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Reactor Vessel Head
Inspection Results

Advisory Committee on Reactor Safeguards
Materials & Metallurgy and
Plant Operations Subcommittees

Vessel Head Penetration Cracking and
RPV Head Degradation

April 21,2003

11545 Rockville Pike
Rockville, Maryland

Larry Mathews, SNOC
MRP Alloy 600/82/182
Issue Task Group Chairman
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» Overview Table of Inspection Results by Plant
» Subpopulation Summary Statistics
— By EDY Group

- By Head Fabricator and Tubing Supplier
— Detected Circumferential Cracks

* Inspection Plans for Spring 2003 Outages
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\— Color-coded rozze-by: "
nozzle inspection results .
L—— * MRP-48 EDYs, head Types of snspections performed (CRDM/CEDM, vent, bther)
temp , unnt name, and B ;
basic design nfo Outage schedule, BL 2002-02 EDYs, and head replacement plans
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* The overview table graphically shows:
— The extent to which the fleet has been inspected

— The extent of detected cracking, leakage, and wastage correlated
with effective degradation time (EDYs) and position on the head

— Key operating and design data

— Refueling outage schedule and current head replacement plans
» The overview table complements more detailed outage-

specific and defect-specific inspection results tables that

are used to generate statistical (i.e., Weibull) fits

» The MRP plans to release a revision to the table at the
end of each outage season
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Nozides No. Leaking
ANumber of Inspected by Nozles/ Ne.
Noties on Bead Non-Viwal Welds Nozzles | hocles | Aa. No.
B with | Novdes | Noules
Appror. r = ® » S % Weld wark ik
o NSSS | EDYsat e HE % %B Mewt | Axal | Circ
2] vsw |supplier| tmspection} Due | & B & & & & | 3 2S£ Cracks | Gracks | Cracks | Cracts
L oAl LR AL .. e SALLEN B oA
1TANO | B&W 196 Mar 2k 69 69 [ 11K) 0% | o) 1 ]
2HANO | B&W 211 Oct 2002 69 69] 69 100 0% 1 4%) 8 [ 8 [1]
3|Cook 2 w 139 Jan 2002 78 78 78 HI0 0% 0 00%| 2 O 2| [
4]Crystal Ruver 3 { B&W 16.2 QOct-2001 69 69| 9 13 0% 1§ 1%)] 1 i 1 1 ]
5{Davis-Besse B&W 192 Apr 2002 69 63] 69 110 0% 3 43%| $ 3 [ 3 ]
6{Millgone 2 CE 12 Feb-2002 60 B 77 77 MDO0% 0 00%) 3 3 1 3| 2
7 [Norik Anna ) w 200 Oct 2001 &5 65 30 46.2%| 0 00% 6 6| 0 6| [
8[North Anna 2 w 190 Nov 2001 65 65 3 46%] 3 1000%| 3 1000%) 3 3 3| [
9{North Anna 2 w 197 Sep 2002 65 651 65 100 0% 6 92%| 42  646%) 7 42 ] [
10}Oconec ) B&W 218 Nov-2000 62 69, 18 26 1% ) S56% 1 5 6%)| ] ! ] U
11[Oconee | B&W 32 Mar 2002 £9 69| S 72 b 200%] 3 600%) 3 1 3 1]
12|Oconee 2 B&W 222 Apr 2004 69 69| 4 53%] 4 1000%| 4 1000%) 4 4 4 1
13{Oconee 2 BXW 237 Oct-2001 69 &9] 69 100 DY) 1 101%] 15 21 7% 15| 5 10| L
14{Oconce 3 BAW 27 Feb 2001 69 69) 1R 26 1% 9 SOD%E 0 55 6% 10 0| 19| S
15[Oconce 3 B&AW 25 Nov-2001 69 69] 52 15 4% S 96%] 7 1315% 7 2] 7 2|
16{Surry | W 391 Oc1 2001 65 63 16 24 6% 2 125%) & 375% [ 6| 0 [0
17]TMI § B&W 18 ) Ocr-200) 69 691 12 17 4% 3 417%] 7 SR3% 7! 4 7 OI
Totals fur Inspecnons Since First US Leokage (J12000)] 3871 3090 94 50551 1462 28 9% 47  32%[12¢ 8% | =4 R " I9]

NOTE The bl does not reflect the small-diaeter thermocouple Rozzles found 1o be cracked and leakmg at Ocenee § and TME 1 {These are the anly rwo plamts that have

this type of pozde )
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" BMV Nozzle Tube ET/UT Weld ET/PT
= | No. Units No. No. Units No. No. Units No.
EDY at D 100% Nozzles 100% Nozzles 100% Welds
Next RFO | = | Inspected Inspeécted | Inspected Inspected | Inspected Inspected
27 1898 13 1016 3 338
ZI2EDY 130 | o00y  (02%) | a3%)  @o%) | (0%  (16%)
8 510 4 354 0 6l
8-12EDY 15 (53%) (49%) (27%) (34%) (0%) (6%)
17 1327 0 92 0 1
4
<8 EDY 2 (71%) (711%) (0%) (5%) (0%) (0%)
Torals| 69 52 3735 17 1462 3 400
otats (715%)  (75%) | (25%)  (29%) (4%) (8%)
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Leaking Nozzles Nozzle Tubes Cracked Welds Cracked
8 Nozzles Nozzles Welds
EDY at o N | Leaking % Cracked % Cracked %
Next RFO| Z 2 (Inspected) Leaking | (Inspected) Cracked | (Inspected) Cracked
47 o 82 o 75 o
>12 EDY | 2069 (1898) 25% (1016) 8.1% (338) 22.2%
8-12 0 o 0 o 0 o
EDY 1035 (510) 0 0% (354) 0.0% 1) 0.0%
<8EDY | 1857 0 00% 0 00% 0 0.0%
1327) (92) 8D
47 o 82 o 75 o
Totals| 4961 (3735) 13% (1462) 56% (400) 18 8%
'}!
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D Not Yet Inspected
DNotinsp 1o be Replaced by Next RFO

D Not Yet Inspected
ONot Insp to be Replaced by Next RFO

T B 3
ONot Yet Inspected
ONot Insp  to be Replaced by Next RFO

0+
EDYs:
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NSSS " BMV Nozzle Tube ET/UT Weld ET/PT
Supplier/ Z | No. Units No No. Units No. No. Units No.
LEDY at :o)' 100% Nozzles 100% Nozzles 100% Welds
Next RFO | Z | Inspected Inspected j Inspected Inspected | Inspected Inspected

B&W 7 7 483 4 320 0 39

NSSS (100%) (100%) (57%) (66%) (0%) (8%)
non-B&W 38 28 1925 13 1050 3 360
>8 EDY (74%) (73%) (34%) (40%) (8%) (14%)
non-B&W 24 17 1327 0 92 0 1
<8 EDY (M%) (71%) (0%) (5%) (0%) (0%)

Totals| 69 52 3735 17 1462 3 400
otars (75%)  (715%) | (25%)  (29%) (4%) (8%)
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NSSS Leaking Nozzles | Nozzle Tubes Cracked Welds Cracked
Supplier / 8| Nozzles Nozzles Welds
EDY at S E Leaking % Cracked % Cracked %
Next RFO | Z Z | (Inspected) Leaking | (Inspected) Cracked | (Inspected) Cracked
B&W 37 o 61 o 26 o
NSSS 483 (483) 1.7% (320) 19.1% (39) 66.7%
non-B&W 10 o 21 " 49 o
> 8 EDY 2621 (1925) 0.5% (1050) 2.0% (360) 13.6%
non-B&W 0 o 0 o 0 o
<8 EDY 1857 (1327 00% 92) 0.0A’ ) 0.0%
47 . 82 . 75 .
Totals| 4961 (3735) 1.3% (1462) 5.6% (400) 18 8%

ACRS Subcommitiee Meeting —Feb 18-19, 2003 10

=PRI /ES_\




3EEA,. SCATEPILTES A A v Br TR B Riaa s oy ey 3% e AL Ty ;—-i.-«;‘»- Braio RS
CINot Yet Inspected ONot Yet Inspectsd ONot Yet Inspected
ONotinsp o be Repiaced by Nedt RFO DNol Insp 1o be Replaced by Next RFO GNot Insp , to be Replaced by Next RFO
WLeaking B Cracks M Cracks
B Inspacted Not Leaking B Inspecied No Cracks W inspected No Cracks
2500 4 - - - - -BMV| ol o Nozzle| zs004 - - - - - Weld
2250 4 1659 1 _ ... _ 2260 - — - - - ] _E-:I-)-g 2250 4 - - - - ET. PT|
. ET, UT
20009 ---374 ___f----- 2004-- -1, f----- 20001 - -
10 1385
m1750' ----- 1750 1+ - - - - L 1750 4- - - - g
2 530 2043
W1500 T - - - - 1500 1 - 3 1500 4+ - - - - -
[+
z,1250~—-—-— 1250+ - - - 1250 1 - - -
2 -186.
1000 4 ~ - 1000 + - - q 1000 4 -~ - - - E
1765 1856
750 4 - - - 750 + - E 5 50 ¢+ - - - - -
1327
500 | edle 500 tmsee RUZAER A so0 1 - 66 . T 0er
% o | 1
250 -n 250 + |l - 250 "‘3/73'
‘ 259 ¥ 5
o _ 0l T | 0}l A
B&W  nonBW>8 nonBW<8 B&W  nonBW>8 nonBW<8 g&w nonBW>8 no <8
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* The total RVH nozzle population includes 3871 CRDM
no%zles, 1090 CEDM nozzles, and 94 ICl nozzles at 69
units

» Bare-metal visual (BMV) and/or non-visual NDE
inspections have now been performed on about 81% of
the RVH nozzles

— About 47 nozzles have been found to be leaking

» Almost 8% of the nozzles in B&W plants have leaked, but
leakage in non-B&W plants is limited to North Anna 2 and
Surry 1 leakage, which is primarily due to weld cracking

» Non-visual examinations have been performed on:

— About half of the “>12 EDY” nozzles and a third of the “8-12 EDY”
nozzles

— About two-thirds of the nozzles in B&W plants and 25% of the
nozzles in non-B&W plants

ACRS Subcommittee Meeting - Feb 18-19, 2003 12 = =dr={] f@ Y
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About 19% of the inspected B&W plant nozzles show
base metal cracking

Base metal cracking in non-B&W plants is limited to
Millstone 2 (3 nozzles) and Cook 2 (1 nozzle), although
North Anna 1 and 2 may have experienced some base-
metal initiated cracking (Sandvik material)

About 8% of the J-groove welds have been examined by
ET or PT

Weld exgerience ranges from no indications in a relatively
high EDY plant Robinsonbto relatively extensive weld
cracking in another high EDY plant (North Anna 2)

To date, weld cracking has been limited to vessels
fab_tricated by Rotterdam Dockyards and B&W-designed
units

ACRS Subcommittee Meeting — Feb 18-19, 2003 13 =rrrel nﬁ N
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EDYs Previous Inspections ans for Sprng 2003 RFO Curvem
»n NSSS Mavenal | Vessel (Since F12000) {Note 4) Head
Spring Unn Name Vendor Suppha JFabrator | Visual AbU) Al82 Visual ABH} AlR2 Renlacement
RFO MNote2) | (Nove ) | for Nozzle weld | for | Noate | waa [T
(Note 1) Leakape Tubes Mutal { Leakape | Tubes Mot
2.5 JOconee 3 BW B BW_ [BMV UT ET(18)PT(12) (PT(12) Head Replacament wath A6 _| Spring 2003
14_{North Anna | w S RDM_|BMV ET(30) UT(8).PT14) [PT (4) Head Reg with A650_| Spring 2003
05 (Surry 1 W H__}BW RDM[BMV uT(16) PT110) | Head with A690_| Spring 2003
83 [Tukey Pont 3 w H BW __[BMV - BMV ___JUT 8 Assesang
75 [Farley 1 W HB | BWCE [BMV - - BMV___|ETUT |- Fall 2004
152* |San Onofre 3 CE SSH CE BMV(4) |- - BMV UT ET Assessing
52 |Calven Ciffs 2 CE H CE__[sMvaicy - BMV uT Assessing
46 |Cook ? W W CBI__[BMV [ETuT lET(0) {BMV - I -
40 JSi Lucie2 CE SSH CE___[BMV - BMV U1 | Assessing
40 |Beaver Valley | W HB | BW CE_|BMV - BMV ETUT _[ET Spemg 2006
<12_|Kewaunce W HB_ | BWCE |BMV - - BMY - -
12_|indien Poimt 3 W H CE__| - - BMV__[ETUT P
10 __|Palo Verde 3 CE SSH Cl - BMV(24) (UT -
09_[Dwhlo Canyon2 | W H C| [ - MV - =
< I |Palisades CE H C 5 - BMV -
45 [Sowth Tenas? W H CE b BMV -
2103 |Catawa 2 W H CE - BMV - -
21*_ |Shearon Hams W CBI - BMV -
17 _|Brautwood W BW N - BMV - - -
15 h 1 W RDM BMV - =
NOTES

1 EDYs as reponted by each plant i then responses 1o Bulloin 200202 The astensks indicate EDYs at time of the Bulietin 201202 response rather
than the projected EDYs at the spring 2003 reficling outage (8 2002 for San Onofre 3 and 9 2002 for Shearon Hamis)

2 Key for Matenal Supphers B = B&W Tubular Products H = Huntmpton S = Sandiak SS= Standard Sieel, W = Westmghouse (Hummgion)
CL=CL Imphy A= Auberi et Dwnal

3 Key for Vessel Fabricalors BW = B&W CBJ = Chicapn Bndpe & bron, CE » € E RDM =R dam Duckyand.
CL=CL lmphv

4 The sprmg 2003 mspections for San Onofie 3 have alreadh been completod with no mdiations of cracking of leakage
The sprmg 2003 mspections for Diablo Canyon 2 have alzeady been completad with no indications of leakage

A
ACRS Subcommutiee Meeting - Feb 18-19, 2003 14 Erial $ N




P B s ol % RV

+ 20 units have refueling outages this spring:
— Oconee 3, North Anna 1, and Surry 1 will replace their heads with
new heads having Alloy 690 material
— All 17 other units will perform 100% BMV and/or non-visual
inspections

— All the plants having greater than 12 EDYs will have performed a
non-visual baseline examination by the end of the spring outage
season

» The spring 2003 outage season mainly concludes the
initial set of inspections following Bulletin 2001-01. After
this spring:

— All but two units S< 2 EDYs) will have completed 100% BMV
and/or non-visual inspections (97% of the total nozzle population)

— 20 of the 28 units with > 12 EDYs (as of February 2001) will have
completed baseline non-visual examinations or head replacement

ACRS Subcommitiee Meeting — Feb 18-19 2003 15 ErPrel 5& ™

= After fall 2003, it is expected that:

— All 69 units will have completed 100% BMV and/or non-visuals (or
head replacement)

— 27 of the 28 units with > 12 EDYs (as of February 2001) will have
completed baseline non-visual examinations or head replacement
(28" unit plans such an inspection at its next RFO in spring 2004)
» Upon the conclusion of the spring outage season, the
MRP will again look for correlations between cracking and
factors such as EDYs, tubing material supplier, and
vessel head fabricator

3
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Process for Revising the
MRP Inspection Plan

Advisory Committee on Reactor Safeguards
Materials & Metallurgy and
Plant Operations Subcommuttees

Vessel Head Penetration Cracking and
RPV Head Degradation

April 21, 2003
Room T-2B3
11545 Rockville Pike
Rockville, Maryland

David A. Steininger
EPRI, MRP and SGMP
Craig Harrington, TXU
MRP Alloy 600/82/182 1TG
12 4 y { ¥ “he 3 <l
RV Head Working Grog rgggirné:j; 5
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+ Overall Safety Assessment Process

+ Transition to Combination Baseline Inspections with
Inspection Intervals Chosen to Ensure Safety

+ Failure Modes and Effects Analysis
» Main Evaluations
~ Nozzle Ejection
— Head Wastage
+ Supporting Evaluations
— Crack Growth Rates
— Stress Intensity Factors
— Proposed Additional Boric Acid Corrosion Testing

» Schedule for Issuing Revised Inspection Plan and Safety
Assessment Report

»
ACRS Subcommttee Meeting - Feb 18-13, 2003 2 el AN




DRAFT, February 17,2003

¢ Inlensity’% ' Vispection
< Faclor (M) | [ Detectabiky

Analysrs 4
uear s ] L Swastage || | EOY.Croue
Evaluabors

Faiure Modes| D i
l: & Eflacta ¢ Defirwion of

Moderale EDY
-~ Low EDY
e EEY R >} Intervala 5 AB90, A152
Lovse Parts Lo

Evaluahons,

L

% NDE'Zs

Other FMEA
s Fakure Path [—
Assessmenis

ACRS Subcommillee Meeting— Feb 18-19, 2003 3 (e =t | ﬂ N

LT TR Fal &

- The MRP approach is transitioning to ensuring safety
th_rgugh “‘combination” baseline inspections at all plants
with:

— The timing for the baseline inspection and the re-inspection
interval based on the technical evaluations and

- More frequent bare metal visual (BMV) inspections providing
backup to the program of periodic combination inspections

+ The revised MRP inspection plan will be formed on the
basis of a comprehensive satety assessment (SA) report

» The SA report:

— Begins with a failure modes and effects analysis (FMEA) to
anticipate the possibility of fallure modes that have not been
observed In the field and

— Includes the analysis tools previously developed and described n
MRP-75

ACRS Subcommittee Meeting - Feb 18-19, 2003 4 =l ﬁ ™




* The results of the FMEA are used to establish the
required technical evaluations and ultimately the
inspection detectability requirements

+ Existing calculations show that non-visual inspections do
not have to be performed every refueling outage to
ensure safety

- Extremely low probability of nozzle ejection and significant
wastage .

— Extremely small consequential increase in core damage
frequency, consistent with NRC Reg. Guide 1.174

ACRS Subcommutlee Meeting - Feb. 18-19, 2003 5 =2l

. Subsequen{ to the release of the MRP-75 inspec{ion plan
and technical bases and in light of the most recent
inspections results, the MRP has released a letter to the

industry recommending a transition to combination
baseline inspections " '

» Three types of combinations inspections:

— (UT/BMV) UT of the base metal from the tube ID and bare-metal
visual (BMV) '

— (UT/ET) UT of the base metal from the tube ID and ET/PT of the
weld surface ) ’

— (ET/ET) ET of the base metal ID and OD and ET/PT of the weld
surface

+ The timing of the baseline inspeciion and the inspection
interval will be based on the technical evaluations to
ensure safety ’

ACRS Subcommittee Meeting - Feb 18-19, 2003 6 cErl A ~




Time at temperature (EDYs) will continue to form the
basis for the susceptibility groups

It is expected that high susceptibility plants will perform
the combination baseline inspection by the next refueling
outage

It is expected that moderate susceptibility plants will
perform the baseline inspection by approximately 2005 at
the latest

It is expected that low susceptibility plants will perform the
baseline inspection by approximately 2007 at the latest

ACRS Subcomm:liee Meeng — Feb 18-1, 2003 7 =Rl g% S
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FMEA is a technique of TQM (Total Quality Management)
to ensure product reliability
Typically, a table of the following characteristics of the
possible failure modes is prepared:

— Cause

— Effect (consequence)

— Detectability

— Frequency of Occurrence

Relationships among the failure modes are illustrated
using a block diagram

FMEA is a tool that helps anticipate new failure modes

ACRS Sutcommitee Meeting — Feb 18-19, 2003 8 =Pl g% >




« For RVH penetrations, there are three principal failure
modes:

— Nozzle Ejection Due to Net Section Collapse
— Cladding Blowout Due to Wastage
— RCS Damage Due to Loose Parts Generation

. Th%re are several levels in the failure process for these
modes:

-~ PWSCC initiation (nozzle ID, nozzle OD below weld, weld surface)

— PWSCC growth (axial and circ in nozzle, axial-radial and circ-axial in
weld; weld to nozzle and nozzle to weld; turn from axial to circ)

— Leakage to annulus (new crack initiation and low-alloy steel wastage)

— Growth to allowable size / wastage until code allowable stresses are
reached

— Growth to net section collapse or loose parts release / wastage to
cladding blowout

— Small/medium LOCA and possible consequential damage / loose parts
damage

— Effect on core damage frequency (CDF)
ACRS Subcommstiee Meeting - Feb 18-19, 2003 9 Erreel
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« Each failure condition will be classified as:
— Not credible,
— Not actionable, or
— Actionable

* A classification as “not credible” will require a stron

technical argument and thorough documentation with a
high threshold

+ A classification as “not actionable” requires that adequate
protection be provided at a higher level in the failure
process

+ Conditions classified as “actionable” will be inputs to the
probabilistic and deterministic evaluations and will
ultimately shape the detectability requirements specified
in the inspection plan

ACRS Subcomm.tiee Meeting - Feb 18-18, 2003 11 =PRI g% ™
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+ Additional factors being considered in the FMEA include:
— Environmental fatigue

Fabrication practices such as nozzle straightening or nickel

plating

— Surface and imbedded flaws {)roduced during fabrications such as
welding lack of fusion and hot cracking

The condition of the inside surface cladding
Primary water chemustry factors such as resin intrusions
Leaks from sources above the head

Plant-specific differences in the air flow across the head top
surface

ACRS Subcommtiee Meeting — Feb 16-13 2003 12 el .\




= Weibull reference curves based on the latest inspection
results

— Plant experience may support different curves for different nozzle
material suppliers and different weld fabricators

+ Crack growth rates based on MRP-55 and stress intensity
factor calculations

+ Existing small- and medium-break LOCA analyses
= Consequential damage assessments

* Loose parts damage assessments

ACRS Subcommtiee Meeung - Feb 18-19, 2003 13 =FPrR2l & R
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* The MRP report addressing the crack growth rates
(CGng of Alloy 600 base metal (MRP-55) was formally
submitted to the NRC in September 2002

» The EPRI-MRP expert panel on CGRs has completed
preliminary assessments of Alloy 182 and 82 weld metal

» A report addressing the weld metal will be produced after
additional data is produced, collected, and evaluated

« The expert panel will meet in late March in Washington,
DC around the NRC conference to discuss the weld metal
evaluations

ACRS Subcommtiee Meeting ~ Feb 18-18, 2003 17 Erre2l &

» Stress intensit{)factor calculations have been completed
for several CRDM nozzle geometries

» Comparison to date with the results produced by the NRC
contractor have shown good agreement

+ Additional work will be used to bound the magnitude of
the stress intensity factors as a function of nozzle and
weld geometry and material properties (e.g., nominal
nozzle tube yield strength) :

+ The stress intensity factors are a secondary influence
bgahitr_ld the crack growth rates on the probability of nozzle
ejection

ACRS Subcommittee Meeting - Feb 18-19, 2003 18 =Pzl ﬁ N




» The MRP has completed scoping work to define the types
of testing that are appropriate to produce key BAC data
that are not available

— Analysis work to understand the thermal-hydraulic and chemical
environments along the leak path

— Analysis work to define the key parameters that drive the
corrosion and erosion processes in the nozzle crevice

— A probabilistic wastage model to assess the risk of producing a
wastage cavity large enough to result in shell stresses exceeding

ge A1)ME code allowables (Appendices C, D, and E of MRP-75,
ev.

— An expert panel {o review the probabilistic wastage model

+ The MRP is in the process of requesting proposals for
performing the needed testing including mock-up testing

— BAC testing work is expected to be awarded in May 2003

ACRS Subcomstiee Meeting ~ Feb 18-19, 2003 19 =l

A comprehensive safety assessment (SA) report will form
the basis for a revised MRP inspection plan

+ As apFropriate, the SA report will reference other reports
?\%%3, 5h5e) MRP report on crack growth rates of Alloy 600—

» Some calculations remain to be revised and extended,
but much of the material to be incorporated into the SA
report has already been completed in support of MRP-75

+ Data develo?ed subsequent to the initial release of the
SA report will be evaluated for consistency with the SA
evaluations once such data become available

+ The MRP expects to be prepared to discuss the contents
of the SA and the revised inspection plan summer 2003

» In the meantime, technical discussions with the NRC staff
will continue

ACRS Subcommittee Meeling — Feb 18-19, 2003 20 [ e e | _ Y
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North Anna Unit 2 Reactor
Vessel Head

Adwvisory Committee on Reactor Safeguards

Materials & Metallurgy and
Plant Operations Subcommittees

Craig Harrington TXU
Chair RPV Head Working Group
April 21, 2003
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Inspection findings drive industry response in
a reactive mode

Regulator imposes more requirements for
inspection

Inspections find unexplained and unexpected
cracking at some plants

The root cause is not known

The inspections will ensure safety, but this is
not an effective, efficient or economical
strategy for the industry

=2l \




« Comprehensive metallurgical examination of a
failed component

* Determine root cause and generic implications

» Establish correlation between NDE indications
and as found defects

=Pl -\
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Figure 2
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Information Only not Cfficial
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. “Understand the formation of the circumferential flaws
in the outer diameter of the nozzle base material and map
its position relative to flaws in the J-groove weld.

« 2. Determine the most probable cause(s) of initiation
and propagation of the weld flaws.

» 3. Characterize the final nozzle-annulus operating
environment prior to shutdown and identify the associated
corrosion mechanisms by analysis of annular deposits
and local base material surface characteristics.

]
=Pl A

A 60(v82/182 §

1. 4. Examine the previ sl¥ repaired nozzle (#51) that
exhibited visual evidence of renewed leakage to

determine both the mode(s) of degradation that resulted
in leakage and the leak path through the pressure
boundary.

« 5. Facilitate development of a better understanding of
the actual capability of current inspection techniques and
technologies to detect OD circumferential cracks in the
base material and axial/circumferential cracks in the
weld material by conducting vendor non-destructive
examinations prior to nozzle destructive examinations.

« 6. Finally, acquire samples of base material and weld
metal for future PWSCC testing of Alloy 600/182 thick-
walled material.

ErreEl :ﬁ
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Penetration NDE results Addresses Addiuonal information \
Objective #(s)
54 Visual Not leaking 1,25 OO0 Circ #1. Length 42 deg Depth 0 187
©D Clre #2: Length 80 deg Depth 0.23°
o UT D and OD indication in Weld Circ 81 Length15”
Nozzle Weld Circ #2° Length 4 22°
Weld ET orc and axsal Weld Axial Length 0.32°
53 Visual Masked 125 OD Circ #1 Length 76 deg Depth 0 15”
OD Clrc #2: Length 50 deg Depth 0.32°
UT OO aircs in Nozzle Weld Circ#t Length 3 057
Wweld ET Cires Weld Circ 82 Length 5 31"
31 Visual Leaking 2,35 Weld Axial #1 Length 0 08°
Weld Axial 2 Length 0 168"
UT. No detectable mdications Weld Axial ¥3 Length 0.20°
Wekt ET axiais Weld Axial #4 Length 0.207
- ~ . . . . L. Weld Axial #5 Length 0.24° _
51 Visual Leaking 2,345
Wesd repaired in UT Weld Interface Indicalion
001 {Ewidence of leak path}
Wekl PT lnear
63 Visual Masked 245
Weid repared in UT D Indication n: Nozzle
Probable Lesk Path
Weld PT lnear
10 " Visual Leahing NDE
UT Weld interface Indicahion
Lack of Fusion
Weid None ‘
' Sample RPV nozzle matena 6
Need to getermme from several differert heats of Heats to consider 710147, 765536, 710208,
the CROM nozzle material Sample should capture 772024 or 568011
numbers the full arcumference arxt be
about 6 nches fong
Fgure 1

Pate Section Layout




A 6082182 1

Proposals due 2/24

Finalize a sectioning plan that focuses on
priority of examination of particular nozzles

Determine if any additional NDE testing is

necessary

Determine the cost of the project by
competitive bid

Coordinate sample removal process
Select Laboratory for DE testing

=Rl \




Status of Reactor Vessel Head

'Penetration Inspection
Activities |

Tom Alley, Duke Energy
Chair, Alloy 600 Inspection WG

ACRS Materials & Metallurgy and Plant
Operations Subcommittees

February 18-19?, 2003

MRP/CRDM/NDE 1

Presentation Outline

“ CRDM Issue Background

“ Top-of-head Visual Exam Guidance

“ MRP Approach to NDE Demonstration
4 2001 Demonstration Process & Results
4 2002 Demonstration Process & Results
“ Future Demonstration Activities

4 Other Future Inspection Committee Activities
~ Database??

“ Summary

MRP/CRDM/NDE 2




CRDM Head Penetration NDE Background

~ Original (97-01) demonstrations addressed cracks initiating
on the inside surface of the penetration only

“ Discovery of tube OD and weld cracking identified the need to
modify the NDE demonstration program
— Inspection technology required rapid development, deployment and
field adaptation of existing inspection equipment
“ Visual evidence of leakage vastly different from originally
postulated
“ First phase of MRP demonstrations was available to
support fall 2001 inspections
— Detection of “safety-significant” flaws in the tube
“ Second phase performed to support fall 2002 inspections
— J-groove weld flaws
— More base metal flaws to evaluate depth sizing

MRP/CRDM/NDE 3 N & E

Center]

MRP Activities — Visual Examination
Guidance

“« EPRI MRP Inspection Committee Task

— Develop visual inspection training
package for fall 2001
« Capture lessons leamned related to

conducting inspections and visual
evidence

— Updated TR was published for spring
and Fall 2002 inspections

MRP/CRDM/NDE 4 N 22 E

Center]




MRP Approach to Demonstrations

~ RPV Head Working Group defines NDE objectives using analytical
evaluations and service experience:

— ldentify relevant flaw mechanisms
— Define inspection locations & volumes (e g., OD, ID)
— Define ranges of flaws to address (depth, length, orientation)
~ Inspection Working Group develops demonstration program
—~ Approach
— Mockup design & procurement
+ Specifications for flaws in mockups
» Realism of mockups (geometry, distortion, clearance, access, scratches,
magnetic deposits, etc.)
— Demonstration protocol & schedules (blind/non-blind, scope, result reporting
process)
= Tiger Team formed to design mock-ups
- RPV Head Working Group
~ Inspection Working Group
« Design cnteria for mock-ups

MRP/CRDM/NDE § &N
{Centen]

MRP Demonstration Process

-~ All CRDM Head Penetration NDE demonstrations
had the following characteristics:

— Blind

« supported by non-blind preparation phases
— Procedure demonstration

* No acceptance criteria

» Demonstration best available techniques

— ASME code will probably develop technique/personnel
qualifications

— Measurements of flaw detection capability and limits
» No acceptance (pass-fail) criteria

MRP/CRDM/NDE 6 N m e

Center




MRP Demonstration Process

+« Demonstration protocol

— Vendor collects data on mockups & reports findings
- evaluates measured vs. true values
« Detection (# detected/total flaws)
+ Location with respect to pressure boundary
« Sizing results documented
+ False call performance

— NDE Center documents procedure essential variables

« Allows verification that the techniques used are the same
techniques that were demonstrated

— Analysis process used in the demonstration and must be captured in
the procedure

— Results are provided to utilities

MRP/CRDM/NDE 7 N f -} E

Center]

MRP Demonstration Process - Overview

« Complicated examination volume
“ Vendor UT inspection procedures include many technique
options and probe combinations, examples:
— Open-tube probes
— Blade probes
* Probes are designed to accomplish specific objectives:
— Specific volumes
— Flaw onentations, e g, circumferential or axial flaws
~ Detection technmique, e g, comer trap or tip diffraction
- Sizing technique
“ MRP Demonstrations document performance of individual
probes/scans

~ More than one probe may be required to examine the specified inspection
volume to detect/size specified flaw locations and onentations

EPRI

MRP/CRDM/NDE 8 N a e
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2001 Demo Description

“ Focus - Detection of “Safety-Significant” flaws in the tube base metal
4 Mock-ups
— Oconee CRDM Penetration Tubes
» Demonstrate flaw detection
» Good range of flaw sizes and orientation
— OD Circumferential (up to 45 degrees off-axis), OD Axial, ID Axial
- Full-scale mock-up (Designed and deployed in 3 months)
+ Demonstrates effects of weld & capability to address geometry
— Deliver the tooling (i e. maintain contact)
— Query the appropriate inspection volume
» Important examination considerations
— Flaw location relative to weld
— Flaw clusters *
— Triple-point indications
» Using EDM notches
« Initial demo was blind; upon completion all data was shared with the

inspection vendor to improve their techniques and train personnel. |

MRP/CRDM/NDE &

__ Center

2001 Demo Mock-ups - Oconee Specimens

“ Specimen #56
— OD-initiated PWSCC
* Range of sizes & locations
— Off-axis flaws (~45 degrees)
are representative of
circumferential flaw in
outermost penetration

“ Specimen #50
— ID-initated PWSCC

e
ANy EPRI

MRP/CRDM/NDE 10 Nn E
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2001 Demo Mock-ups — Full Scale

“#1 & 4 - Circ. above weld. Corner trap one direction only. Min. skew angle. This circ
position exhibits maximum distortion during fabrication, affecting UT contact.

“ #2 — Circ. Below weld. No corner trap when UT oriented down. Near max skew angle.
“ #3 — Circ. flaw at max skew. Cross-hatch simulates PWSCC affecting corner-trap
“ #5 & 10— Axial flaw. Corner-trap lost over weld. Maximum distortion.

“~ #6,7, 8, 9 — Circ. & axial combination.

MRP/CRDM/NDE 11 N [ ] E

Cenfer]

2001 Demo - Participating Vendors

“ Three vendors participated
— WesDyne
» Blade-probe and Open-tube UT and ET
— Framatome
+ Blade-probe and Open-tube UT and ET
~ Tecnatom
+» Blade-probe and Open-tube UT and ET

MRP/CRDM/NDE 12 N

Cented




2001 Demo Results

“ Distributed periodically by MRP

“ Results summarize the capability of numerous probe
types

— Vendors detected the crack tips in the Oconee tube ends after
enhancing their procedures.

— Vendors detected the flaws placed in the full scale mockup

“ In most cases, multiple demonstrations were supported
~ As aresult of
* changing inspection requirements
+ equipment modifications and updates

MRP/CRDM/NDE 13 N
Center

Vendor A 2001 UT Demo Results

e b R vt EA e e e L
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Demonstrations for 2002 & Future

“ Demonstration Scope
— Replaced EDM notches
* More realistic using CIP processing
— Flaw characterization capabilities
* Depth sizing
* Length sizing
» Location with respect to weld
— Increased population of flaws
— Attachment weld flaws
+ Identification of flaws reaching triple-point
— Effect of Cluster flaws
+ Masking flaws in remarning tube volume

MRP/CRDM/NDE 15

Centen

2002 Mockups — Tiger Team Goals

“ Blind Mock-up

“ Demonstrate sizing capabilities

“ Full Scale Mock-up

4 Establish Inspection Thresholds

“ No POD

“ Practice Blocks and Blind Blocks
“ Include Effects of Crazed Cracking

MRP/CRDM/NDE. 16




2002 Mock-up Selection Considerations

“ Mock-up flaws must be representative and appropriate for the NDE
Method(s) to be demonstrated

~ Need to provide representative responses for:
o UT -
— Specular reflection, Tip-diffracted response, Corner-trap
response
+ ET
— Realistic electromagnetic properties, crack width
+ Goal is realistic reproduction of Key detection or sizing variables

— Any differences are monitored and considered duriﬁg the
demonstration

4 Challenge: Numerous NDE methods are being applied & numerous
flaw types/exam volumes to be considered

MRP/CRDM/NDE 17 N

Cenfen

2002 Mock-up Flaws Selected

~ CIP
— Appropriate for ET
» Tight, no unrealistic electromagnetic features
— Appropriate for UT,
» Comparable tip response
— Most important - primary method of detection
+ Best control of flaw dimension
» Realistic irregularity of flaw face in 600 tube
» Branching simulated by using multiple flaws
“ Accelerated Corrosion Cracks
— Combined with CIP, will provide range of crack widths
— No unrealistic electromagnetic features

MRP/CRDM/NDE 18 N e
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2002 Mockups

“ Flaw types as determined by Tiger Team Committee
— Axial, circ, & off-axis tube flaws
+ ~20 flaws, up to 100% deep, 0.1 to 3.0” in length
— Cluster flaws in tube
» ~25 flaws up to 20% deep, 0.1 to .25” in length
— Axial & circ attachment weld flaws
» ~15 flaws, up to 100% deep, 0.1 to 1.0”in length
* Located at weld/head & weld/tube interface
— Most challenging geometry
+ Flaws approaching & thru triple-point
— Allowing leak point to annulus

MRP/CROM/NDE 19 N

Center]

2002 Mock-up — Tube Flaws

MRP. CRDM Generic Mockup Layout for

x - - .
: _L1¢_f}a}?5 Placement 1n T}Jbe Volume A& 1 NOTE Flaw
4000 o ISARRD locations and sizes
Sede Vet are shown only to
+ describe typical
types of flaws to be
mncluded m bhind
mockups  Actual
flaw sizes and
locations are
confidential
Drawing 1s not to
scale
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2002 Mock-up — Weld flaws

MRP CRDM Genenc Mockup Layout for

; F law Placement in J-Groove Weld Volume - .
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NOTE Flaw
locations and sizes
are shown only to
describe typical
types of flaws to be
mcluded m blind
mockups Actual
flaw sizes and
locations are
confidential
Drawmg 1s not to
scale
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2002 Demo Tube Flaw mock-up “J”

“ Full-scale mock-up with CIP
flaws in tube

'MRF/CRDM/NDE 12




2002 Demo Weld Flaw Mock-up “K”

“« CIP flaws for
— UT from inside surface of tube
— And ET from the wetted surface

e

A NTEINTRNRNNNRANNNRNANNY]

ATV TTRRRRRRNRRRRRTRY

MRP/CRDM/NDE 13
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2002 Demo Weld Flaw Mock-up “L”

“ SCC flaw coupons for demo
of ET on wetted surface

“« Coupons contain cracks of
varying
— width
—length
— Orientation

MRP/CRDM/NDE 24 N
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2002 Demo — Mock-up “L” Crack Specimens

4 Laboratory-grown SCC | -

“« As-welded and ground -
surfaces

“ Flaws vary in: )
— Length, width, orientation
with respect to weld
direction

MRP/CRDM/NDE 18 N

2002 Demonstrations — Vendor A

“ Blade-Probe UT of penetration tube
— Flaws ranging ~ 15 to 100% TWE detected when flaws are
oriented perpendicular to beam direction
— Flaws ranging ~15 to 100% TWE detected when flaws are
oriented parallel to beam direction

“ Open-tube “Rotating” probe of penetration tube
— Flaws ranging ~ 13 to 100% TWE detected when oriented
perpendicular
— Flaws ranging ~15 to 100% TWE detected when flaws are
oriented parallel to beam direction

mrl(‘;!DM/ND! 26 N

Center]




2002 Demonstrations — Vendor B

“ Blade-Probe UT of penetration tube

— Flaws ranging ~ 15 to 100% TWE detected when when flaws are
oriented perpendicular to beam direction

— Flaws ranging ~15 to 100% TWE detected when flaws are
oriented parallel to beam direction
“ Open-tube “Rotating” probe of penetration tube

— Tube flaws ranging ~ 10 to 100% TWE detected when flaws are
oriented perpendicular to beam direction

— Flaws ranging ~15 to 100% TWE detected when flaws are
oriented parallel to beam direction

“ Open-tube “Rotating” probe of tube/weld interface
— Tube/weld interface flaw detected when flaw length extended to

triple-point
— Weld metal flaws that did not extend to the triple point were not
detected. EPRI

MRP/CRDM/NDE 27
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2002 Demonstrations - Vendor C

“« Preliminary assessment shows that UT detection
results are consistent with other vendors

“ Demonstration of ET inspection of the wetted surface of
the attachment weld is still in process

MRP/CRDM/NDE 18 N
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Flaw Designations Nomenclature

Flaw Desigastion | Flaw Description Coatained I

A 1D Axial Above e Weld Vae

B TD Axal Over the Weld Voo

C D Anal Below e Wald Ves

D D Axial Abave the Weld Yes

3 OD Axial Over e Weld Ver

F 0D Axial Below the Weld Ver

G D Circamferratial Above the Weld WA (Nowa 1)

1 ID Crcamierential Over the Woid WA (Nots 1}

1 D Circumiereatial Below e Weld Yes

] OD Crrcumfereatial Abowe the W vid Yo

3 OD Curvvanfervetial Over the Wekd Ver

[ OD Carcusfereatial Beiow the Weid Yor

] “Axwl Radisl (& Werked Surface of Ihe -Groove Weld Yes

N Circamicreatal Al {refereace 1o Wwhs) on Wstkod Surface ear Yeu
imterface of tabe W -Groow Wkt

© Circumicreasal/ALial {refereaced 1o tube) ou Wetkd Sarisce Bcar Foad Yoo
(clad) 1o J-Groove Weld

Towst | (1) Prescace of beck-wall does wot iaflscace detoction and aaalywes of 1D surface witaisd

flaws o tha degron fhal & affects OD surface matiated faws

TR

(&

S NN SR EANRRANNSEN]

=
&

EPR!
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Vendor A UT Detection Results
Vendor A - UT Blade & Open Tube Probe Detection Results
Scx Flaw Toble 4 mnd drawmpg for descrpton of faw types “A™ through “07
Fleld Used UT AB&C GH&1 DE&F La &Ll M, N, & O} Chusier Flaws
Techniques ID Axul Flaws 1D Circumferential Flaws| OD Axnl Flaws OD Cucemfercatsl | Weld | OD Flaws wnder
Flws Flawn | shallow (<3 s doep)
1D Chustes Flaws
[“Axind B lade™ 3%-86% TWE detscicd E1%-49% TWE detected]  28%-100% TWi: detncied 15%-100% TWE (Note 7) 100% detecton of 1D
(TOFD UT COAR) (Noke 4) dcteced &0D
(Nots 1) Oncatatonof flaws |4 Bews < 24% TWE missed.
Orentation of flaws < 12% TWE | <12% TWE waa 1 D type flew 1K-type false call @
3 degree sean was mconsietent mconsistent L1 typs flaw, 1% TWE
lL«tml 5y 2-EF tvpe flaws (Note §) M
“Cire Biade® 11%-86% TWE detocied TI%43% TWE dewcted]  15%-100% TWE detwciad | 15%-100% TWE | (Nos 7) | $00% desection of ID'
(TOFD UT AOCF) detectd 40D
(Note 2) 1B typeflaw <S% TWEmmsed  |Onestatonof flaws | 4 flaws < 33% TWE soassed
<12 % TWE waa 2D type flaws, 1 Ketype Galse eall @
3 degree sean Onestetos of flaws <12 % TWE | mcomsstent 1B type flaw, 35% TWE
was 1-EF type flaw {Note 6)
J(Nota 5} f
“Open-Tube™ 5%-36% TWE detocted TI%45% TWE detacted] 13%-100% TWE detociod | 15%-100% TWE | (Nota 7) | 100% dewestion of ID
(Nots 3) deieced 40D
3 Naws < 12% TWE sussed
S degree scam 1-D type Naw, 1 K-type filsa cal) @
increment (Nota 5} 1 E type flaw 13% TWE
3-EF tvpe flaw (Note §)
“Open-Tube” $%-86% TWE detected 11%45% TWE dowcied] 13%-100% TWE detoctod | 15% 100% TWE | (Mot 7) | §00% deechaon of ID
(Note 3) detectod A0D
3 flaws < 12% TWE mussod
3 degree seon 1-D type law, 1 K-typa filoe call @
Increment (Mot 5) 1-E type fuw 15% TWE
1 EF type Maw iote 6}
Netes] (1) TOFD UT COAF (Cwcarnlerentially Onomiod for Axial Fiews) wed fof detocton aod seing of laws. (2) TOFD UT AOCF (Axselly Orieotad for

Carcumferentnl Flaws) wsed fos detaction and sizang of flaws. (%) TOFD UT COAF/ACCF, P.usno, nad 0 degres used for desoction and nzmng of
Raws. (4) Throwgh-waB-sxicnt (TWE) of flaw depth i he iba thickness. (5)

resohution 1o

3

(approx. 3
Taws. (6) Appears 1o be o welding defect at the tubs-to-weid-mierfacs. (7) Equipmient and procadure -- ol optimized 10 rescive ml)ulm extending
beyond the rabe-to-weld wterfuce 1a the weld volume

MRP/CRDM/NDE 30
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2002 Demonstrations
ET of Attachment Weld

+ Detection is sensitive to weld surface conditions
— Ground Surface Condition
» Detected 0.16” long, 0.00031” wide

— Un-ground (as-welded) Surface Condition
+ Detected 0.55” long, 0 00197” wide
* Missed; 1.42" long, 0.00591” wide

— Continue to pursue additional/alternate techniques to improve
the detection capabiiities

EPRI

MRP/CRDM/NDE 31 N E
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Future Demos

“ Tecnatom
— ET of Attachment Weld
+ Scheduled for May 2003
“ Framatome
— ET of Attachment weld
» Scheduled for February 2003
— “Other” surface method for wetted surface of attachment weld
» Scheduled for 15t quarter of 2003

MRP/CRDM/NDE 31 N
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Future Demos (cont’d)

“ WesDyne
— UT of tube/weld interface
— ET of attachment weld
— Thermal imaging
“ B&W Canada
— UT of tube/weld interface
* 1st quarter of 2003
— ET of attachment weld
« 1%t quarter of 2003

MRP/CRDM/NDE 33 N
Centert

Future Activities

“ New mock-ups under construction

— Existing mock-ups will be made available to vendors for personnel
training and technique refinement

“ Replacement head inspection
— Equivalence studies
~ Mock-up drawings
“ North Anna Head
— Coordinate & Support Data collection by other Vendors
— Support sectioning and required NDE

MRP/CRDM/NDE 34 N
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Summary

“« MRP has organized a comprehensive approach to
address recent industry events

“ Considerable progress has been made in a short
amount of time

“ Demonstrations continuing

~ Emphasis on examination of attachment weld and
increased inspection efficiency

MRP/CRDM/NDE 3§ N
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RES/DET/MEB Programs and Activities to Address:
1. CRDM Cracking Issues
2. Davis-Besse Cavity Exams & Safety Assessment

ACRS Materials and Metallurgy, and Plant Operations Subcommittees

Meeting on
Vessel Head Penetration Cracking and RPV Head Degradation
April 22, 2003

William H. Cullen, Jr.
301-415-6754
whc@nre.gov
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RES/DET/MEB-Programs and Activities to Address:

CRDM Cracking Issues

NRC-Funded SCC Program & Products
1. On-going EAC Program
2. Testing of Davis-Besse Materials

3. LLTF Rec. to Review Worldwide Experience with Alloy 600 CRDMs, Boric
Acid Corrosion

Additional Programs with Expected, Relevant Products

1. Japanese Coordinated Program

2. ICG-EAC Round Robin

3. Other Programs

Heat-by-Heat Analysis of Domestic Plant CRDMs
Stress AnaIyS|s of CRDM Penetrations
NRC-Industry Collaboration on CRDM Crackmg Issues -
Davis-Besse Cavity Exam Update — What it Means To NRC/RES

LLTF Recommendations - Barrier Integrlty ‘Action Plan - Tomorrow

ACRS Presentation — April 22, 2003 Page 2 of 31



Davis Bsse Root Cause & Safety Assessment

A. Corrosion of RPV Boundary Materials in Boric Acid Solutions
1. Features of Program at Argonne Nat. Lab
2. LLTF Recommendation to Review Worldwide Experience
B. Structural Integrity Assessment
1. Approach of Program at ORNL
C. D-B Cavity Sample Plan, and Head Disposition
1. Documented Findings to Date
Description of Last Phase of the Program
Salvaging of Components from Discarded Head
Additional Tasks for Future Programs

Sl
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NRC’s SCC Programs & Products

A. On-going EAC Program at Argonne Nat. Lab.

1. SCC Testing of Alloys 600, 182, 690 and 152 in BWR and PWR water
a. Also evaluating strength, metallography for insight into mechanisms

2. Been testing since 1997, NUREG/CR-6717
a. Letter report on SCC in 182 due 10/04, NUREG due 12/05

B. Testing of Davis-Besse Materials (part of BAC program at ANL)
1. Alloy 600 from Nozzle #3 (M3935), and Alloy 182 from #11 J-weld

C. LLTF Rec. to Review Int’l Experience with Alloy 600 CRDMs
1. Critique of susceptibility model [EDY = EFPY * (temp. factor)] — Done 2/28/03
2. Report on worldwide Alloy 600 cracking experience (Dec. ’03)
3. Report on worldwide boric acid corrosion experience (Oct. '04)
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United States Nuclear Regulatory Commission

Additional Programs
Products (CGR Data, Mechanistics) Will Contribute to Existing Databases

1. Japanese Coordinated Program

a. Electric Joint Research Project
© SCC and SSRT on Alloys MA600, Alloy 132 82, TT690, Alloys 152 & 52

b. National Nickel-Based Alloy Material Project
e SCC on Alloys MA600, Alloy 132, 82, TT690, Alloys 152 & 52

2. ICG-EAC Round Robin

a. Purpose: resolve factors that cause differences in stress corrosion crack
growth rate response, esp. in Alloy 182 weld

b. Status: Specimens distributed, some tests completed, reports next month

c. Expectations:
® Phase 1 - Collect info — Completed
® Phase 2 - Test 30% CW A600 in ‘03, Compare results, Improve methods
® Phase 3 —Test Alloy 182

3. Other Programs
a. Tests underway in France, Spain and Sweden
4. Dialogue to Obtain Mockups from Replacement Head Fabrication
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Plant-specific (heat-specific) cross-correlations
starting from Davis-Besse

Heat Identification

Other Plants With Heads Containing
Same Heat of Material

M3935
(3 of 5 cracked)

Oconee 3 (replace in ‘03),
Ark. Nuclear One 1 (replace in '05)

C2649-1

Oconee 1 (replace in ’03), Oconee 2 (replace in ’04)
Oconee 3, ANO 1

M4437

Not found in any other plant’s CRDMs
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So, specifics about nozzle heats from D-B are not applicable in the long-
term for other licensees. However. . ..
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Plant-specific (heat-specific) cross-correlations
starting from North Anna 2

e o Other Plants With Heads Containing
Heat Identification .
Same Heat of Material

755534, 755535,

755536, 755537,

755538, 570892, North Anna 1, Sequoyah 1

568011, 710209
710147 North Anna 1, Sequoyah 2

71207, 71208, .

71 (’)2 10 8 North Anna 1, Sequoyah 1, Sequgyah 2
71206 North Anna 1, Surry 2, Sequoyah 1, Sequoyah 2
772024 Watts Bar-1, Watts Bar-2, Catawba-i, McGuire-2

ACRS Presentation — April 22, 2003
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ns, -coolant-loop repairs, etc.)

YW vrélevaﬁt nickel-base alloys & welds (8 papers)
® /Mitiggtioh" <Zjign Experience (9 papers)

© Contipds Slint Operation (8 papers)

Expected 140 or more attendees (11 countries) & participants

B Proceedings issued as CD.and NUREG/CP
E To Be Rescheduled When Travel Restrictions Are Lifted
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Pass-by-pass simulation of
the weld, followed by
calculation of the stress,
proceed to the next pass,
elc.

Calculate axial, radial &
tangential, resolve to
principal stress.

ACRS Presentation — April 22, 2003 Page 9 of 31




ACRS Presentation — April 22, 2003

s, s22
{Ave. Crit.: 75%)
+3.518e+02
+2.500e+02
+2.000e+02
+1.500e+02
+1.000e+02
+5.000e+01
+0.000e+00
—5.000e+01
—-1.000e+02
—5.352e+02

,

Crack Plane

>

fdar |
R TTIIL T  s
§§ ﬁ‘ H llll.lll:

i n]
gy
brii]

Page 10 of 31



w
Evdybod

’

o
P

L N

-t S A Y w9 5

- (R

Yk B STIRIACY MR PR A

T T )

1 san L >

< L AR I P XU

Errdomeys
palareed

ACRS Presentation — April 22, 2003

pi

a6

E1dey 1f .
Sorxd- slay 3 0- 3% oS8R

B Aes 2T X

ko

L]
g

k1

. Tygaie
"
Ay
R ¥
MO

*
o T e

T
- gd

4

P T

Eadcaen g righ

-y
R

o

3‘_.-‘»"' (‘\“‘
] &R
- e“)

e
g

OP/NOT

&

Page 11 of 31

-



: 1 2, e

Max. In-Plane Principal

1 1
i

Resolu

tion of stresses suggests inclined crack plane

S, Max. In-Plane Principal
(Ave, Crit.: 75%) ~
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NRC-Industry Collaboration on CRDM Cracking Issues

Task Task
Number ,

1 Alloy 600/82/182 — (a) crack growth testing Alloy 600 and (b) Alloy 82/182

2 Alloy 690/52/152 — (a) crack growth testing Alloy 690, and (b) Alloy 52/152

3 Boric Acid Corrosion Testmg (a) Expert Panel to review the boric acid corrosion
model in MRP-75, (b) Examine Nozzle #2 from Davis-Besse, (c) BAC program at ANL

4 (a) RPV Head Penetration PFM, PRA & Nozzle stress analysis by FEA, (b) Residual
stresses in A600 CRDM tubing _

5 Failure Analysis of North Anna RPV head — determine |mpact of fmdmgs on

susceptibility models, visual mspectlon validity, and inspection and repair methods
-| (Industry effort underway, ’04 funding proposed for NRC collaborative research)

6 Nozzle 46 Davis-Besse RPV head — determine meaning of NDE SIgnals (shadow, or
“anomalous indication”) and implication for future inspections

7 Mitigation Testing — determine viability and ut|I|ty of mitigation options, both for
Alloy 600 base material (penetrations, etc.) and Alloy 82/182 weld material
(J-grooves, butt welds, etc.) (fully an industry effort at present)
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Stress-corrosion
crack growth rate
data from MRP-
55; validated by
ITG on CGRs in
Alloy 600.

Much more data to
be added in next
couple of years,
mostly through
international
programs.

ITG now working
on Alloy182
compilation —
meeting next
week.

1.E-09

[
b
[hairy
o

1E-11

Crack Growth Rate,da/dtf (m/s)

1.E-12
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“=* All data adjusted to 325°C (617°F)
--- using an activation energy of

130 k¥/mole (31.0 keal/molc)
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Stress Intensity Factor, X (MPa\fm)
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NRC Research Programs Related to CRDM & Alloy 600

The longer term response

B Continued development of CRDM & closure weld
inspection techniques \

B Modeling of Residual Stresses (tube fabrication &
closure weld induced) \

All feed into
B Improved Probabilistic Model for t; from Leakage of ——> improved risk

Cire. Cracks analysis models
B Summary Report on Leakage from CRDMs /

B Continue Testing SCC Rates of A600, A690 & Welds
® Supplemented D-B materials (A600, A182) into on-going program

B Development of an International Cooperative Group on PWSCC of Nickel-base
Alloys, Including Inspection and Repair Techniques

B Workshop on March 24-26 to Discuss Issues of PWSCC in Nickel-Base Alloys
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Current model
depends only on
time at
temperature.

Other factors might
be quantified well
enough to warrant
consideration:

Yield strength
GB carbides
Measured da/dt
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Completion of Cavity and Exposed Clad Exams

E Completion due early May, 2003 — docketed shortly after

@ Axial & circumferential cracks in J-weld sectioned, opened
® Long axial cracks, very short circumferential cracks — both IGSCC
@ Cracks in clad were measured, opened, characterized, deposits
analyzed
® Depth is ~1 — 1.5 mm; all terminate with ~5.0 mm clad remaining

® Possibly due to stress effect, less possibly a temperature effect
® Temp gradient in clad was 315°C (RCS side) - ~100°C — cavity side
@ All growth by IGSCC in conc. boric acid solution, no ductile tearing
@ Elicitation of the growth rate would shed light on cavity evolution

e Walls of the cavity examined for corrosion morphology effects

ACRS Presentation — April 22, 2003 Page 17 of 31




A : o GRrEs, z,e;? . ) .
- o Xlanlabgll o R Photo shows major

cuts made in
preparation for cavity
exam. Most sections
were further reduced
for metallographic and
fractographic exams.
Largest cracks were
near ~10° (major leak)
and 180° (non-leaking).

Cracks in clad
described later

Piece A2A5 shown on subsequent slide
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Character of IGSCC cracks in J-weld of Nozzle #3
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Opened crack in cladding shows interdendritic growth
morphology — all IGSCC, no tearing, even near the bulge.
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s‘-‘;
24l )
: Photo-cross-sections
4 of J-weld and
exposed cladding,
showing location of

cracks in each.

i
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Davis-Besse Root Cause and Safety Assesssment

1. Features of Boric Acid Corrosion Program at Argonne Nat. Lab
A. Crack Growth Rates of Alloys 600 & 182 from Davis-Besse Head

B. Computational Model, Based on Probabilistic Assessment of:
i. Statistics of Crack Initiation
ii. Probability of Detection & Accuracy of Sizing
iii. Crack Growth Rate Variations
iv. Stress Intensity Factor Gradients (Residual Stress, Interferences)
v. Critical Crack Sizes, Including Factor of Safety
C. Electrochemical Potential and Polarization Measurements of Low-Alloy
Steel, Alloys 600 & 182 in Concentrated Boric Acid Solutions
i. Measure E,, for range of srolution compositions, temperatufes
ii. Include molten boric acid species at temp. & pressure

2. Next two slides describe MEB Program on Structural Integrity at ORNL
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Structural Integrity Assessment

B Approach

e Created detailed finite element model of the DB head, wastage cavity,
and remaining unbacked cladding.
@ Developed two failure models to bound expected behavior:

1. Plastic instability model calibrated by PVRC-sponsored unflawed rupture
disk results.

2. Ductile tearing initiation model using 3-wire, 308SS quasistatic fracture
toughness properties.

@ Predicted best-estimate failure probability vs pressure as a function of
crack depth.

@ Conducted Monte Carlo analysis to determine failure probabllltles with
respect to the best estimate.

B Variable Modelmg Categories
@ Probabilistic: Crack depth, material toughness, rupture disk failure pressure.
© Conservative Deterministic: J-groove weld reinforcement; cladding thickness.

e Best-Estimate Deterministic: Claddm? cavity area; low alloy steel, Alloy 600,
and 308 SS constitutive behavior; vessel head geometry, operating temperature
and pressure.
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e

Ongoih‘g Work for ASP Analysis (by 1 0/03)

B Analytical Program
@ Develop tearing instability model to analyze
intermediate-depth flaws.

©® Extend model to predict failure probabilities for the
year preceding cavity discovery.
© Monte Carlo Analysis :

® Probabilistic Variables: Pressure, cavity size, flaw size,
wastage rate, material toughness, and burst pressure.

® More rigorous quantification of geometric, matenal
and failure model uncertainties.

H Experimental Program

© Conduct material property testing of surrogate
cladding material (PVRUF).
® Perform burst tests on simple, circular or elliptical
cavity geometries. o
® Unflawed specimens o
® Flawed specimens -

® Assess accuracy of analytical failure models.
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B Nozzle #3 and surrounding low-alloy steel at

BWXT-Lynchburg
© Optical & SEM Micrography of Cavity Surface
e Cladding Properties, Microstructure, etc.

B Nozzles #2 and #46 - removal in early 2003 -
e i#2 sent to Argonne for failure analysis =
® #46 sent to PNNL for research on “anomalous” UT |nd|cat|ons
e Additional nozzles for crack growth rate testing

B Crack Growth Rate Testing of Alloy 600 (Nozzle #3) and Alloy 182
(J-weld, from Nozzle #11) soon underway

B North Anna Unit 2 Head Being Harvested by Industry
® Expect NRC/Industry Coordination of NA2 Research
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