Materials In Nuclear Systems

Todd Allen, Ph.D.
Scientific Director, ATR NSUF

= /
8 -~ 8June 2010

JR— A




)  Nuclear Reactor




BWR Components and Materials
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Steam separator Steam outlet nozzle:
and dryer: Carbon steel
- Cﬂmponcnts: 304 SS Steam ])iping:
Closure studs: * Welds: 308L Carbon steel Turbine:
Alloy steel * Rotor: low alloy steel
Water-Steam Cooling-Water « Blades: alloy steel
Vessel plates: Circuit Circuit * Attachments: low alloy steel

* Low alloy steel
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* Clad: 309 SS Moisture Electri
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Rtl',hcﬂter Power /
Fuel supports: : = A\l
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* Fuel: UO, d . : Turbine J% ]
Feedwater = S =,

Sparger i 444 Condensen® _—
Core shroud: . ) . isgsea | s s _/,,- Condenser tubes:
« Plates: 304 SS Rﬂtll’rt::nll;:lﬂg = ' Preheater { Tior Staiﬂ]css steel
« Plate welds: 308/308L d
g Feedwater i
* Springs: Alloy 750X \&/  Pump " Condenser structure:
e\ Carbon steel
Il
Core support structure: :rﬂ Preheater
304 SS -
Jet pumps: Corldenser Cooling
* Piping: 304 SS Pump Wisker
* Welds: 308L _
* Hold down bar: Alloy750X S Feedwater safe
end: | Cooling Water: River or

Alloy 600 Sea Water, Cooling Tower

Control rods:

* Blades: 304/316 SS CRD safe ends: Feedwater thermal
* Poison: B,C 316 SS sleeve:
CRD stub tubes: Alloy 600
* Alloy 600 Dissimilar metal Feedwater sparger:
» Upper weld: 182 welds: * Components: 304 SS  Preheater tubing:  Feedwater piping: Staehle

e Inconel-to-Inconel: 182  Safe ends: 182/82 * Welds: 308L Stainless steel Carbon steel




= P\WWR Components and Materials

=T

ATR™®

National Sﬂl&llll: User Facilitv
Primary Circuit Secondary Circuit

Anti-vibration bars:
:l]]otv] 65?),[335 ;Es Steam dryers: Carbon steel  MSR: Turbine:

Vessel: alloy steel 304 SS 439 ferritic steel * Rotor: low alloy steel
d: 308, 3 SER—— « Blades: 17-4PH, 403 SS
Welds: R SEO:::::;:‘ 32;3[ i * Blade attach: low alloy steel
iy ys Moisture I .
« SSto SS: 308 SS e Eiaphrdm, Cr steel
+ Steel to SS: 308, 309 Power
CRDM housing:
Alloy 600MA, 690TT

Separator
Reheater,

Generator:
* Retaining ring:
high strength,

Cl tud Dt s high toughness
osure studs: " i Co
: | P ppcer

Allgy steel i ”m Transformer conductors
Vessel: Water | Il

* Alloy steel ol | ” —_—

. - | ~team

Clad: 308, 309 SS AL LT | comersior\}

Control rod: al ||

* SS clad

\\ Condenser tubesheet:

W ¢ Cathodic protection
Costing or titanium clad

* B,4C + 5SS poison
Core structurals:

304 SS Condenser structural:
High strength: Water side: carbon steel
A 286, X 750
Fuel cladding:

Zy-4, advanced Zr
alloys
Fuel: UO,

Cooling Water: River or

Coolant | Sea Water, Cooling Tower

Pr:;:;::?lglglsngz Primary plenum clad:
308, 309 SS
Pump materials: Divider plate: SG tubesheet: Preheater tubing:
* Hi Str: A 286,17-4 PH, X 750 Alloy 600 Low alloy steel 304 SS
* Structural: 304, 316 SS
. [mmc“umh el SG tubing: Tube supports: Secondary feedwater piping:
peller housing: cast
stainless Alloys 600MA, 405 88 Carbon steel
600TT, 690TT, Staehle
800 Welds:

Steel to SS: 82,182




SN Design Windows
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Ice Configurations
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&> Point Defects & Dislocations
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Schematic representation of different point

defects in a crystal. (1) vacancy; (2) self- 5 .
interstitial; (3) interstitial impurity: (4). (5) Edge Dislocation
substitutional impurities. The arrows show

the local stresses introduced by the point

defects.
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www.people.virginia.edu/~1z2n/ mse201/mse201-defects.pdf




& Vacancy & Interstitial Loops
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http://lwww-classes.usc.edu/engr/ms/125/MDA125/defects_files/frame.htm




.\ Dislocation Loops in Irradiated 316
=/ Stalnless Steel
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Nuclear Energy Comes

ATi&sy/  From FiIssion

National Scientific User Facility

Neutrons


Presenter
Presentation Notes
When a nuclear power plant starts up, neutrons are released. When they strike the uranium atoms in the fuel pellets, the atoms split—or fission.
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%% Radiation Damage Simple Picture
0000 O

oo\'t
O O O O O O O

o?)oooo
O@0 O 0O 0O 0 O

OO0 O O O O

—0 o &0 0 0 0 0 O
O 00 O OO O O
O 00 O OO O O




S9& Radiation Damage Simple Picture
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ATRS
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Cu 20keV — Cu

@ Vacancies
@ Interstitials

Brian Wirth, UCB

» Radiation-induced damage can come 0000 000 O000
from 0 © 000 © OO0
— Immobile point defect clusters 000 0000 0000

— Mobile point defects and point deﬁ' T
clusters —o
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Radiation Hardening
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Brittle Failure < Ductile Failure

irradiated
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Loss of ductility is the concern
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Hartmut Leipner

If the top half of the crystal is slipping one plane at a time, then only a small
fraction of the bonds are broken at any given time and this would require a

much smaller force.




Overcoming Obstacles
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S9& 5 Hardening of Austenitic Steels
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Grain Boundary Segregation
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304 SS, proton irradiated at 400°C to a dose of 1.0 dpa
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» What is Radiation-induced

w / Segregation?
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Presentation Notes
Add animation


Temperature-Displacement Rate
Relationship In RIS
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R Easily Observed Swelling
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Temperature Regimes
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Thermal
Low diffusion emission

A

AV/IV

Similar to RIS

v

T

Most metals swell in
temperature range of 0.3
T.,<1<0.55 T,




Transient Swelling Regime

Fe-Ni-Cr Alloys

steady state regime

N

» 1%/dpa for austenitic stainless
steel

» 304 swells more (earlier) that
316

Swelling

* 0.2%/dpa for ferritic-martensitic

transient regime stainless steel

Dose (dpa)




2> Dose Rate
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CONCENTRATED STRESS
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wie . Effectof TonYield & Fracture
ATRS )  Stresses
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Fracture stress can be
affected by grain boundary
impurities

' Intergranular fracture
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Fig. 18.45 Effect of lemperature on the yield and fracture
stresses of unirradiated and irradiated ferritic steel.




AT Toughness/DBTT
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Impact Transition

Eneroy

Ductile fracture

Change in GB composition
Matrix hardening

Void or bubble network
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Tetnperature

If the stress required to move the dislocation is too high, the
metal will fail instead by the propagation of cracks and the failure
will be brittle
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Swelling & Creep
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* No volume change

« Shape Change

« Radiation-influenced




time

 Radiation produced point defects increase
diffusion and allow creep at lower temperatures




Radiation-Induced Stress Relaxation
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Corrosion
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» General Corrosion, cation release & fouling
* Flow Assisted Corrosion
* Erosion-corrosion (Steam cutting)

* Localized corrosion (Pitting, crevice and
microbial corrosion)

 Stress corrosion cracking and hydrogen
embrittlement

* Corrosion fatigue




Broadly - two types of corrosion

Removal of material (uniform
corrosion or pitting) into the
environment, usually low
temperature aqueous corrosion
(weight loss)

Oxide Base steel

15 KV X5000

Build-up of corrosion product,
usually an oxide, usually high
temperature corrosion (weight
gain)




Oxide film formation mechanism
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Water,
Steam

Metal
Zr

Oxide Grows i
At this interface
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| 4H" +4e < 2H,

Zr < Zr*" +4e” | HAHT 440 o 4H”

Zr* +20% < ZrO, i

7l 4H,0 < 4H* +20%




= IrradiationAssisted Stress Corrosion
st/  Cracking
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* |ASCC occurs in Fe, and Ni base austenitic reactor materials
« Component cracking occurs at stress levels well below design stress

radiation
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Intergranular cracking

11 T a1
| P e W) e L remnemngy (I BRTEE SEESE SR Tt
S =T B g e e o e



Irradiation Assisted Stress
Corrosion Cracking
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Radiation Hardening, Localized Deformation and Creep
Processes Impacting Crack-Tip Micromechanics
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