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Engineering material selection for (nuclear) engineering application
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Requirement defined by the engineers ‘ Materials Property
Stiffness Elastic Modulus
Temperature Melting point, creep, et
Stress Yield stress

Creep,
Lifetime

Cycles to failure
Load cycles

Corrosion rates
Environment

Elongation,
Accident scenario fracture toughness

Density

Light weight, X-ray absorption



The concept of ashby maps
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Macroscopic Neutron Capture Cross Section, ¥, (em ')

Materials properties considering neutron

capture
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Materials selection for nuclear applications
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Selection of elements for LA materials. Decay time

aﬂer Service M. Moschetti, et al. JNM 2022
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Volumetric dose rate (irradiation under thermal fission

conditions )
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Compositio

nal stability of irradiated materials
M. Moschetti, et al. JNM 2022
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Materials selection for nuclear applications

Mechanical Chemical property

property requirement
requirement

Physical property Nuclear property
requirement requirement

Limited design space!



Crystals and defects why are they important?

"Crystals are like people: it is the defects in them that make them
interesting",
Colin Humphreys Introduction to Analytical electron microscopy



Definition of crystal structures

Unit Cell: * Crystalline solids: Many types of crystal
o oot arrangements, but all reduce to 14 unique

* Smallest unit translation of “space lattice structures (Bravais lattice)
lattice” that reproduces a

macroscopic crystal
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Defects in crystals

0-dimensional defects:

1 dimensional defects:

2 dimensional defects:

3 dimensional defect:



Real materials always have defects.
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Important note for later understanding!
Each defect has a property

Significant higher strain field
- Strong attraction towards loops

Much faster diffusion

B) BODY-CENTERED CUBIC (BCC) C) FACE-CENTERED CuUBIC (FCC)

e Atoms at corners + o Atoms atl corners +
1 at center face centers

o Atoms per unit cell = 2 « Atoms per unit cell = 4
e Coordination Number = 8 * Coordination Number = 12
* Relation: \"30 =4r * Relation: V"ia = 4r
e Packing Efficiency: * Packing Efficiency:
= 68% = 74%

Relative lower strain field
>weaker attraction towards loops

Much slower diffusion



How do defects change mechanical properties?

v -

A. DISLOCATION DENSITY B. GRAIN SIZE (HALL-PETCH) C. PRECIPITATES
More dislocations — higher strength, less ductility Smaller grains — higher strength, less ductility More/stronger precipitates — higher strength, less ductility
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How does the radiation damage turn into these
defects?

V-1 interaction rate theory



Radiation damage creates point defects

@  (neerstitial atom
= Psth of neutron
=== Pgth of PKA
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Original model of the displacement spike,
J.A. Brinkman, Amer. J. Phys 24 (1956) 24.



Radiation effects are governed by the ultimate fate of
point defects (& transmutants)
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4 recombination annihilation L.
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R. E. Stoller, ORNL



Point Defect Balance Equations

Objective: determine the concentration of vacancies and self-interstitials in an
irradiated solid

Assumes infinite medium (no long-range spatial gradients of C, or C))
Assumes that only V and | are mobile (no mobility of self-interstitial or vac-clusters)

% = Rate of change of C,,, =Production — Loss (9.1




Point Defect Balance Equations

Loss Mechanisms:
Recombination (V + SIA = null)

recombination rate

=k CC

v 1 v

unit volume

kiv = SO(ZQ (Dz +Dv) ~ Sogg I

o o

D.

(9.4)

(9.5)

kiv=recombination rate constant

500... combinatorial number describing
the number of sites the recombination
can occur (~250 atoms/nm’ in bce Fe)
a,=lattice constant

interstitials are mobile



Point Defect Balance Equations

OOOOOOQO<
O O O 00O
O O O O
O O OO0OO0O0
O O OO0OO0O0

Absorption at voids for vacancies

Rate of absorption # vacancies (or self- | FYI: JV"’d 47R? D,— oc

= 47RD, [Cf“”‘ —C )]
interstitials) per unit time

r=R

J, =4RD,(C,, —Cy) (9.6) Cy = concentration of solute

species at cavity surface
Volumetric absorption rate = N,*J,°: P y

D,[47RN,](C,, - Cy) (9.7a) C, = concentration of solute species
' e ' (vacancies) in solid far from cavity in

\—Y—/ the bulk

S¢ =4aRN, (Cavity sink strength) (9.7b) R= cavity radius



Point Defect Balance Equations

Absorption at voids

Self-interstitials:
Cin =G No interstitials present
Cr=Cra=0 . Tibrium
Volumetric absorption rate = D;S;C; m equuibriu
Vacancies: Vacancies present in
Cop =G equilibrium
Cr = C,0* exp((€2/KT(2y/R-p))

Volumetric absorption rate
=D,S,€C, - D,S,€C, exp[(Q2/KT(2y/R-p)]

where, 2nd term represents the production of vacancies by thermal emission from cavities



Point Defect Balance Equations

Loss Mechanisms:

Absorption at dislocations

Volumetric absorption rate= D, S, C, (9.8) p = dislocation density
Sf=—P _—7p St=—P 7 (9.9) R
In(R/R.) In(R/R_)
c
R <R. (strain field interactions) .. S,y <S;
> ——\‘

Dislocations are biased sink for self-interstitials!!



Summary equation

Point Defect Balance (]C,_
intersttials:

= Qz - khv'Cin _DiCiS; Sit = Szc + Si_

di

production recombination absorption

Thermal

Point Defect Balance .
; vacancies
vacancies

df *=0,-k,CC,~DC S+ 0 S/=5 +5;
it

. Qf2y
oo 22,
Q\‘ LA A I\'T R P



Solutions to the Point Defect Balance Equations

VACANCY FRACTION
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Observed microstructural changes as a result

e Cause: long-range diffusion and clustering of displacement damage (defects)
produces microstructural changes in the form of dislocation loops, stacking fault

tetrahedra, precipitates, bubbles, voids and solute segregation

Voids, I-loops

= & precipitates

in SS
GB solute
GBI segregation
e .
_n SS
bubbles [ e ‘ .
: n S5 P Jlé Dislocation-loops
& g 10 cre a\ " -I % & network
» & : i «§l  dislocations
V\ - s ¢ { N =
A SFTln 144014.‘14.2..;.;.-1;As..l.2.l.‘.2°
Au Distance from Cram Boundaxy, nm




Irradiation effects on structural materials

Exposure to neutrons degrades the mechanical performance of structural materials and impacts the
economics and safety of current & future fission power plants:

- Irradiation hardening and embrittlement/decreased uniform elongation (< 0.4 T,,)
- Irradiation (<0.45 T,,) and thermal (>~0.45 T,,) creep

- Volumetric swelling (0.3 -0.6 T,,)
- High temperature He embrittlement (> 0.5 T,,); Specific to fusion 8; spallation accelerators

Oeng (MPa)

~—— S

S | Radiation creep =

S ; S

— | Ir.embrittle. i,

Q ~N

S R

E | Swelling | 3

Irradiation Temp

800 Effect of 0.4 dpa irradiation on o(¢) curves Variables
i U Uvameer U3« Materials (Fe-based steels, Vanadium and Ni-based alloys,
" pocyzroc Test~TirS  Refractory metals & alloys, SiC, ODS alloys)

325°C - - .
1« Initial microstructure (cold-worked, annealed)

* Irradiation temperature
- Chemical environment & thermal- mechanical loading
 Neutron flux, fluence and energy spectrum

- materials test reactor irradiations

typically at accelerations of 102- 10*

€nominal Synergistic Interactions between all of them!




Extreme environments in Advanced Nuclear Energy Systems

*

1200
1000 |- ,
o 800 : r-8iC
S fusion
@ \
=
© 600 /
g,_ . 1 V alloy, ODS steel
= .
o 400 ! J F/M steel
200 .
Current (Gen Il) fission reactors
0
0 50 100 150 200 250

Displacement Damage (dpa)

Very High Temperature Reactor Lead-cooled Fast Reactor
Super-Critical Water Reactor Sodium-cooled Fast Reactor
Gas-cooled Fast Reactor Molten Salt Reactor

* S.J. Zinkle, ORNL



Why is it so complicated to pick the right materials?

So many parameters!
Dose

Dose rate

Temperature

Environment (corrosion)

Operation time

cycling of temperature or pressure

Elements in the material



Radiation effects in materials:

Swelling

Design for Swelling resistance



What makes a materials Swelling resistant?

Low interaction with neutrons (low X-section)

— Choose your alloying elements wisely.
bcc metal (less bias)
Lots of interfaces as defect sinks
— Nanoparticles (Oxide Dispersed Strengthened)
— High dislocations density -> cold work, martensite

— High interface density-> martensite

Ferritic/
Martensitic
Materials

ODS
Materials



Ferritic-martensitic steels: typical microstructure (T91)*

Fe Cr | Mo | Mn \Y4 Nb Ni Si | Cu C P Al S N
Bal | 8.371090]0.45]0.2160.076 | 0.21 | 0.28 | 0.17 | 0.10 | 0.009 | 0.022 | 0.003 | 0.048

Solution Anneal: 1066 ° C: 46mins air cool, Tempering: 790 ° C: 42mins air cool

Prior austenite grain
boundary (PAGB)
precipitate T e

Dislocation tangles

Lath Subgrain

Packe o
boundary 'S L&

L /. .- -

Dislocation cell
* From G. Gupta, UMich



Ferritic-martensitic steels: typical microstructure (F82H, Eurofer97)*

Fe—-8-9Cr-1~2W -V Ta (F82H, JLF-1, EUROFER 97, etc.)
Based on Mod9Cr (T91: Fe 9Cr-1Mo V,Nb)
Mo replaced by W, Nb replaced by Ta, and reduced N, to reduce activation

Prior Austenitic Grain boundary Martensite lath boundary

~ s R ¥ R i E= *. ada - N N, ¥
O TANNGE RGN LR Tk IR
s ~ '?h‘ . A + NG NS (Y

A A, s W RS,

' RO N (] S

TP AN B

.....

AN g : .- : -.}‘""\‘ 5 :
Packet boundary Block boundary M»3Cg : Major precipitate, Cr rich.
= Fully tempered Martensitic steels MX  Ta,Vrich precipitates

= Fine boundaries and precipitates make the steel highly irradiation and heat resistant.
= Ferrite phase formation should be avoided to have good performance.

* From H. Tanigawa, JAEA



Ferritic-martensitic steels how is it formed?

. 1. AUSTENITIZE 2. QUENCH 3. TEMPER 4. COOL
Temperature (*C) Heat above Acs to form Rapidly cool to form Reheat to intermediate Air cool to
A homogeneous austenite martensite temperature and hold room temperature
1200 +
Ac,
"""""""""""" Typical: PR hing
1000 - 900-1050 °C - (m"“m" pm'°,: RESULT:
%, e Tempered
800 4 -=--==teccmcnnccaaffeaacacaaaaaa. cemmessscsmcececescssanae « Ol martensite
d gl ok Typical tempering v High strength
600 * Gas (air, N)) range:
' v Good toughness
450-700 °C
400 4 " onr—— v Good ductility
{ ------ e e T e (very hard, v Improved
200 - M high strength, stability
B T v s G s S B b i R R A brittle)
0 >
Heat up Hold Quench Temper Cool to
(minutes) (minutes to hours) room temperature
Time
Austenitizing Quenched Tempered Tempered Tempered EFFECT OF TEMPERING
MICROSTRUCTURE o : -700 °
EVOLUTION (> Acy) (below M,) (I?w temp ~450 °C) (high temp ~650-700 °C) e Reduces Lardness

and strength
* Relieves internal stresses
* Precipitates carbides
(e.9., Mz3Cy, MX, McC)

* Improves toughness
and ductility

R
Austenite (y) Martensite (a') Tempered martensite
homogeneous lath/plate structure fine e-carbides fine carbides
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In-situ diffraction experiment
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T91 steel P Hosemann et al 2010
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Irradiation induced swelling effect of microstructure

: F. Garner 2015:
o —— = Ferritic grains swell (grow)
: L T N - g i < more than martensitic
- : M R B peoma S = : ] .’
: e ~~ ~  grains
= e s ~  Ferritic (bcc) have a smaller
; — - capture radius for vacancies

| === === SeeNE220

lpm  NSC_KIPT 2/21/2013
X 5,500 20.0kV SEI SEM WD 10.0mm




Irradiation induced swelling effect of microstructure

E Garner 2015:

Ferritic grains swell
(grow) more than
martensitic grains!




Irradiation induced swelling effect of microstructure

ﬁ
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Rector pressure vessel




Reactor Pressure Vessel (RPV) embrittlement

* The RPV is perhaps the most critical safety component in a nuclear power plant.
RPVs are fabricated from low alloy carbon steel (typically A302, A533B and
A508-type). Early technology: plates rolled into appropriate shapes and welded
together into an integral vessel. The head 1s bolted to the vessel and can be
periodically removed (e.g., for re-fueling). More recently, rings have been
fabricated from single ingot forgings, which eliminates the longitudinal weld.

A

% TOP HEAD
FLANGE BOLT
UFPE
| B FLANGE Hea 4
STEAM ORYERS
CONTROL ROD STEAM OUTLET—=
STEAM_ | FEEOWATER
[~ 40 SEPARATORS
UPPER HEAD ..F_
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5 QUTLET (] — HEAD FLANGE 9 )
e NOZ2LE: 5 \ \ I
u 30 \ ¥ INLET NOZZLE
: l Nozz!
b JET PUMP—— ozzle
‘ Course
VESSEL SHELL ——————er
20
THERMAL SHIELD L\ \
RECIRCULATION
CORE REGION == g 5 i "
RECIRCULATION .. y {2 .
INLET ‘ ’ eguon
- 10 *.
CONTROL ROOD
80TTOM HEAD
Lo , )
fo——————SUPPORT SKIRT —o— | | Lo
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Forging of large vessels

Older RPV’s have been extensively welded.

However, today forging is preferred.




Forging of large vessels

Reactor pressure
vessel components are
among the largest
forged  components
made today!

Plants today: Japan,
China, France Russia
Korea

The larges forgings can be
650t with a 14000t press.

Second larges press 13.000t at Seah Besteel.



RPV steels and alloys

Composition (wt.%)3

Steel identification 5‘{

c Mn P st Mo NI Cu Other
max, manx. max.
PLATE
$A302 Grade B Class 1 0.25 1.10/1.55 0.035 0.040 0.13/0,32 0.41/0.64 .
SA533 Grade B Class 1 0.25 1,15/1.50 0,035 0,040 0.156/0,30 0.45/0,60 0.40/0.70
$A533 Grade B Class 1 (Same but for P, Cu) 0.017% 0,120
(Low Copper) 0.012° 0.10°
SAS537 Grade B Class 1 0.24 0.95/1.65 0.035 0,040 0.13/0.55 0.08 0.25¢ 0.95 Cr-0.25
FORGING
SA508 Class 2 0.21 0.60/0, 90 0.025 0.026 0.15/0,36 0.45/0,60 0.50/0. 90 Cr-0.,25
0,44
V-0,00
max.
WELD = MANUAL
E-7018 Al 0.12 0.90 0,03 0.04 0.80 0.40/0,65 -
£-8018 C3 0,12 0.45/1.50 0.03 0.03 0.80 0,35 0.80/1.10 - V-0.05
WELD SUUBMERGED ARC
High MnMoNIC 0.13 2,26 0,020 0,020 0.10 0,40 0.55 -

4 Product analysls unless noted; maximum allowable analysis unless range given.
Maximum allowable product analysis,

€ Maximum allowable heat snalysis,

d Typlcal filler analysis, usually specified by veisel fabricator,

These steels have specified yield strengths in the range of 220 - 350 MPa, ultimate tensile
strengths in the range of 350 - 450 MPa and elongations in the range of 18-25%.
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RPV embrittlement




RPV embrittlement

- Reactor pressure vessel (RPV) embrittled by exposure to neutrons,
manifested by transition temperature increases (AT) and upper shelf
energy decreases (AUSE)

100 r y
Ductile

75 | Unirradiated AUSE| |

50 | AT / ]

25 -

Eon @)

Irradiated |

Brittle
|

-100 0 100 200

- Early recognition of possible material degradation by regulators and industry
led to RPV surveillance programs. Most reactors include capsules with
representative RPV steels located on inside of RPV (higher dose rate) to
provide early embrittlement estimates and database.



How to test for embr/ttlement Charpy V-Notch
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Measured embrittlement

Surveillance data for RPV embrittlement of the CHOOZ A PWR in France™ —

Surveillance material is from the Chooz pressure vessel C material

ARTy o (°C)
200
>
100 *
/
§ T e
'§ 50 v 1
&~ Brg
N 30
20
10
1018 1019 1020
Material C Mn P Si Ni Cu
Chooz C 0.16 1.26 0.012 0.32 | 0.57 0.09

What is the underlying cause? What will happen at higher fluence?

* J.C. Van Duysen, J. Bourgoin, C. Janot, and J.M. Pennisson, ASTM STP 1125 (1992) 117-130.

5 1020
Neutron dose



Embrittlement Variable Trends
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Defects in RPV materials

Material C Mn P Si Ni Cu
Chooz C 0.16 1.26 0.012 | 0.32 | 0.57 0.09

irradiated microstructure observed in the TEM*

R.L. Steele Radiation embrittlement of nuclear reactor pressure vessel steels



HR images of Cu in Fe
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(a)
P. J. Othen, M. L. Jenkins & G. D. W. Smith (1994): High-resolution electron microscopy studies of the
structure of Cu precipitates in a-Fe, Philosophical Magazine A, 70:1, 1-24




Lifetime of RPV assessment




Pressurized thermal shock

Brittle fracture 1s not a problem during normal operation because the
temperature is high (~300° C) and the main stress on the vessel is due only to

residual stresses and the membrane (hoop) stress due to the internal pressure in
the vessel.

If cold water from the emergency core cooling system (ECCS) should be
injected into the system (because of a LOCA) near the end of the vessel lifetime
when K. is lowest due to irradiation embrittlement, brittle failure 1s possible.

The rapid reduction in the inner wall temperature during ECCS creates tensile
thermal stresses which add to existing stresses.

Small flaws (cracks) on the inner wall of the vessel may have grown throughout
the reactor lifetime due to fatigue during shutdown and startups.

If the increased crack size and the corresponding increase in the applied stress
intensity factor (K;) exceeds K., the crack will grow rapidly.

The crack may not penetrate the entire vessel wall because temperature, stress
and 1rradiation dose change through the wall thickness. The crack will stop
when the applied K| reaches the crack arrest toughness K.



Remedies for RPV embrittlement and PTS

« “New” pressure vessel: eliminate impurities (Cu, P, high Ni/Mn) which enhance
embrittlement, especially in weld material

* Old vessels:

a) anneal critical zones to remove radiation embrittlement; nozzle welds and
beltline welds - annealing at ~450° C for 1 week (extensively in Russia, not in
US)

b) change fuel management strategy (go to low leakage core):

c) replace steel reflector elements at core periphery with materials which can more
effectively absorb fast neutrons (tungsten and titanium hydride)

d) heat the ECCS water to avoid/reduce thermal shock

¢) demonstrate conservatism in the LEFM analysis



Davis Besse incident




Reactor vessel head corrosion

- Based on experience from French reactors, it was learned that axial cracks could
form (likely stress corrosion cracking) in Control Rod Drive Mechanism

penetration at the top (& bottom) of RPV

- U.S. NRC issued Bulletin 2001-01 “Circumferential cracking of reactor pressure
vessel head penetration nozzles” (Aug 2001). Typical Pressurized Water Reactor
- Inspections in fall 2001 revealed vessel ;
head penetration nozzle cracks at  convorsoa
Three Mile Island Unit 1, Crystal River
Unit 3, Nort Anna Unit 1, and
Oconee Unit 3.

- August 2002, the NRC issued Bulletin o

2002-02, “Reactor Pressure Vessel
Head and Vessel Head Penetration M «

Nozzle Inspection Programs” =

Reactor Vessel Head
see detailed image)

Control Rod
Drive Shaft

Inlet Nozzle

* Inspections at several PWRs in 2002,
including Davis-Besse, found leakage
and cracks that have required repairs
or replacement

* NRC Order on Feb 11, 2003 requires
specific inspections

Source: US NRC website:http://www.nrc.gov/reactors/operating/ops-experience/vessel-head-degradation. html



Reactor vessel head corrosion (Davis-Besse)

- Leaking of primary coolant and evidence of boric acid (H;BO;) outside Control Rod
Drive Mechanisms (Reactor Pressure Vessel Head) at Davis-Besse indicated

a cracking problem as early as fall 2001
- Davis-Besse management (First Energy Nuclear Corporation) continued to

operate until forced by NRC order in Feb 2002 to specifically investigate
the vessel head and associated penetrations. Davis-Besse Reactor Vessel Head

Source: US NRC website: http://www.nrc.gov/reactors/operating/ops-experience/vessel-head-degradation. htmi



Reactor vessel head corrosion (Davis-Besse, 3/02)

- Leaking of primary coolant and evidence of boric acid outside Control Rod
Drive Mechanisms (Reactor Pressure Vessel Head) at Davis-Besse indicated

a cracking problem as early as fall 2001

- Davis-Besse management (First Energy Nuclear Corporation) continued to
operate until forced by NRC order in Feb 2002 to specifically investigate
the vessel head and associated penetrations.

« Inspection at Davis-Besse revealed cracking in CRDM Nozzles 1, 2 and 3 - and,
upon further investigation - significant corrosion of RPV head

Reactor Vessel Head Degradation Location

Control Rod Drive

Mechanism \

Reactor Vessel Head Top -View Of I/eSS el H ead)
Carbon Steel Portion region around CRDM 3 (cutout)

| s | s— ) S— ] S—
el | Bt | e o L
........

\ Reactor Vessel ‘

~ \\%Kmad Insulation | ‘

|
|
& M N02.5.1411:02

Source: US NRC website:http://www.nrc.gov/reactors/operating/ops-experience/vessel-head-degradation. html

B
¢ | A

Area of Davis B
Reactor Vessel Head L

Degradation
! /

\ Reactor Vessel Head
Stainless Steel
Cladding Layer



Reactor vessel head corrosion (Davis-Besse, 3/02)

“The wastage area was found to extend approximately 5 inches downhill on the RPV
head from the penetration for CRDM nozzle 3 and was approximately 4 to 5 inches
at its widest part. The minimum remaining thickness of the RPV head in the wastage
area was found to be approximately 3/8 inch. This thickness was attributed to the
thickness of the stainless steel cladding on the inside surface of the RPV head,

which is nominally 3/8 inch thick.”

Davis Besse Reactor Vessel Head Degradation Head Cutaway View

The above figure shows the Davis Besse reactor vessel head degradation between nozzle #3
and nozzle #11. This sketch was provided to the NRC by the Licensee.

TN N 2002.:3. 16

Source: US NRC website:http://www.nrc.gov/reactors/operating/ops-experience/vessel-head-degradation. html



Reactor vessel head corrosion (Davis-Besse, 3/02)

Further, the stainless steel cladding had significantly bowed upward and cracked,
indicating substantial plastic deformation - the cladding, not designed as a pressure
containment structure is all that prevented a severe loss of coolant accident

"5 . \ KA ol .l N
l . : . o Ky i . S ’
: - e s £ -4 g 84 L] e AN Al
¢ ! 2 3 ’ | TRV 2] 1) 121 £ B v i IS el 3
m | T I il - . e S ; 3 . s Mt o L
k (i el HM’I T T L T R e ! ek PO P A )y A 5Tk ;‘,
N v i et 'y M ' e R - Y el X BN
- "
£ L~

9z vz O 0

8 ol

TEMPERED |

B i R = —~ < . T F . 2 3 ADE N ULS.A
“The investigation of the causative conditions surrounding the degradation of the RPV head at Davis-

Besse is continuing. Boric acid or other contaminants could be contributing factors. Other factors
contributing to the degradation might include the environment of the RPV head during both operating and

shutdown conditions (e.g., wet/dry), the duration for which the RPV head Is exposed to boric acid, and the
source of the boric acid (e.g., leakage from the CRDM nozzle or from sources above the RPV head such
as CRDM flanges).”

Source: US NRC website:http://www.nrc.gov/reactors/operating/ops-experience/vessel-head-degradation. htm






What seems to have happened?

Typical Pressurized Water Reactor

Reactor Vessel Head Degradation Location

Control Rod Drive

Mechanism \

L

Reactor Vessel Head
Carbon Steel Portion

Area of Davis B

Reactor Vessel Head
Degradation

2) Leakage of borated water

A
| i 1

4) Shrink fit may prevent leakage

|

3) Circumferential crack from OD
back toward ID

1) Leak through crack in
weld or axtal crack in tube




Davis Besse
Control Rod Drive Mechanism
Access Hatch Open

Nozzle #3
Removed

p G N . 18 > —
Reactor . | i Vil "N 3 ’ ) Sl Control Rod

Vessel - 3 W ! w3 . . : ; 2
Head :ﬂ 7 B L T R A Drive
Nozzle

to CRDM |
Flange

Mechanism
in Place







Undervessel
Pre-Cleaning
Center Incore
Nozzle

(#1)

Outcome:

First Energy Corporation pay fines of $23.7 million, with an additional

$4.3 million to be contributed to environmental agencies.

Andrew Siemaszko 5 years in prison and 250.0008 fine. Additional worker was
convicted with three years probation



