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Motivation: A-USC Coal Power Plants Eco-Efficiency

T ~ 700-760 °C

P = 30-38 MPa

50 % efficiency

Lower CO2 emission



Wire Arc Additive Manufacturing (WAAM)
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ARC 605 : 5-axis machining: Production of metallic 

components up to 0.8 m³ with a maximum mass of 500 kg.

T.A. Rodrigues, Materials. 12 (2019). 

❑ AM process similar to direct energy deposition

❑ Uses an electric arc as the heat source

❑ Solid wire as feedstock material

❑ Main advantage is its high deposition rates and 

minimal wastage of material

❑ Low running cost and short production cycle

❑ It can produce large metallic parts

❑ Main disadvantage is the precision of as-built parts 

may be lower than those by powder-bed systems



Systems Design Chart for Haynes 282
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STRUCTURE

• Porosity

• Grain texture and grain size

• Residual stress (low)

• MC carbide

• M23C6 | M6C

• Grain texture 

• Grain size

• Homogeneity 

UTS

760C: 856 MPa (124 ksi)

RT: 1147 MPa (166 ksi)

Ductility

760C: 22%

RT:  30%

PROPERTYPROCESS

Creep at 760C

100h, 393 MPa (57 ksi)

1000h, 283 MPa (41 ksi)

Hot cracking resistance

Matrix fcc phase

Precipitation
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Yield Strength

760C: 628 MPa (91 ksi)

RT: 715 MPa (104 ksi)

Oxidation Resistance in 

Flowing Air

982°C for 1008h 

Metal loss: 5 µm
Wire-Arc Additive 

manufacturing

(Wire composition)

Homogenization

(w/ and w/o HIP)

Solutionization

Aging

• μ phase

• σ phase

• L12-γ’ particle

As printed microstructure

• MC, D024-Ni3Ti, and μ
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A1. As-print microstructure study on 

WAAM HAYNES 282

A2. Recrystallization study on 

WAAM HAYNES 282

A3. HT Aging study on WAAM 

HAYNES 282

B1. Location specific 

microstructure respond based on 

processing parameters (print + 

heat treatment)

Shape effect:

Height & Cross section

Planned studies in this project 

Cone 

shape

ICME modeling enhanced by machine learning 



Printing strategy difference: Meander vs. Single Bead
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Single beadZigzag, Meander

Multitrack Single Bead Haynes 282

4
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Multitrack Meander Haynes 282
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As-printed microstructure: Meander vs. Single Bead
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As-printed microstructure : Meander vs. Single Bead
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500 μm

Hardness Map of Meander Hardness Map of Single Bead
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Haynes 282: Meander vs. Single Bead (Recrystallization at 1200°C)
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Haynes 282: Meander vs. Single Bead (Recrystallization at 1250°C)
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Haynes 282: Meander vs. Single Bead (Recrystallization at 1300°C)
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Experimental Procedures
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• Aging #1 induces the precipitation of 

M23C6 carbides

• Aging #2 is responsible for the 

precipitation of the γ’ 

• Water quenching is performed at the 

end of each heat treatment stage to 

accurately control the precipitation 

kinetics 

• 4 samples: as-printed, solutionized, 

after aging #1 and after aging #2

Recommended heat treatment for cast Haynes 282 alloys



Evolution of Carbides as a Function of Heat Treatments 
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• Combined analysis with secondary

electron (SE) and EDS mapping

• (Ti, Mo)C carbides are 1~5 µm in the

as-printed sample and reduced to ~1

µm after solution treatment. They

remain almost unchanged in the

subsequent aging treatments.

• The (Cr, Mn, Mo)23C6 carbide shows up

on the grain boundaries after the aging

#1. They look almost unchanged after

aging #2.

1150oC, 2h

1010oC, 2h

788oC, 8h



Phase Identification with Electron Diffraction
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• The (Ti, Mo)C and (Cr, Mn, Mo)23C6

phases shown in the last slide are 

confirmed with TEM bright-field imaging 

along with electron diffraction. 

• The Fmത3m structures (F.C.C.) of the (Ti, 

Mo)C and (Cr, Mn, Mo)23C6 carbides 

are confirmed.

• The lattice constants of the (Ti, Mo)C 

and (Cr, Mn, Mo)23C6 carbides closely 

match with the previous reports.

1150oC, 2h

1010oC, 2h

788oC, 8h

1. Mater. 6 (2013) 5016–5037. 

2. Crystals 2021, 11(8), 867



γ’ Precipitation in the As-Printed Material
15

• γ’ needles/thin plates are present in 

the as printed material

• The widths of the needles are 1~2 nm 

(a few atomic layers)

• The needles are found along the 

{111}-type atomic planes
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γ’ Evolution with the Heat Treatments

As-Printed: γ’ needles
1150°C, 2h + 1010°C, 2h + 

788°C, 8h
Diffraction Simulation

• γ’ needles are found in the as printed 

sample, and γ’ spheres are present in 

the one after full heat treatments .

• The presence of γ’ precipitates are 

confirmed with electron diffractions.

• The γ’ needles have coherent or semi-

coherent interfaces with the γ matrix, 

and the γ’ spheres have incoherent 

interfaces against the matrix.



Nucleus of γ’
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1150°C, 2h + 1010°C, 2h + 800°C, 6h

• Nucleus of the γ’ phase from the γ matrix is around 3~5 nm.

• Intensive internal stress in generated within the γ matrix while almost no stress in present in the γ’ phase,

confirming the γ/γ’ lattice mismatch and softer nature of γ compared with γ’.
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A1. As-print microstructure study on 

WAAM HAYNES 282

A2. Recrystallization study on 

WAAM HAYNES 282

A3. HT Aging study on WAAM 

HAYNES 282

B1. Location specific 

microstructure respond based on 

processing parameters (print + 

heat treatment)

Shape effect:

Height & Cross section

Planned studies in this project 

Cone 

shape

ICME modeling enhanced by machine learning 
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Height (Z):

Top | Middle | Bottom

Radius (±R) :
Left | Center | Right

Printing Pattern

Layer Thickness

Interlayer temperature

Interlayer Idle time

Voltage/Current

Pulse Power 

Wire Feed Rate

Torch Traveling Speed

& Working Distance

Shielding Gas

Ni, Co

Ti, Al

Nb, Cr, Mo

C, B

Fe, Mn, Si

Phase fraction

& composition

Precipitate size

Grain Size

& morphology

Dislocation 

Density

Residual Stresses

Texture

Vickers

Hardness

Phase fraction

& composition

Precipitate size

Liquidus

Solidus

Freezing Rage

TEC, α

Latent heat, L

Yield 

Strength

Vickers 

Hardness

Printing

Parameters

Experimental 

Variables

Composition 

Variation
[wt.%]

Input for ICME/ML models

Data bank collection for location specific microstructural analysis (ML)

Modeling 

Variables
Location
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ICME framework for Modeling Variables

As-printed Microstructure

Scheil-Gulliver predictions 
of phase fraction and composition

Post-heat-treated Microstructure

Equilibrium predictions 
of phase fraction and composition

Solidification Properties

Heat Capacity, Cp

Latent Heat, HL

Thermo Expansion Coefficient, TEC

Printability Index

Liquidus, Solidus and 

Freezing Range 

Yield Strength &

Hardness model
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Modeling Framework: Yield Strength Model

CalculatedInput

Target 

Properties

Property 

Models

A
llo

y
 C

o
m

p
o

s
it
io

n
 &

 H
e

a
t 
T

re
a
tm

e
n

t 
P

a
ra

m
e
te

rs

1) Peierls-Nabarro stress of Ni + Dislocation strengthening 

3) Matrix Composition 

at aging Temperature

Solid Solution 

Strengthening

2) Grain Size 

at aging temperature

Grain Boundary 

Strengthening

4) Vol. % & Size of γ’ precipitates 

at aging temperature

Precipitation 

Strengthening

Hall-Petch Model

Gypen-Deruyttere model

Galindo-Nava Model

Yield Strength 

(MPa)

Yield Strength 

Model

Hardness (HV)

• From literature reported values

• Experimental (EBSD) measurements

• Experimental (EDS) measurements (location sensitive)

• Thermo-Calc (TC) predictions (bulk generalization)

• Experimental (BS) measurements (location sensitive)

o Unimodal or Multimodal distribution

• Thermo-Calc (TC) and TC-Prisma predictions (bulk generalization)

• Data driven fitting coefficient

to compensate experimental

measuring limitations

• Data driven 

empirical relation



Room Temperature Yield Strength Model: Calibration with cast HAYNES 282
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Annealed:     1120 °C/ 2h - -

1st Aging:      1010 °C/ 2h       1010°C/ 2h          996 °C/ 2h

2nd Aging:       788 °C/ 8h        788 °C/ 8h          788 °C/ 8h 

Annealed:   Commercial solution treatment (1121 – 1149 °C)

1st Aging:        800 °C/ 4h        800 °C/ 6h          800 °C/ 8h
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𝐏𝐨𝐰𝐞𝐫 𝐅𝐢𝐭𝐭𝐞𝐝 𝐘𝐢𝐞𝐥𝐝 𝐒𝐭𝐫𝐞𝐧𝐠𝐡𝐭 𝐌𝐨𝐝𝐞𝐥: σyield = (σPN
k + σGS

k + σSS
k + σP

k)1/k, 𝒌 = 𝟏. 𝟎

𝐀𝐯𝐞𝐫𝐚𝐠𝐞 𝐄𝐫𝐫𝐨𝐫 = 𝟑. 𝟏𝟔 ± 𝟐. 𝟖𝟕



High Temperature Yield Strength Model: Calibration with cast HAYNES 282
23

Annealed:    ----------------------1140 °C/2h  AC------------------

-1st Aging:    ----------------------1010 °C/2h  AC------------------

2nd Aging:     ---------------------- 760°C/24h AC-----------------

Test Temp: 600 °C         700 °C        760 °C        800 °C

𝐏𝐨𝐰𝐞𝐫 𝐅𝐢𝐭𝐭𝐞𝐝 𝐘𝐢𝐞𝐥𝐝 𝐒𝐭𝐫𝐞𝐧𝐠𝐡𝐭 𝐌𝐨𝐝𝐞𝐥: σyield = (σPN
k + σGS

k + σSS
k + σP

k)1/k, 𝒌 = 𝟏. 𝟎𝟔

𝐀𝐯𝐞𝐫𝐚𝐠𝐞 𝐄𝐫𝐫𝐨𝐫 = 𝟕. 𝟐𝟔 ± 𝟑. 𝟔𝟎
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Annealed:    1135°C/20min    WQ               AC                FC 

-1st Aging:    1010 °C/2h         - - -

2nd Aging:     788°C/8h       800C/4h       800C/4h       800C/4h

Test Temp:    -------------------------750 °C---------------------------------

676 664 680 689686 664 631 605

0

200

400

600

800

Y
ie

ld
 S

tr
e

n
g

h
t 

(M
P

a
)

Zhang et. al (2018)

Prediction Measured



Part scale residual stress prediction: Flowchart

Detailed thermomechanical analysis
• Complex shape: Cylinder/cone
• Limited part size (~20 layers)
• Moving heat source model
• Output: Temperature field, stress field, 

melt pool

DDD model
• Part scale
• Grain texture

MP geometry, 
temperature gradient

EBSD 
result

Calibrate/
validate

Isolate location 
specific grain shape

Global-local analysis
• ROI grain shape

ML algorithm
Training: grain shape, part 

location, preheat condition

Grain scale (m) residual 
stress prediction

XRD

Calibrate/validate

Thermocouple 
measurement

Calibrate/
validateμ-scale 

residual stress
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Thermal property requirements

• 3D heat conduction equation: 𝝆𝑪𝒑
𝜕𝑇

𝜕𝑡
+ 𝑈𝑖 𝛻𝑇 = 𝛻 𝑲 𝛻𝑇

• Thermal boundary condition: 𝑲
𝜕𝑇

𝜕𝑛
+ ℎ 𝑇 − 𝑇0 + 𝜎𝜀 𝑇4 − 𝑇0

4 − ሶ𝑄 = 0

• Initial and final condition: 𝑇 𝑥, 𝑦, z, 0 = 𝑇0 = 𝑇 𝑥, 𝑦, z,∞

• In the simulation, the heat source is represented by the double ellipsoidal heat 

source model with ሶ𝑄 is defined as follows,

Parameters 𝑎, 𝑏, 𝑐 obtained by calibrating the double 
ellipsoidal heat source model 

ሶ𝑄 =
6 3𝜂𝑃𝑓

𝑎𝑏𝑐𝜋 𝜋
𝑒𝑥𝑝 −

3 𝑥0 + 𝑣𝑠𝑡 − 𝑥′ 2

𝑎2
−
3 𝑦′ − 𝑦0

2

𝑏2
−
3 𝑧′ − 𝑧0

2

𝑐2

25



Heat source calibration: Single track

Temperature distribution from FE 
model for single track deposition

Dimensions of single-
track deposition

Comparison of melt pool half width and depth 
between optical measurement and calibrated FEM

𝑎 = 10, 𝑏 = 40, 𝑐 = 0.6

26



Mechanical property requirements

(3) Yield criterion (to define 
plastic flow initiation)

𝜎𝑒𝑓𝑓 = 3𝝈𝒚

von Mises effective stress

(2) Constitutive relation: 
𝑑𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙

𝑒 𝑑𝜖𝑘𝑙
𝑒 + 𝑑𝐶𝑖𝑗𝑘𝑙

𝑒 𝜖𝑘𝑙
𝑒

𝐶𝑖𝑗𝑘𝑙 = 𝑓(𝑬, 𝝂)
(for isotropic materials)

(1) 𝑑𝜖𝑘𝑙
𝑡ℎ_𝛼 𝑇 = 𝛂 𝑇 − 𝑇0

Isotropic hardening model

(4) Hardening: Progressive development of yield surface,

𝑓 = 𝜎𝑦 𝑘 𝑘 = 𝜖𝑒𝑓𝑓
𝑝

𝑑𝜎𝑒𝑓𝑓

𝑑𝜖𝑒𝑓𝑓
𝑝 =

𝑬𝑻

1 − ൗ𝑬𝑻
𝑬

𝑑𝜖𝑘𝑙
𝑒 = 𝑑𝜖𝑘𝑙 − 𝑑𝜖𝑘𝑙

𝑝
− 𝑑𝜖𝑘𝑙

𝑡ℎ_𝛼

(5) Uniaxial stress-strain 
curve at different T
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Thermomechanical simulation

Temperature(°C) Stress, 𝜎𝑒𝑓𝑓(Pa)

Simulation time ~68 hrs.

28



Thermal model calibration: Cylinder
29



DDD model calibration: Multitrack

• Comparing pole figures at 

different locations

• Cannot simulate entire block. 

Simulating in parts

Simulation

EBSD

Grain growth simulation using MP dimensions 

obtained after heat source calibration

30
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A1. As-print microstructure study on 

WAAM HAYNES 282

A2. Recrystallization study on 

WAAM HAYNES 282

A3. HT Aging study on WAAM 

HAYNES 282

B1. Location specific 

microstructure respond based on 

processing parameters (print + 

heat treatment)

Shape effect:

Height & Cross section

Planned studies in this project (next step)

Cone 

shape

ICME modeling enhanced by machine learning 
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