynamics & Kinetics Seminar Materials By Designe
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Computational Materials Qualification Acceleration

g | O0-1AMMPDS handbook update issued
D
L4 | éa%El +Aadditional property data developed
% 4 & O —+ALoth multi-ton full-scale ingot produced
c |
% 4 A ——AAerospace Materials Specification issued
ko ‘ -
= S53 \ 4 i —+Astatic property data developed
= 8.3yrs ¢ 5 B —+A8rd multi-ton full-scale ingot produced
= ¢ —gyrs® —+ALst multi-ton full-scale iIngot produced
\ 4 ] —+Astatic properties demonstrated at prototype

B Q) B S s B e LS I ﬁSystem design chart (design goals) established
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Dates
5 design 1 design Flrst_SSS Ianc_hng gear field
iterations iteration service test flight occurred
on Dec. 17t 2010
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The Next Fronti er e
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