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TALK OUTLINE

= |ntroduction to QuesTek Innovations LLC

= Background of 3" Gen AHSS and Q&P steels

= Design approach and Flowchart

= [nfluence of Q&P processing parameters

= Thermodynamic models development and validation
= Design of Q&P steels using developed ICME models

= Summary and ongoing efforts at QuesTek related to AHSS




QUESTEK INNOVATIONS LLC

= Global leader in computational materials
design, property modeling and
chemistry/process optimization

= QuesTek ICME approach applied for
design/deployment of novel materials for
government and industrial sectors

= Materials designs and property modeling
expertise in casting, forging and Additive
Manufacturing, and subsequent HIPing and
heat treatment processes

= Systems-based design approach utilizing
computational tools to model key process-
structure and structure-property linkages

= Replacing the legacy trial-and-error
approaches with parametric materials design
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QUESTEK DEVELOPED MATERIALS

= |CME Designed Steel for Aerospace applications

Ferrium S53 roll
pin for C-5 4
aircraft

Ferrium® S53® structural steel
USAF landing gear, flight-critical space components

From material design to flight in 10 years

Ferl’ium M54® StrUCtUra| Steel Ferrium M54 hook shank foSk45 airg@flf"
T-45 hook shank; commercial landing gear - Y )
evaluations *

From materials design to flight in 7 years

Ferrium coe1l helicopter
rotorshaft for Boeing Chinook,
allowing 20% higher power;
Production expected to start in
2021

Ferrium C64® and C61™ carburizable steel
Qualified by Bell Helicopter, Boeing and Sikorsky for
next generation helicopter transmissions for DoD,
replacing incumbent steels used for 50 years

Commercially available from Carpenter Technology



EXAMPLE STEEL PROJECTS AT QUESTEK

= |CME Designed Steel for Energy and Transportation applications

Application

High strength, Sulfide Stress Cracking  Oil and gas casing and

resistant steel tubulars Commercial
Weldable, high Cr ferritic steel Supercritical power DOE funded SBIR
generation boiler tubes program

Low cost, high performance gear steel = Automotive transmissions Commercial

High strength and toughness castable Structural components USMC funded SBIR
Ferrium PH48S™ stainless steel P program

Additively as-printed high strength and  Structural Naval ONR research program
toughness steels applications

High strength high toughness plate

Tran r lication mmerci
steels ansport applications Commercial

Many other Steel development projects related to additive manufacturing...




QUENCH AND PARTITION STEELS
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MATERIALS SYSTEMS DESIGN CHART GDI

Processing Structure Properties

Austenite Phase
. . Strength
1. Composition (carbon and other alloying elements) J
2. Volume fraction
3. Particle size

Final cooling

Partitioning time

g Uniform
P ductility e
artitioning temperature . . '
C‘[ g =mp Bainite formation (Elongation) gh
_ Carbides (cementite/transition) §
C Heating rate QT to PT Dislocations (carbon trapping) D
Fracture =
C‘[ Quenching temperature ductility _(Hole
Martensite phase h expansion)
Solution treatment (FA) 1. Volume fraction and different generations
2. Composition
. 3. Nature of martensite i.e. plate or lath
Alloy composition | 4. Dislocation substructure in martensite ) Cost




DESIGN FLOWCHART
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THERMODYNAMIC MODELING

Carbon partitioning model

= Major factors affecting carbon partitioning

Y a
= Alloy composition
=  Partitioning temperature (PT) DE added
= Quench temperature (QT) - smaller effect to BCC

= Para-equilibrium simulations using ThermoCalc© & DICTRA®
= Chemical potential of carbon same in both phases
= No movement of substitutional alloying elements

=  Movement of austenite/martensite interface possible

= added ‘effective stored energy’ contribution to product phase Y a’
= eff. SE=G, + WP + WSS —>
y DE added
=  Stored energy contribution due to
&y to FCC

= Resistance to interface movement due to solid solution elements,
forest dislocations

Behera, A. K.; Olson, G. B., Scr. Mater. 2018, 147, 6-10
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THERMODYNAMIC MODELING

Retained austenite stability model
= Major factors affecting austenite stability
= Chemical composition (esp. carbon content) g
= Morphology / size of retained austenite 2
B
= Quantified in terms of the “Ms°® temperature” S
= Stress-assisted mode to Strain-induced mode
= Experimentally measured using uniaxial tensile tests
= Based on the martensite nucleation theory
3 AGChem g AGMech = Ac-“‘Crit at T=Ms° and cj=YSS|ip Deformation-induced Olson G.B.énCOhen M., J. Less-Common Metals, 28 (1972)
" AGgpem =Gacc — Gree = F(X;, T) - determined using ThermoCalc© 4 transformations . . | @ |
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ROLE OF PARTITION TEMPERATURE

Carbon partitioning model Austenite stability model
0.2C 2.2Mn 1.5Si 0.2Cr 374, PE model predicted Cppy -
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ROLE OF PARTITION TEMPERATURE

= Model validation using a set of 7 new prototype alloy compositions and Q&P processing

= New designed alloys (composition + QP cycle) showed good agreement of austenite carbon content
and austenite stability with predicted values
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Q&P STEEL DESIGN UTILIZING MODELS

Example Q&P processing design:

Alloy composition: Fe-0.18C-2Mn-1.5Si-0.2Mo

REt Y, caustenite
Initial QT=350_2K/s PT=450°C(100sec) 978 1202 10.4 4.7
New Cycle QT=290 25K/s_PT=420°C(75sec) 1213 1308 16 5.3 5.1

= |CME-designed Q&P processing cycle showcases improved TS,TE combination

= Quench temperature optimized to increase the yield/tensile strength
= Partition temperature optimized for optimal austenite stability
= Results in improved elongation due to optimal TRIP effect
= |mprovement in elongation in spite of lower phase fraction (due to carbide precipitation)
=  Further improvement is possible upon limiting the carbide precipitation




Q&P STEEL DESIGN UTILIZING MODELS

Optimal Q&P process design for different alloys:

B 7 S T T
0.2C-2.2Mn-1.5Si-0.2Cr 300, 450 1203
0.2C-2.2Mn-1.5Si-0.2Cr 270, 410 1358 1.7 13
0.18C-2Mn-1.5Si-0.2Mo 290, 420 1308 7.6 16 °\°..
0.2C-1.8Mn-1.5Si-0.2Mo 310, 420 1342 9.3 14.5 g
0.25C-1.5Mn-2Si-0.2Mo 275, 410 1471 6.1 11.4 ‘g
0.25C-1.5Mn-2Si-0.2Mo 335, 430 1406 10.1 14.2 g
w

= Optimizing the Q&P processing helped maximize the

D. K. D. K. Matlock, et. al., Jestech, 2012.

strength-elongation combination at lower Mn alloying levels

=  Further improvement in properties is possible with
composition optimization and additional alloying additions

50 - —
45 - ; ‘I. IRII 5
40- [}%‘E][;‘]‘ ‘I‘: o
35_ \\ {‘ Mn TWIP/TRII
30{ @y
M U a :
258 , OF 0.18C-2Mn
‘A o 0.2C-1.8Mn
- A
20 s N // 0.25C-1.5Mn
1.2 020 KL
15 A A
101
1 & ;a t \ ”l\ th ‘reports
51 P 7o
800 1000 1200 1400 1600 1800

Tensile Strength, MPa




OTHER ASPECTS OF Q&P INVESTIGATED

= The role of partition time

= DICTRA® simulations with added effective SE to the BCC phase & modified C

in alloy due to carbides

=  Simulations can be used to predict partitioning Kinetics for
= Different steel compositions, different PTs and austenite size

= Time scale for homogenization matches time for peak change in length from

dilatometer
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SUMMARY

Predictive thermodynamic models were developed and validated for
= Carbon partitioning during Q&P process

= Retained austenite stability in the Q&P microstructure

The role of quench and partition temperature/time on the carbon partitioning and
austenite stability were established and quantified

Design of optimal Q&P process cycles for any composition showcased with use of the
developed thermodynamic models

= Design of optimal composition would take into account weldability, carbide
precipitation and other processing challenges

Further property improvement is currently being investigated via new alloy composition
design focusing on

= Reducing carbide precipitation

= |ncreasing the austenite fraction with optimal austenite stability




CURRENT EFFORTS AT QUESTEK

= Currently pursuing industrial partnerships to define
= The performance metrics for specific application of Q&P steels
= Exhaustive list of material properties required by end-user

= The list of material processing constraints/challenges faced by steel producers

= Experimental efforts in internally-funded project towards
= Optimizing multiple austenite stability for property improvement
= [nfluence of retained austenite films vs blocky austenite

= Development of new Q&P steel grades to ensure

=  Minimal carbide precipitation
(utilizing thermodynamic and kinetic models for carbide precipitation)

= Adequate spot-weldability
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Thank you for your attention!

Any questions? Contact information:
Amit Behera
?A\ Materials Design Engineer
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ROLE OF QUENCH TEMPERATURE
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= At higher QT, austenite carbon content decreases with decreasing QT
= increasing WP due to dislocation density of increasing martensite fraction
= |ncrease from QT250 to QT225
= due to reversal of direction of interface motion
= Austenite phase fraction reduces upon reversal of interface motion
= Higher amount of carbide precipitation upon reversal of interface motion
= Sign change of dissipated energy terms upon interface reversal lowers eff. SE




OTHER ASPECTS OF Q&P INVESTIGATED

= Multiple Austenite Stability in fully-austenitised Q&P alloys
=  Temperature-dependent ductility variation in the matrix martensite phase
=  Bimodal retained austenite stability due to
= |nhomogeneous carbon content
= Difference in morphology (blocky vs film-type)
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