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Root Cause Analysis of the -

Reactor Pressure Vessel Head Degradation at
the Davis-Besse Nuclear Power Station

May 7, 2002
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Root Cause Summary

Inadequate inspection of t e RPV closure head prevented
early. detectlon" of nozzle leakage,

resulting in. prolonged boric acid corrosion
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RPV Head Configuration
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RPV Head Configuration

RV HEAD INSULATION

SERVICE STRUCTURE CRDM NOZZLES

SUPPORT STEEL

18 ACCESS OPENINGS 2" MIN GAP BETWEEN —
"MOUSE-—HOLES" AT ' INSULATION AND TOP -

DAVIS BESSE OF RV HEAD
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Control Rod Drive Nozzlé
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- Discovery Steps

e February 16 13 RFO (refueling outage) starts
« February 24 Visual examination starts
- Restraint on plant restart due to boron
on head -
* February 26 Ultrasomc (U‘é{_ ) examlnatlons started

R 1t on plant estartdue to flaw on
ol AT
eMarch5  UT exammaﬁons completed
- Nozzle 2 & 3 confirmed leak paths
“and backwall anomaly
e March 8 Nozzle 3 cavity confirmed and reported to ‘NRC
FENOC - Initial Root Cause Team formed
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UT Examination Results

Nozzle# Summary of Results
1% 9 Ax1a1 Flaws 2 through-wall (TW
2% ' 4.

3*
5%
46
47 e .
58 No' Recordable Indlcatlons

* Heat number M3935 material
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Facts of Discovery
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Nozzle 2 Corrosion Profile
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Nozzle 3 Cavity
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Root Cause Investigation Team

 Team included FENOC staff
- Steve Loehlein, (Beaver Valley), Team Lead - BS, PE
- Chuck Ackerman, (Da g-Besse) BS
- Ted Lang, (Daws-Besse) MS; PE
- Todd Pleune, (DavVis-Besse).- PhD
- Neil Morrison, (Beaver Valley) BS
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Root Cause [nvestigation Team

* Team augmented by industry experts from FirstEnergy, -
Framatome ANP, Dominion Engineering, and EPRI
- Mark Bridavsky, F 1rstEnergy, Beta Labs -
Failure Analysis Expert hD

- Stephen Hunt, P_Domlmo'

Pl

- Steve Fyfitch, Framatdfﬁ‘é"‘@‘f , etallurglcal Expert - MS
- Christine King, EPRI; Matenal Rellablllty Program
Manager .
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Key Questions

» Was there a new mecham | that ¢aused this degradation?

» Was there adequat‘ : ¥ 1C: e/k ,.,legdge available to have
prevented the degrac ation’ t0: the RPV closure head?
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Key Conclusions

* The degradation to the RPV closure head was

caused by Primary Water Stress Corrosion
Cracking (PWSCC) of the Control Rod Drive

(CRD) nozzle, whlchg led to leaks that were
undetectedfallmegf’?gorros1on'1'toq occur

i f’?:’“ﬁ' ?’a’l“m R TR R

* The ex1st1ng gmdance/knowledge is adequate
for understanding how to prevent RPV closure
head degradation from any CRD nozzle leaks

FENOC
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Root Cause Analysis

e Purpose and Scope'
* Root Cause Investlgatlon

e kagé a‘ndﬁ Conclus1ons

- Crack Iriitlat1

G’a Valk X 3;1»“';‘}.‘3 Siatac

- Corrosion. Rates -
e Causes

ks '3-,".-*-":: .
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Purpose and Scope

of

Investigation

.......

closure head degradatfion experlenced at CRD |
nozzles 2 and523 Fro MR T o

e Perform a prompt 1h§est1gat10n to prowde the
stakeholders with potential 1mpact and insights
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Data Gathering

* Relevant data gathered
- Condition Reports
- System Engineer’s S’_’ stem Performance Books
- Photographs,of degfé, led areas..
- Inspection regults of iegradédfareas
- Plant proceduréé angll,pthermta‘tlon doouments
- Personnel 1nterv1ews SN
- Reference Documents (NR’ ‘f«-é;(, Vendor INPO EPRI)

- Videotapes

FENOC Y
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Data Analysis

* Data sorted in chronological order to create a
Sequence of Relevav_ Events matrlx

5
“2"

;ey" Events-created ‘

+ Timeline o,f K

"*‘3 A twwnm 'vlﬁ&%

. Events and Causal Factors Chart developed

FENOC
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Timeline of Key Events
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PWSCC of Alloy 600 Materials

* Alloy 600 materials known to be susceptible to prlmary
- water stress corrosion cracking (PWSCC)
- Both wrought and weld (Alloy 82/ 182 materlals)

- Susceptlblevrhay‘_ ,;;rlal (!% mpo 'tlo‘n‘ heat treatment)

' gs (operatlbn’ﬁlfrhnd remdual)

- Aggressive env1ronment (prlmary water at hi gh
temperature) S |
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Davis-Besse Control Rod Drive Nozzles

e Cracked CRD nozzles ére Alloy 600 material with
Alloy 82/182 J-groove welds |

« Heat treatment of nozzles met code requirements
~(1600-1700 °F vs >1850 W
@l Nozzles 1 through 5 are:éfgom heat M3935 |

 Heat M3935 has expene; ced more leaks in B&W

.......

plants than other:heats 7 M~ i
» High residual teﬁ§i1e streSSep ent“%ﬁdj acent to
J-groove weld g -
 Higher operating temperature (605°F VS 601°F )
 No counterbore on nozzle penetrations |

« Interference fit between nozzle and vessel by de31gn

FENOC | | 25
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Conclusions Regarding
Identified Cracking

» Cracking mechanism is PWSCC |
- Flaw characteristics found at Davis-Besse are
similar to other: plangf with confirmed PWSCC

:2

- No factors’ mdlcatlng'sulﬁdef-lnduced mtergranular

stress corroswn cx:aqlgpg (I GSC -C) due to chemlstry

S

transients R e

"f’;’)

- No other crackmg mechanism deemed credlble | .
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Estimated Crack Propagation
Timeframe

« Longest through-wall cracks estimated to have
initiated in 1990 (+/- 3 years)

%, .F'

e Control rod drive nozz fi%eﬂ thickness is 0.62 inch

* Estimated tlme for ﬂaw to propagate through—wall
is 4-6 years E  wooommma

» Consistent w1th prb'ioﬁ‘g‘!é"g&“ﬁPRI Materlal Rehablhty

Program crack growth rate curve

FENOC | 27
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Leakage From Cracked Nozzles

» Through-wall cracking in nozzle or J-groove weld
leads to leaks in annulus region

* Leakage rate 1s a ﬁlIlCth _' | of crack length above

» Leakage rate 1ncrcases 51gn1ﬁcantly as crack lcngthens
above the J -grocvc wcld dueto ‘Incréase in crack w1dth

* Previous industry obsct‘vatlons 1nd1cates very low
leakage rates R

FENOC | - 28
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Davis-Besse
Leakage Rate from Cracked Nozzle

 Davis-Besse axial cracks above weld were longer than
reported from other plants (1.1 inches for nozzle 2 and
1.2 inches for nozzle 3) .

 Analytical leakage;'pred_f ft)lOllS yleld wide range of
results (.025 to:> gpm)’ ‘:ﬁépendmg; on method and
assumed geometr};used*‘f‘; e

e Estimated leak rate based on borlc acid deposits and

| umdentlﬁed leakage are in the range of 0.04 to 0.2 gpm

FENOC | | 29
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Head Materdal Removed
©0° Around Nozzlo From
Symmetry Plane
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Analytically Predicted Leak Rates

—0— ANSYS Model -Head Matesial Intact —t— ANSYS Model - Head Materia) Conoded
«««@-++ Zahoor Analytical Model wwmmemns Yavis-Besse Nozde N-3
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+ 00000 ' e
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Leakage Rate Conclusions

Estlmated leakage f'gi‘ate_ from nozzle 3 crack is
conmstent with analytlcal a~pred1c>t10ns
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Source of Corrosion

* Degradation at nozzle 2 and 3 is due to boric acid corrosion

* Boric acid corrosion is a 4_,;qwn mechanism capable of

producmg such sl gmﬁcant ;degradatlon L

-~ afe -
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Degradation Sequence

Stage 1 - Crack Inltlat;fiqn Progressmn
Stage 2 - Minor Weef’ _;ége / Latency Period -

AAAAA

Stage 3 - Deep 'f"ff'fnnul(us Corrosive Attack

$§’§; k) ﬁwér ':?fff

Stage 4 - General B@rlc*Acfj "Corrosion

-;3'

Nl o Nane Lprasg Corvey
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Stage 1

Crack Initiation Progression

 RCS leakage mlnlséﬁle

A o W ';"ﬁs Nl
'k .
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Stage 2
Minor Weepage/Latency Period

] eakage entered annulus between Alloy 600 nozzle and
low alloy steel RPV closure head

* Fit allowed capillary flow path

» Latency period could invglve several mechanisms (e.g.,
steam cutting, ﬂow accelerated corrosmn galvamc
corrosion, and creyice corrosmn)

* Annular gap increased dueto: locahZed ctrosion resulting
in leakage flow (remdual and ¢ dry stéam) reachmg surface

» Leak rate controlled by’ number of cracks and 31ze of
cracks (leng1h and width)

,,,,,,
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Sz‘age 3=

Deep Annulus Corrosive Attack

» Oxygen penetration in annulus increased due to decreasmg
velocity and differential pressure in annulus -

* Preferential corrosion occug rred in the v1c1n1ty of crack

(consistent with EPRI—6 test e .

» Exiting steam masséﬂow from 1S 'i" glon not sufﬁc1ent

to wet surrounding ar&a%™ “"%“ e | -

* Nozzle 2 pro gressed through ﬂllS Stage
| N

FENOC
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Stage 4

General Boric Acid Corrosion

leakage through crack
"+ Annulus flooded with moist steam
e Boric acid accumulates: om?head -
vides. 66"??‘hzed;%coolmg of head '

[ Corrosion progression limited by crack growth rate and

* Increased leakage‘fprowde‘s 1o
allowing greater wetf }ec‘lﬂargw

 Affected area governed o) ,};:.;thennodynamlcs and matenal

properties (e.g., viscosity, den31ty, slope)
» General corrosion of oxygenated surface

FENOC
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" Corrosion Rates From Industry T esting

EPRI and industry testing (effect of boric acid
on low alloy steel) demonstrates corrosion rates

[of 08 t@,m h\"“

- Flow rates of O 01 and O 10 gpm us
test

FENOC - . - 39
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Davis-Besse

Estimated Reactor Vessel Closure Head
Corrosion Rates

e

* 4 years of stage 4 corrosion

—+ Maximum radlal progress jon ~7 inches
-::f*;;“}:f-":-‘-"-"-';-v L

,/ ) . } _'._.:_,_:_;z._ ; . 'fzg;;;;.
* Lateral dlrectlonsc.ortgmogfgg;; 7 ﬁ_(hat of axial direction

e Consistent with EPRI Bomc Ac1d Corrosmn Guldebook

h-‘-v. vw Cpm g iorpey
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Probable Timeline

» 1990 (+/- 3yrs) Nozzle 3 cracking initiated

«1994-1996 = Nozzle 3 cracking propagates

SIS S SO
o R i LA
. o il
ot identified
vl By B 3 4B
A I% 3 BT T I . .
v A B
§ - R
’ - .

L e W

« 2002 Corrosion discovered at

nozzle 3, minor degradation

o at nozzle 2 - ;
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Root Cause Summary

Inadequate 1nspect10n of ghe RPV closure head prevented
early. detectld:;m of nozzle leakage,
resulting; 1;__,‘:,_prolonged bonc ;a01d corrosion
and. 51gn1ﬁcant degrafi‘atlon.

vf-:rl' ,.1.
i.l»:’f‘;'-"“-‘" ," e

-w&f
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Root Cause Confirmation

* Phases 1 and 2
- Samples contain iron oxide
- Chemical form of boric acid

- Characterlzatlon of nozzle 3 cav1ty

FENOC
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Root Cause Confirmation

-+ Sample Phase 1

- Corrosion products/boric acid deposits from top of head
- Deposits scraped from CRD nozzle 3 below the flange

...........

- Corrosion pr6.,_ﬁ,ﬁ" :

Sits from nozzle 2 removal

» Sample Phase 3 Y hogplT
- Nozzle 3 and nozzle 3 corros1on area
- Nozzle 2

FENOC | | | 44
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