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Primary Circuit

Anti-vibration bars:

Alloy 600, 405 SS
Vessel: alloy steel
Clad: 308, 309 SS

Carbon steel

Steam dryers:
304 SS

SG vessel wall:
Welds: Low alloy steel
* SSto SS: 308 SS

* Steel to SS: 308, 309

CRDM housing:
Alloy 600MA, 690TT

Moisture
Separator
Reheater,

Closure studs:
Alloy steel
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Vessel:
* Alloy steel
¢ Clad: 308, 309 SS

0,00

4,08,000

MSR:
439 ferritic steel
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Secondary Circuit

Turbine:
* Rotor: low alloy steel
* Blades: 17-4PH, 403 SS
* Blade attach: low alloy steel
* Diaphram, Cr steel

Electric
Power
Generator:
* Retaining ring:
high strength,
l Generat . high toughness
Power * CoOpper
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Transformer conductors

00,0
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Condenser tubes:

Control rod:

* TiorSS
tubes

* SSclad
* B4C + SS poison

Core structurals:
304 SS

Condenser tubesheet:

* Cathodic protection

Cooling or titanium clad

Water

Condenser structural:

High strength:
A 286, X 750

Fuel cladding:
Zy-4, advanced Zr

“alloys
Fuel: UO,

(,oolant

Primary piping:

304, 316 SS Primary plenum clad:

308, 309 SS
Pump materials: Divider plate: SG tubesheet:
* Hi Str: A 286,17-4 PH, X 750 Alloy 600 Low alloy steel
¢ Structural: 304, 316 SS ]
« Impeller housing: cast SG tubing: Tube supports:
stainless Alloys 600MA, 405 SS
600TT, 690TT,
800 Welds:

Steel to SS: 82,182
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Water side: carbon steel

Cooling Water: River or
Sea Water, Cooling Tower

Preheater tubing:
304 SS

Secondary feedwater piping:
Carbon steel

T. Allen et al., Materials Today, 13(12) (2010) 14-23.
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Dissimilar metal welds between ferritic to austenitic

materials in nuclear power plants
Problem: Carbon diffuses from the ferritic steel towards the austenitic alloy

2.2 —
- 20 B — caleulated profile ]
un 2 18 ® gxperimental data |
-B call INCONEL 2.25Cr—-1Mo E 1sf
{ Cr T el
= W , l g
E |,2_—
T ] E 10f
< o4 2 0s
g * :
}_ g 0.6
<C = 04
0 3.
5 W - 0.0 L i ! I . . I
wJ -50 0 50 100 150 200
O I Distance from the Weld Interface ( pum)
C7S Huang, Metall. Mater. Trans A, 1998
o

01020 30 40 50 60 70 80
DISTANCE, um

Laha, Metall. Mater. Trans A, 2001

Courtesy of creep testing at ORNL

Consequence: Carbon depleted zone in steel = Poor creep performance
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Solution: Reduce carbon diffusion to

iImprove creep performance
Approach

Fabricate transition joints by
additive manufacturing

Thermodynamic and kinetic
models for designing
composition profiles that
minimize carbon diffusion
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Uniform carbon concentration = Chemical potential gradient
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Goal: Reduce carbon chemical potential gradient

Dissimilar metal weld

T=773K

Large thermodynamic
driving force
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Functionally graded material

T=773K

Gradual change
Low driving force
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Goal: Predict carbon migration after years of service

Dissimilar metal weld Graded transition joint
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Testing calculations against independent experimental data

L4 : O Huang 1998
B : Simulation
1.2 |
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Experimental data from M.L. Huang, L. Wang, Metall. Mater. Trans A, 29 (1998) 3037-3046

Comparison

Good agreement between
calculated and measured
carbon diffusion profiles

Accumulation of carbon in
austenitic material along
interface

Carbon depletion in ferritic
material along interface

Confidence to apply the
model to functionally graded
materials
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Directed energy deposition

34 mm 5 Layers 9-12

Wit% of element

Powder Al Cr Fe Mn Ni Si Ti C @] P S
Pre-blended powders were

Pyromet®
800 0.38 21.0 Bal. 0.88 340 062 0.41 0.095 0.015 0.003 0.006 entered |nt0 the pOWder
Fe - - Bl - - - 0005 - - 0016 fapder at increments of 10%
Cr <0.01 Bal. 0.07 - - <0.01 - 0.004 0.43 0.0013 0.023 8OOH
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Can composition be controlled using pre-blended powders?

Using pre-alloyed powder 100[
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29 mm above

substrate Schaeffler Constitution

Diagram

30 | ¢

Austenite «  Commonly used when welding low

alloy steels, austenitic stainless
steels and dissimilar alloys

* Relates the composition to
microstructure based on common
cooling rates found in welding

10

« Measured chemical compositions
from EPMA were used to calculate

Ferrite Nigq and Crg

0 * 10 20 30 0 ° Here, amartensitic to austenitic
Cr microstructure is predicted

PennState

College of Earth Department of Materials Science and Engineering

and Mineral Sciences




Microstructural characterization

Significant changes in microstructure and microhardness are observed

Martensite A+ M Austenite

,g

ickers Hardness '[HV]
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Soft zone formation near baseplate

Martensite A +M Austenite ) . .
400 |- : : Continuous cooling diagram
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Bainite is the microconstituent most likely to
form during cooling other than martensite
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Secondary phase formation

Experimental observations

Fe Kal

SEM with EDS composition maps

Grain
boundary

Dendrite

| arm

Dendrite ‘
core \

Carbides

| |

Ti-rich particles near grain boundaries/interdendritic regions

10pm
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Calculations

Equilibrium secondary phases Scheil-Gulliver solidification
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Although both M23C6 and MC carbides are stable at operating temperatures (773K),
only MC is predicted to form when considering solidification
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e (Carbon diffusion across dissimilar metal welds between
ferritic and austenitic material leads to premature failure

* Functionally graded materials drastically reduce carbon
migration by reducing the carbon chemical potential

* An appropriately graded transition joint will take
approximately five times longer to deplete the same amount
of carbon as a dissimilar weld

* Kinetic considerations are essential for the design of
functionally graded materials

* Tradeoffs exist between microstructure and designed
functionality
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