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SCC in LWRs

Talk Structure

> History of industrial and nuclear SCC.
» Complexity of environmental effects with ~10 categories,
involving ~7 major disciplines and hundreds of variables.
> Lore based on poor data and wishful optimisms,
driven by Pressure VVessel Code requirement of “immunity”.
» Inadequate experiments.
» SCC “initiation” vs. growth.
» Underlying mechanisms, sub-processes and SCC prediction.

| want to acknowledge Peter Ford & GE & international colleagues,

especially the International Cooperative Group on EAC.
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SCC in LWRs

Spectrum of Environmental Cracking

A large universe
encompassing:

Range of loadings...

Liquids & gases...
— Ceramics & glasses...

Range of growth rates...
~ Many names....

Within this universe, we'll focus on
Fe-Ni-Cr alloys in ~300 °C water




SCC in LWRs

SCC of Boilers - Origin of ASME Boiler Codes

April 27, 1865: S S Sultana, a
Mississippi River steamboat, sank
after 3 or 4 boilers exploded and
killed ~1,500 of 2,400 passengers

Below is the Glover Shoe Factory,
leveled on March 20, 1905



SCC in LWRs Equipment Failures




SCC in LWRs

SCC Failure, Hinkley Point Nuclear Steam Turbine

Failure of 3Cr-0.5Mo steel
(acid open hearth, low fracture

toughness) occurred after
1.6 mm of SCC growth

It is interesting to study small cracks that
destroys huge machines that provide
most of the world’s electricity, and can
injure or kill thousands of people.



SCC in LWRs

From equipment
manufacture and failure,
to laboratory testing,
to atomic scale analysis.

High resolution images of
cracks growing in huge
commercial nuclear
steam generators where
SCC had occurred.

Pb/Cu values are shown.



SCC in LWRs

Boron segregation to grain
boundaries as measured by
Atom Probe Microscopy




SCC in LWRs

Electrocatalysis in BWRs
N
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SCCin LWRs
SCC of Boilers - Origin of ASME Boiler Codes

In the 1850s, over 50,000 people died & >2,000,000 injured in one
year in the U.S. from boiler explosions (population ~23 million).
This may be one of the first widespread & major industrial issues
related to environmentally assisted cracking.

It helped drive the ASME Boiler and Pressure Vessel Codes, which
first came out in 1914, developed by mechanical engineers to
improve design margins against overload and fatigue design.

The Codes have still not addressed the original issue, and account
for environmental effects simply as a correction or offset to the
fatigue response. The Codes merely insist that “SCC be avoided”.

Most designers consider their only objective is to satisfy the design
code. It should be viewed as a first step, a beginning.
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SCC in LWRs

Corrosion Fatigue

Crack initiation (ASME
Section Ill Design Curves)
- to prevent cracks -
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If the Section Ill Design Code was sufficient, the Section Xl Life
Evaluation (for how cracks grow) would not be needed!
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SCC in LWRs

Continuing Evolution of Materials Degradation

PWR Steam PWR Heater sleeves
Generators and instrument nozzles
c
2 BWR Pipe PWR RPV
_g Welds Head
© Penetrations
(@))
@
- Erosion-
%’ Corrosion
= BWR Internals _ ~ ~ ~ PWRDM
= _ - - ‘ " Welds
§ / """""" e
"""""""""""" PWR Internals
0 /-- -----
1970s 1980s 1990s 2000s | 2010s \
Time
ﬁ

Not linear vs. time. Continuing, new degradation
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SCC in LWRs

Resolving vs. Re-solving SCC

Plants will encounter an

© inherent distribution of SCC
= The oft-repeated sequence to SCC occurrence:
5 .8 Exposure ) oo . .
Sla  Time 1 - Design optimism: "Immunity”
U = é
9 E 2 - First occurrence: unique, dismissed/explained
Q
U o [ . [
§ © 3 - Concern as SCC incidence rises
= | C
(8] . . . . g o
£ E" 4 - High priority programs to explain / mitigate

5 - Implementation of mitigation / replacement
1 2 3 4 5 6 e P 9 P
Stage of Reaction to SCC 6 - Possible discovery of shortcomings, oversights

e BWR examples: cold work, crevices, furnace sens, weld sens,
IASCC, unsens SS, Alloy 182, creviced 600....

e PWR examples: MA 600, TT 600, 600/182 upper head, lower head,
RPV nozzle, SG nozzle, pressurizer, SS baffle bolts....

> Outdated ASME design codes avoid SCC and rely on “immunity".

» Can we rely on initiation in a 10 um skin of a complex, welded part?
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SCC in LWRs

SCC in BWR Sens. SS Piping — Core Components

# of BWRs Repair costs

20- >$13 / BWR
18+ 17 17

High
conductivity
history [

10

Y ..
conductility
2- history

5 10 15 20 2
On-line years

Stress Corrosion Cracking History

Operating BWRs in ~2010 1969 1stdetected in sensitized SS
N. America Europe Asia Total ¢1970s Stainless steel welded piping
GE 36 4 11 51 *1980s BWRinternals
Non-GE 0 16 21 38 ©1990s Low stress BWR internals
80,000 MWe installed; 7,400 MWe in construction — NobleChem™ SCC mitigation
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SCCin LWRs

PWR Design (Shows A600/82/182 Use)

PZR instrument
nozzles/

Safety & relief
CEDM motor housing valve nozzles
CEDM/ICI nozzles \. RVH vent nozzle PZR surge
line nozzle
to RV head welds PZR heater
sleeves
Monitor tub

Shutdown cooling PZR & RC pipe-surge

outlet nozzle line connections
Spray nozzles
Let-down & drain noz%

RCS instrument nozzles —»

/

Safety injection &
SDC inlet nozzle

\

A

Heat transfer tubing
Tubesheet (TS) cladding
Tube-TS cladding weld
Partition plate & welds

Primary nozzle closure
rings & welds

Bottom channel head
drain tube & welds

RCP suction

A

Charging inlet Guide lugs
nozzles / flow skirt
ICI nozzles-ICI guide tubes

& discharge

SS failures in many areas: seals, check valves, heater sleevers,

irradiated SS... - recent cracking in weld HAZs
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SCCin LWRs
SCC of Stainless Steel in PWRs

» Optimism about SCC resistance of SS in PWR primary water.

» SCC increasing observed, including in the last six months in
8 PWRs in France: ~6 mm deep SCC in 300 mm diameter

safety injection lines.

» SCC of SSs is now a generic issue in PWRs given:
= Extensive SCC in elbows in Daya Bay PWR
= SCC in Mihama-2 steam generator nozzle weld HAZ

= Ohi-3 pressurizer spray line
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SCC in LWRs

SCCofSSin
PWR Primary
Water

Mihama-2 SG HAZ

Ohi-3 Pressurizer Spray Line
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SCC in LWRs

Davis-Besse CRDM
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SCC in LWRs

VC Summer
Outlet Nozzle

Most first-of-a-kind SCC
is found by leakage.
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SCC in LWRs

Operating Times to Alloy 182 Weld Cracking

RPV CRDM (290°C-318°C)

RPV BMI (290°C)

RPV + RCS nozzles (290-326°C)
PRZ w elds (340-345°C)

180 -

160 -

e ¢ 06 o O P P>

2 SG Cladding (325°C)
g 140 | SG drains (290-325°C)
'8 SG tube seal w elds (325°C)
g 120 -
6
g 1004 >
S of ofs
2 4 SCC ‘'susceptibility’ & )
2 o ege . .
& ‘initiation time' strongly
E 50 . !
3 affected by inspection
40 - . o
period and resolution
20 O
0 o
10000 100000 1000000

Operating time (hours)

Sir Francis Bacon: “Hope is a good breakfast, but it is a bad supper.”

“They are ill discoverers that think there is no land, when they see
nothing but sea.” (land=SCC, sea=no problems to date).
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SCCin LWRs
Key Sources of SCC Vulnerablllty

N

ENVIRON-
MENT

MMMMM
¥

STRUCTURE

e Weak mater/a/ specifications
w-;;__ e Materials fabrication & surface finish

-— o Welding defects, residual stress/strain,
~ sensitization, grinding, sharp corners...

~ o Environment - boiling, crevices, O,, Pb...
e Plant upset operation & operating changes

Modern View: “It's too difficult to change anything”..

Sir Francis Bacon: “Things alter for the worse spontaneously,
if they be not altered for the better designedly.” 21



SCC in LWRs

Alloy 600 Core Support Leg from EPRI
led PWR

S-T, middle piece
as-rec'd

Unrecrystallized microstructure with duplex grain size and high
particulate density, with denuded region along grain boundaries.




SCC in LWRs

Alloy X-750 BWR Shroud

Support Bracket

Significant banding, including large

carbide stringers. Fracture toughness |\

can be halved in banded structures.
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SCC in LWRs

Why Did Surprises Occur in Nuclear?

e ASME Design Codes ignore complexity and importance of SCC by
simply mandating that the designer ensure SCC won't occur.

e Immunity and thresholds based on simple tests; ‘time’ ignored.
Should focus on vulnerabilities and continuum in response.

e Lore: historical opinions accepted, not challenged.

e Weak experiments: not reproducible, relevant, accurate...
Emphasis on curiosities — not correlation, not causality.

e Over-emphasis on crack initiation over crack growth.
e Time evolution of processes: smalI — big

SCC

=)

5 — 30 years

24



SCC in LWRs

Immunity and Thresholds in SCC

There is no crack growth rate threshold (immunity) in
Corrosion Potential, Water Purity, Sensitization Level,
Neutron Fluence, Temperature...

_ SCC#2a of c122 - SKI Annealed 304 SS |

Crack Length, mm

Time, hours

Annealed SS, high potential

both in ultra high purity water (<1 ppb impurities in outlet)

15
1000

1.0x 10° mm/s 1 b 316L SS 20% Cold Work
T 1265 2000 ppb O,, Pure Water
g =
n
29T @ ¥
- 5 = ~
Y 12 ® Outlet Conductivity
= £ I R e
72717 o 1 i3 £ & :
S ‘o2 8 £ e o
el 4 o b= )
® g 2 S <
7.25 1 E o 8 k| 3 1.9 x 10 mmi/s
1 - [} <
IS 1 ° X - )
P 1 0.15 A g L o ,S’/—————’/‘ 8
8 > 5 [ 3 S
; - © 235l 8 ®
[ L
& 01 B [ & )
7.21 4 1 g I "3
Outlet conductivity i ® | a
- 12.25 4 g
0.05 L 1<)
A9 T 37x10° SCC of ¢122 - SKI Annealed 304 SS ] L 2.7 x107 CT Potential ‘:
mm/s 30 MPa‘lm, 2000 ppb Oz, Pure Water| 1 I mm/s &
7 t t t " " t " "

1200 1400 1600 1800 2000
Time

Cold worked SS

2200

2400

Potential, Ve or Conductivity, pS/cm
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SCC in LWRs

KISCC ?

316L SS +20%CW in Pure Water

13.29 1 — : 0.35
r + g |
L N
13281 Pt potential T3 ]
_ = 103
r ® ]
1327 1 _ &5 . K
E CT potential +N —g g 8 . ] >,:,, x G O
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o -
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r 1 =
13211 101 2
SCC#9 - ¢172 - 316L + 20% Cool Work, A14128
132 Outlet conductivity 14.255 3 ' ' ' ' ' ' ' ' ' ' ' ' ' ' E 035
: 0.5T CT of 316LSS, 20" ,
1319 1 s [ Pt potential 6 x 10° mm/s ]
S, 7 ksivin, 2000 ppb O, Pui 1425 L I Eamare 1os
13.18 +—— . . — i CT potential ]
4100 4300 4500 4700 4900 51 F e T 2
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; ® [ o & - ) 2
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5 S 1 3
41 M 1
, . . 1423 4 & e o E
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SCC in LWRs

No Evidence of Threshold Stress Intensity Factor K

for austenitic materials

Crack Growth Rate, mm/s

Crack Growth Rate, mm/s

1.E-06 T

1E-07 1

1.E-08

SCC of 20% Cold Worked Stainless Steel

288 °C, 2000 ppb O,, Pure Water

CGR « K%®

1.E-05 ¥
Halden - Irradiated 316NG Stainless Steel

IFA639 - CT1 - 0.9 x 10*' n/cm®
288 °C, 7000 ppb O,, Pure Water

1.E-08

Stress Intensity, ksiVin

1.E-06 T

1.E-07 T

Stress Intensity, MPa/m

1.E-06

Crack Growth Rate, mm/s

1.E-08

| Effect of Stress Intensity Factor (K) on
| Crack Growth Rate of 20% Cold Worked
: 316L SS Tested in 288 C Water Using
A Very Slow Reduction in K Under
- "Constant K" Conditions (No Cycling)

1.E-07 +

K? Dependency

10 12 14 16 18 20 22 24 26
Stress Intensity Factor, ksivin

Varying-K Tests, -dK/da

Constant K Tests

——~ Constant K Tests on

Irradiated 316 SS
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SCC in LWRs

Ferritic Steels

In good water chemistry and at
lower K, crack arrest is often
observed in ferritic steels but

Cl and high-K can sustain SCC.

PS| data
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SCCin LWRs
SCC Quantification - Why Crack Growth?

» SCC growth experiments provide much more definitive data:
e thousands of crack length vs. time data, e on-the-fly changes,
e sampling of extensive microstructure,
o ~1 um level sensitivity, e highly representative of components,
e data and systems held to a much higher standard....

» SCC initiation experiments are generally:
e crude and simplistic (U-bend, crevice bent-beam, SSRT....),
e sample small areas of microstructure,
e One-point per specimen, efew replicates,
e no continuous detection of cracking, erapid 7in net stress,
e plant component surfaces and loading are poorly known,
e performed on a short time scale relative to plant life, etc.

Need resistance to both initiation and growth 29



SCC in LWRs

SCC Lab at GE Research / Lucideon

43 fully instrumented high temp.
water BWR/PWR SCC crack
growth rate systems.

~18 other autoclave systems for

electrochemistry, high flow rate

studies, rotating cylinder, Kelvin
probe, Zircaloy corrosion....



SCC in LWRs

DC Potential Drop Measurement

DCPD applies constant current
and measures ~100 uV AV on

the specimen with a sensitivity
of ~2 nV (~1 um crack advance)

SCC#7b - c110 - As-welded Alloy 182, 8505

26.316 +———+————t+—rr—t——— o+ 0.4
| |c110, As-welded Alloy 182, 8505
| |30 MPaVm, 95 ppb H., Pure Water 703
26.314 T ]
L T02
I Fo.1
g 26312 1 L ]
% r s Outlet Conductivity 1o
) B
1l g L
§ 26.31 ERS 0.1
2 o %
o HON- 0.2
< F 2 .
i T g
O 263081 5 £
I & g 0.3
| & 3
o o
re © 04
26.306 T
Corrosion Potential of CT -0.5
26,304 A g

12400 12500 12600 12700 12800 12900 13000 13100 13200 13300 13400
Time, hours

Potential, V. or Conductivity, pS/cm

Schematic of dc Potential Drop System

IBM PC
Computer

 IEEE488

High Resolution
Integrating DVM

| Board

Parallel
Port

Control
Lines

Solid State

10 Channel Scanner

— Load

— Inlet K
— Outlet K

=100V de
Potential

Relay

— GCurrent
— etc.

Bridge

? dc Current

High Stability

Constant Current

dc Power Supply
4A, 7V

1TCT
Specimen

I

<t
+ 4A Current, Direction
Reversed Every =0.5s

- f1-F -

V=1 xR
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Crack Growth Rate, mm/s

SCC in LWRs

SCC Testing & Data Base Issues

LR N i :
oy sz weldmetal | e 078 L Seqtter js related to testing problems,
I ;20(:5 6101MPSal\/m 288C e = <021 Sicm. " )
. 0.06 - 1.1 uS/cm - ] h f h d h
e o ot : SO the "mean” or the data =the mean
@ <0.21 uS/cm: R?*=0.246 . . )
el SCC response.  Statistics can't
3 ow ata
L may shift up in
ol dota may | overcome bad experiments (R°<0.07)
| shift down in CGR
-- over-correction |a 4 1.E-06 j j j i i i i i i
A
A"n A 2 — Sens 304 Stalnless Steel, 2880 Water
g — 1TCT Specimens, ~< 0.2 pS/cm
1.E-07 + g i
g 1E07 ———
M PR
A
’ § A AA AA: Aa
Ao/ 0.06 pS/cm PLEDGE o B8 SEERE TS T W
1.E-08 + Predictions | p n i = ‘f i
' S D v
"1:) Ly ) A B A A, a
N 1E-09 =t
- 0.06 uS/lcm .-~ g ‘ " —
| 0.06 pS/cm . Industry Mean .-~ = R?=0.07 A [ A4
Industry 95%-ile Correlation .-~ 2 * A
Correlation = n
L R B T ety 1.E-10
06 -05 -04 -03 -02 -0.1 0.0 0.1 0.2 0.3 0.4 -1000 -500 0 500

Corrosion Potential, V . .
! 1al, Vshe Corrosion Potential, mVy,

1000X Scatter Can Support Any Concept or Model
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SCC in LWRs

3 M

O Fitted Low-ECP Data, Rank < 3

< Data Not Fitted, Avg. Rank = 3 &

log(Model CGR) - log(CGR 310°C)

Average Rank

1,000,000X spread in data
*after modeling™ |

75t percentile model is used,
but not 75%-confidence!

75t %-ile is ~3X above mean,
but highest few points are 75X

da/dt (Normalized to 320°C),

SCC Scatter vs. Model
after normalization by
specimen (not heat)

Same heat tested in
different laboratories

1.E-07 3
3 o
(]
[ ]
1.E-08 [
® BR02 Data, 25 dpa
1.E-09 b B BR03 Data, 11.3 dpa o0
@ BR04 Data, 7.8 dpa
o
Wi
1.E-10 ‘
°0 Q‘
°
1 E_1 1 |||||||||||||||||||||||||||||||||||||||
0 5 10 15 20 25 30 35 40

Stress Intensity Factor, K, MPaym



SCC in LWRs
SCC Testing Issues Scatter softens trends

> >

High Scatter Low Scatter
Diluted Trend Correct Trend

Accepted value from best lab data is ~130 kJ/mole

Effect of Temperature on the Crack Growth Rate of Ni Alloys
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SCC in LWRs

Transgranular Fatigue Precracking

TG fatigue cracks very poorly simulate lab or field IGSCC
Morphology change, plastic zone, crack front pinning issues

Transition needed to IG crack & “monotonic” plastic zone

What is K when load is mostly held at shortest part of the crack?
Crack monitoring is biased to the shortest part of the crack!
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SCCin LWRs
Typlcal SCC Crack Growth Data

1 T S S S ;
I 316LSS, 50%CW 4.1 x 107 ]
i 2000 ppb O,, Pure Water mmis loss
11.55 1 ]
Pt potential 0.3
11.45 _: 5x107 1
Foas Crack starts

D,000s hold @ 25#4h
o
N

To R=0.7, 0.001 Hz +

C - transgranular from
T potential ]
s £ fatigue, and becomes

1015 §
5.2x 107 o ] 5 ’
mm/s 1 . .
~te & intergranular like SCC
r Outlet conductivity -
115+ = ’
L / \ T 0.05
11.05---- 1 f 1o
0 50 100 50 200 250 300 350 400 450 00
Time, hours 69-

Transgranular fatigue pre-crack transitioned to
IG SCC crack at constant K

The Crack Must Behaves Like It Was Always an SCC Crack

Crack length, mm
5

11.25 +

o constant K @ 392h

T
Conductivity, uS/cm or Potential, V.

25 ksiVin, R=0.7, 0.001 Hz @ 39.2h




SCC in LWRs

Example of Crack Growth Data

=
»

B¥er+——+————
f 218 - 0.5TCT of N50, 21%RA 47 % 10° s ;_04
B4 o otenia 25 ksivin, 2 ppm O,, PureNVater 1
[ 103
1321 _ 33x107 E 2 .
| cTpens s t2 = Compact tension (CT)
13+ L 1 b= .
E 'q Outlet conductivity ;-0.1 g SpeCImen Of
§;12'8'Z @ a. 43x10%mms 1o &
- B p | & annealed XM-19
x 1261 8 &~ '§§ 28 §§ 70 e . _
§1igs H 3 8% lwf  (Nitronic 50) +20%
[ & E o S ) ; S
s : es \\\ ¥ cold work by cross-
s +-04
i} LN\ roll at +140C

=
-
oo
——t
o
(e}

1200 1700 2200 2700 3200
Test Time, hours

Usually acquire data by repeating the changes to demonstrate
reproducibility, e.g., low «» high potential
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Crack Growth Rate, mm/s

SCC in LWRs

Effect of Corrosion Potential &
Cold Work of SS & Ni Alloys

TYield strength produces 7 growth rate
at both low and high potential

1.E-05 ; ; ; ; ; ; ; +
Sensitized 304 Stainless Steel 5 ¢
30 MPavm, 288C Water 13%
0.06-0.4 uS/cm, 0-25 ppb SO, ¥ §
filled triangle = constant load D
open squares = "gentle"” cyclic
1606 + Screened Round Robin data
- highest quality data
- corrected corr. potential
- growth rates corrected
to 30 MPaVm 125
28.3
1.E-07 4+ 142
win/h
GE PLEDGE
Predictions A
30 MPaVm
2000 ppb O,
Ann. 304SS
200 ppb O,
1.E-08 +
0.06 uSfem .-~
¢  IndustryMean .-~
* o 30 MPaVm .-+~
1.E-09 ' ' ' o ' + + +
06 05 -04 03 -02 -01 00 01 02 03 04

Corrosion Potential, V.

Sensitized SS

Crack Growth Rate, mm/s

1.E-05 t t t + + ' '
Sensitized 304 Stainless Steel 5§86
30 MPaVm, 288C Water 24%
0.06-0.4 uS/cm, 0-25 ppb SO, 298
. o
SKI Round Robin Data 793
filled triangle = constant load
open squares = "gentle" cyclic
1.E-06 +
316L (A14128, square)
304L (Grand Gulf, circle)
non-sensitized SS 42.5
50%RA 140 C (black)
10%RA 140C (grey) 283
1.E-07 + 14-/--
CW A600 /h
GE PLEDGE
Predictions
2000 ppb O,
Ann. 304SS
/] 200 ppb O,
1.E-08 +
GE PLEDGE Predictions for Unsensitized
Stainless Steel (upper curve for 20% CW)
1.E-09 t t t t t t + + +
06 05 -04 03 02 -01 00 01 02 03 04

Corrosion Potential, V.

Cold worked SS/600

Crack Growth Rate (mils/day)

Crack Growth Rate, mm/s

Higher H,

X-750 HTH, 360°C, K=49 MPaVym

Lower H,

1.8
Max *
1.6 * .
1.4 .
1.2 Full width *
1 at half max 'S
0.8 P
0.6
* .
0.2
0 F —t + t J
-100 -50 0 50 100
EcPyinio-EcP (mV)
1.E-05 + ; + ; ; +
Alloy 182, Alloy 600 & St.Steel .
30 MPavnj, 288C Water 2
Sens 304 S§ Round Robin (open) &
Circles 3 constant load ° S §
Trianglgs = "gentle" cyclic ] ] g
data in pink + + ¢
1.E-06 4+
Includes:
* All alloys tested
* All heat treatments
* No cold work data 25
* Medium screening A *
‘za.s
A®
A
1.E-07 + @ 142
«H,|] 0,—>
g ected ;éak in
CER for Alloy 182 °
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Corrosion Potential, V.

Ni alloys

Strong effects of corrosion potential on SCC
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282+

281+

Crack length, mm
N
~
©

SCC in LWRs

N
(o]
)
——

i ¢85 - 1T CT of Sens. SS - AJ9139
[ |95 ppb H,, 1200 ppm B, 2.2 ppm Li, 288C

[ 30/21 ksvin,
0.01 Hz + 900 s hold

[ PHymc~6.79

To 200 ppb O, @2279h

To 95 ppb H, @2354h

217 CT Corrosion Potential
70T 25x10°mms
2754 . — .
2200 2250 2300 2350
Time, hours

Crack length, mm

0.1
- Effectof 0,i
10
| Effect of O, In
/pH and NH
lo1 §
% B/Li/pH and NH-
] =
102 3
SCCH#3 of ¢85 - Sensitized Stainless Steel
28.85 --:----:----:----.----:100
Outlet Conductivity P AL
N e .
I PHygsc ~6.61 5x10° mnv's
288 T c
Qe 6.1x 107 1
Z (Ns) < mm's
£~ o
O o % <
2875 o N 3
5 Z ® o))
N E N N
< s le) ® 11
o o) N 1]
e a T
287 8 3 =)
o o
N To)
o »
= o
X P P = T 0.1
2865 1 K =30/21 ksirin, 0.01 Hz + 900 s hold at K.,
8
15X 107 mmis ¢85 - 1T CT of Sensitized Stainless Steel
Heat AJ9139 - 95 ppb H, Pure Water, 288C
28.6 t t t t - 0.01
2600 2700 2900 3000 3100 3200
Time, hours

Similar concerns for corrosion potential exist in PWRs as in BWRs

Potential, V;,e or Conductivity, uS/cm

39



SCC in LWRs

Crack Tip Chemistry

— Oxidants are consumed
near crack mouth

Time evolution after // ,// \gl A 0 =+0.1
increase in ECP of X // \y/
051001 Vae _-7 \ 7 I
_--7 . Og, (I)C /,’/ \\~
- === L
(I)c =-0.5 \/she é‘b
_ -
A C 7
o N'x o Cl', SOf, OH
PN =
,// e Zn2+ RN
\ 7 Ly
O @ .c
. ~ —
Microcell
. . ] Macrocell @
D Ni = Ni** + 2¢ O,+2H,0+4e =40H
+H,O = NiO+2H"

@ H, > 2H" +2¢
@ 2H" +2e > H,

“JA = _DAACA - ZuCAI:A(l) + CA\/ (

— Crack tip is always deaerated
(low potential)

\ Anions (Cl-) are drawn
into the crack

Cations (Zn*¢) are rejected
from the crack

flux = diffusion + ¢-driven + convection

Cmp -

x AT T4 N j
2 > 200 et AR - S
§ ad ’ ¥ ¥ ~ 4
= =5 s L B 7 = o
’\\ 7 4 e v h L . B
i I ' . .\ - 55 i T N
Y 4 o = * y |
i \ { »
i N \ ~ 4
\ 3 2 l
P S X a ,
\ L Y " &l
b v £ (e N =9
k] \ ﬁ‘A\ * l“ 5
7 A ' ]
/ ; s ,
" N2y L A o
’ . e

Transient response
predictable from transport

Crack chemistry is defined primarily
by O, consumption near the crack
mouth, not by ionic coupling down a

long, tight crack
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SCC in LWRs

SCC Vulnerabilities & Dependencies

e Corrosion Potential & Boiling
e Water Purity - esp. Cl & SO,

e Yield Strength / Cold Work
in bulk, surface or weld heat affected zone

STRUCTURE

e Stress Intensity Factor - & cycling, vibration, dK/da
e Sensitization (grain boundary Cr depletion)

e Grain Boundary Carbides; Low Energy Boundaries
e femperature

e Composition (Mo, Ti, Nb, low C, high N) not that
important apart from decreasing sensitization

Interdependencies mean that empirical models require ~10°° exp'ts ,



SCCin LWRs
Cold Work Effects on SCC of All Fe-Cr-Ni Alloys

Pressure Vessel Codes limit bulk cold work, but ‘deviations
and exceptions’ exist - including >30% CW at Daya Bay



SCCin LWRs
Example of Effect of Surface Cold Work

TEPCO 316L Core Shroud

Surface cold work
from machining,
grinding, etc.
enhances initiation
and growth
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SCC in LWRs
Weld Residual Strain Effects on SCC

— =

>< Residual strain at weld

root typically peaks at
>20% equivalent room

temperature strain
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SCC in LWRs

Crack Aligned in HAZ of SS Narrow Gap Weld

Annealed 348 stainless steels with narrow gap weld
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SCC in LWRs
Most SCC in SS in LWRs Occur in Weld HAZ

Crack path is strongly influenced by
weld residual strain.

Weld residual stresses (+ applied and
fit-up stresses) are spatially broader.
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SCC in LWRs

Inhomogeneity of Strain

Grain Orientation

3

I - 1 OO pm: Map3; Step=1 pm; Grid401 =401

train Around rac

sensitized 5SS




SCC in LWRs

Effects of Microstructural Banding & Plane of CW

Specs are not keeping up with changes in metal processing

= e a T Ao Y 13.9 ' } t } ' ; 0.4
;- : ° c372-0.5TCT of 690 + 26%RA 1D, 360C 5.7 >/< 107
= . mm/s
ot H’gh gro W‘th 137 27.5MPaVm, 600 B / 1 Li, 26 cc/kg H, o
® Outlet conductivity x 0.01 2
° | >
° : 3
rates in .
< T
£ o
£ ag  E o 8
1331 2% 3 - 02 %
) S ® S £
§ oz Y] K S
o -~
S 134 5= g § 0.4 ‘g
o o b 2] 2
Alloy 690 N B R
° o o 1.7 x 107" mm/s a °
wl 823 Plate § |..:
8.4x107 & 38
mm/s
127 1 Est. pH at 360C = 8.2 used for ¢ l 08
At 340C, pH = 7.53. At 300C, pH = 6.86
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125 . " ; ; ' ' ' ' ; 1
500 600 700 800 900 1000 1100 1200 1300 1400 1500
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SCC#5-c471-690,RE243 As-Rec'd,31% 1D Cold Rolled, S-L
+ + + t t 0.6
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Alloy 690 we f g
. P L £ ¥ ro
st £ g
T - E g
i *‘;w@)ﬁ 1.3x108mm/s L 02
2 -~
] =
RS DT :No banding -
o mmis - o 9 o
1234+ B 3 O | 06
* 2 CRDM |°
N o ~
QT Q
0w 5
12.28 1 oM r -0.8
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°© At325C, pH = 7.74. At 300C, pH = 7.40
12.26 & -1
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TestTime, hours
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SCC in LWRs

690 - Lore & Misconceptions

e Alloy 690 (30% Cr) is immune.

e Most Alloy 690 is homogeneous.

e Only plate forms are inhomogeneous.

e Only extruded material is used for CRDM.

e 1-D cold rolling is uniguely bad.

e Forged or tensile strained materials will show only low CGRs.
e CRDM forms, esp. if homogeneous, show only low CGRs.

e GB carbides are beneficial, and the more the better.

e £BSD is measuring artificial characteristics.

e Residual strains are always <10%.

e One or two “relevant” specimens (e.g., from mockups)

provide clear evidence that there are no SCC concerns. o



SCCin LWRs

Crack Trajectory in Plant Components: Simple

K vs. Depth in Piping

CRACK GROWTH RATE, mm/s

107

1079

10° |

1071°

SCC Growth Rate vs.

STRESS INTENSITY, ksivin

6 810 20 30 40 60 80
T T 1T T l T I ] ] 1 I |-
F Sens. 304 Stainless Steel

- 288°C Water

THECRY 4 —

L THEORY

15 C/om¥,=50mY¥she
0.2 pSsem

[ THEGRY
| 15 €/em?,—200 = - 500mVshe
0.2 uS/em

r gl 1 L L L1l
4 B 810 20 30 40 60 80
STRESS INTENSITY, MPaym

1072

5 10™

10°°

107

CRACK GROWTH RATE, inth
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SCC in LWRs

Modeling Stress Corrosion Cracking

What are the key thermodynamic and kinetic processes in SCC?
e [iquid mass transport in crack? e Film repassivation Kinetics?

e Cathodic reaction rates? e GB creep?

e Cathodic H formation? e GB vacancy motion?

e H adsorption Kinetics? e GB void formation?

e H diffusion kinetics? e Creep crack growth?

e Htrapping / embrittlement? e Atomically sharp cracks?
e Crdiffusion in GBS? e Adsorbed species?

e O transport in GBS? e Surface mobility?

e Transport processes in films? e Oxide solubility

e Semi-conductivity of films? e Metal oxidation kinetics
e Diffusion of interstitials? e Film ductility?

e H trapping sites? e Grain boundary sliding?
51



SCC in LWRs
Unified View of SCC Growth e

0.4 +

Unified perspective of SCC in hot water: N /%// // /

> the crack tip system /

> localized (crack tip) deformation - //%@-i”ﬁ/ /’E
—s disruption of passivity o / d

— COrrosion

— repassivation

SOLUTION RENEWAL
RATE TO CRACK-TIP

}
|1

(@]
[
[~

—

CORROSION POTENTIAL (mVshe)

|
o
S
l
/

—

OXIDE RUPTURE DI‘;:CS);EAL Z[
RATE AT l |
CRACK-TIP 100 200 300
),_F,glj(\/’ o TEMPERATURE (°C)
T B N [ wocoge Many similar vulnerabilities:

PASSIVATION RATE \_FLUENCE > Range of Fe- & Ni- G//OyS
@S n /ASCD REGATION > BWR & BWR water

» SCC & Corrosion Fatigue
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SCC in LWRs

BWR & PWR SCC in Hot Water

1 - PWR and BWR chemistries are not that different:
e the crack tip is always deaerated & at low potential
especially as BWRs adopt low potential / NobleChem™
2 - The primary differences BWR vs. PWR are:
e temperature: 274/288C vs. 286/323/343C
* pH: 5.65=neutral vs. 7.0-7.4with B/Li
e H, fugacity:  0.02-0.1 ppm vs. ~3 ppm H, j

SCCH2 - c283 - Alloy 600, CRDM Tube, 93510 SCC#2 - c315 - Alloy 600, CRDM Tube, 93510
1144 t t 08 + t + t
o Conductivity x0.01
g8 m Outlet conductivity +100
28 v 3] 06
11391 2B g5
“lee Pr &
1 8 & 04
- g 0 o ® 2 2
N &% S3 | = 5
| = T o® - | T oS ]
£ 134 g 2 g 102 T e v a g Iﬁ g
£ " 8 e WS | 3 E 1 g3 aa 2
£ |:g 2 g2 fo % £ 28 g s s
- 5 = S 5
D2l &5 5 £ 2 S® °- §
2 ES) o® S g o R s
x o o 022 x B a 4 E‘l
g o g g g 1 & i
a 3 S 2
O e o 048 © E
) 3 1.06 2
PHyzsc constant at ~7.25 °© S ¢315 - 0.5TCT of A600 CRDM, 325C 3
06 .
283 - 0.5TCT of AB00 CRDM, 325C 15 ksivin, 18 cc/kg H,, Pure Water
25 ksivin, 30 cc/kg H,, Varying BiLi
- gH, Varying 08 Pt potential CT potential
-~ Pt potential CT potential
114 ‘ ‘ ‘ ‘ A
1200 1700 2200 2700 3200
Test Time, hours Test Time, hours
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SCCin LWRs

Continuum in Response

: . In Fatigue, reversed slip
from Cyclic to Static Load  __ - =, advance. so

o seer o sC? o SCC? dynamic strain is a
E, E WMWY ﬁ - mu / t / p / o (~lOO _ 2 OO X) 0 f
the inert fatigue CGR.
In Slow Strain Rate,

time time

time

| dynamic strain is a
\ multiple of the applied &
F I

m
AMQ
™

€
& /MWWW\\ \“\ At Constant K, dynamic

strain results from crack
e e we  qgdvance and strain field
redistribution.

Formulations for dynamic strain at crack tip but
fundamental basis is weaker when moving from fatigue — SCC.

SCC ! (SSRT;CERT) CF ! C
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SCC in LWRs

SCC Processes, Dependencies & Modeling

The simplicity of slip oxidation V « (¢.)" belies complexities:
¢ |arge inter-dependencies in all SCC parameters, e.q.:

- ECP vs. water purity - sensitization vs. water chem

- K vs. water chemistry - temperature vs. water chem

=3
1 O \ o T . I‘ T T T . T T
THEORETICAL AND OBSERVED CRACK Sensitized Type 304 Stainless Steel
o _4 PROPAGATION RATE vs. STRAIN RATE 102 - Factor of Improvement
g 10 SENSIMZED 304 STAINLESS STEEL [ for change in conductivity
L EPR 15 Com?  288°C - from 0.5 to 0.1 pS/cm
IE 1 0—5 ConstantLoad -~ S3RT --- Corrosion Fatigue oy 4 K=5 ksivin
D: . . A %
£
= ]
Q 1g° 5
= THEORY (FATIGUE) &
6 DEAERATED E
2 0.1uS/em 3 10" K=25 ksivin
a 10 5
o 8
o >
a .58 THEORY (SCC)
X DEAERATED
2 0.1uS/em SSRT=1x10"s
o -8
o 10
1 —O'l o ol ‘ . ' . 4 1 @0 |||||||||||||||||
_ — — - —1 05 -04 -03 -02 01 0 01 02 03
9 90°" 10®% 107 10° 3 162 10

10° 16* 10
CRACK TIP STRAIN RATE, 1/s

Benefit of @— @ depends on loading (crack tip strain rate)

Corrosion Potential, Vghe
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SCCin LWRs
SCC Predictions Integrate Time- & Depth Variations

Time-varying phenomena: Crack depth-varying phenomena:
e neutron fluence & dependencies e residual stress thru-wall
— radiation segregation — relaxation from fluence
— residual stress profiles e Stress intensity
— plasticity/YS effects e thermal sensitization thru-wall
e solution conductivity / impurities e surface cold work
e corrosion potential (HWC) e chemistry in very small cracks
56,1 o tick 30455, Z-sdedweld | leak depth ] 30

- 0.075 Vg, 0.15 uS/cm
" EPR, = 10.8 C/cm? (0.050% C)
[ Flux = 3 x 10" n/em®-yr

n
(o)}

w
o
K, Segregation, Hardening or Relaxation

Example of complex crack
depth- and time-varying
relationships in SCC in
BWR core shrouds

Effect of
Rad Segregation -

n
o

s
(&)}

Effect of Rad Hardening -

Crack depth, mm
N
o

-
o
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SCC in LWRs

Crack depth, in
o
0]

o
nO

&
o

o
N

SCC Life Prediction

Core Shroud Analysis #J30/31¢

1 T LN T

" 1.26 in thick 30488, 2-sided weld Gros With +15 ksi

[ 0.16 uS/cm, EPR, = 0 Clom? above nominal

L Symmetrical G, profile

L Stepped thru-wall flux

- 5x 10" nicm?-y at 1D

| +0.20 Ve

i Oes With +10 ksi |
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I Indication #4: |

- O prior UT —

A current average
" Elcurrent maximum Boat sample ]
0 100 200 300 400
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Prediction of SCC in A600
BWR Shroud Head Bolts

Prediction of SCC in BWR
Core Shrouds

(5 years before first observation)

Creviced Alloy 600 Shroud Head Bolts

1 T T T T

_ o '
w 0.9 F o UT inspections at BWR plants i
< with detection at 10% of wall
S 0.8 - ©BWR's with high S/cm excursions N
8 = not reflected in plant average
» 2 0.7 | —— Predicted from stress distribution ]
O T 06 Eq. EPR 13 Clom? )/ 5]
£06 B 150 MV =
= 205 |  Uniform Stress 4
B2 o] - 8o 50 im
3 04+ .
= i -~ a) -~
8 0.3 - Prediction for — & Prediction for
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8 0.2 | Early in Plant Life -
) | ]
o
0.1 - 4
0 i L 5 EEQEP—E I I I I
0 0.1 0.2 0.3 0.4 0.5

Avg. Plant Conductivity, uS/cm

0.6
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SCC in LWRs

Material Degradation Matrix  wwepricom

Green means degradation, but perhaps adequately understood.
Yellow, orange and blue are increasingly severe problem areas.
These will be surprises, since little R&D is done to address them. 58



SCC in LWRs

Disconnects Between Past & Future Degradation

1. Absence of Inspection - first of a kind cracks cause leaks.
2. The Non-Linear Effect of Time - cracks grow non-linearly.

28" DIA. SCHEDULE B0 304 PIPING 23
THEORETICAL VS OBSERVED IGSCC PENETRATION ’ 35 1TC+ ofSens.SS A:19139

2821 |95 ppb Hy, 1200 ppm B, 2.2 ppm Li, 288C

0.5 k o THEORETICAL  RESIDUAL 30/21 ksin,

PREDICATION  STRESS 281{ 001Hz+900shold
4 MEAN PHagac ~ 6.79
o4 _._upPP ER LIMT .

S

03 HATCH—2
0.40% yS/em

Er ko b
t
"
]
pord
Crack length, mm
To 200 ppb O, @2279h

N.D.T. RESOLUTICN
LIMIT

—_ c 279+

Q

. - g
Sorsf

0.2
& VERMONT YANKEE BIG ROCK POINT aty
1 - @ 0.6 pS/em 0.15 pSsem \
WA AN O _—— e - = Q \ 2761
-—rﬂrr—nfrrrn-\'m('\_ﬂ'“\\ t |

To 95 ppb H, @2354h

FRACTION OF WALL THICKNESS PENETRATED
o

20 40 B0 B0 100 120 140 160 180 200 240 260 : , , , ; o
2200 2250 2300 2350 2400 2450
ON-LINE, MONTHS Time, hours

Changes in Plant Operation - O., low leakage core...

. Aging: Single Variable Changes - fluence, thermal aging...
. Aging Synergies - RPV radiation ¥ K, 7YS — 75CC.

. Staged or Sequential Phenomena - 182 on RPV.

. Emerging Issues - lots we don't yet know.
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SCC in LWRs

Aging Synergies Sequential Phenomena

In RPV embrittlement, the SCC in Alloy 182 attachment pads
yield strength is Tby >30%. must first occur before they can

Data show that 7'YS increases intersect the under./ying RPV.
SCC susceptibility & growth. SCC can cross the intertface.

Low Alloy Steel

182
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SCC in LWRs

Emerging Issues in EAC

e CI- Effects on SCC of Low Alloy Steel
large effects of <3 ppb CI-

7'in SCC from radiation hardening
e Plant Modification / Upgrades
O, in PWR and CANDU Primary Water
eCold Work Effects on ECP Benefit
e Bulk Cold Work — Weld Residual Strain
e SCC of Banded & CW Alloy 690
e Effects of Si: high CGR low effect of K & ¢,
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SCCin LWRs s, e
54°C Water 68
245

338°C Water [gEV

Alr (C4a) T T S 327

Emerging Issues in EAC

121°C Water gEVE 24

Air (Cdc)

e Re-loading Effects — rapid crack growth

e Corrosion Fatigue Crack Initiation

54°C Water
93°C Water FEIN 2

in Austenitic Materials rcv [EER
e dK/da: K changes as crack grows

e K/size Criteria vs. CW & Irradiation
e Fnvironmental Effects

1000

= [-R racture Resistance =

-» K FrGCture Toughness - g8l g 48 276 - 0.5TCT A182 Weld Metal, 288C
IC $ e [§ =8 25 ksinin, 2 ppm O, Pure Water
£ ® §§) Krising testis by specimen c275

e Data Quality g
* [ 0SS of expertise

& R&D capability .
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SCC in LWRs

Progress is Limited by Excellence of Experiments

» Complexity of environmental effects with ~“500" variables
in ~10 categories involving ~7 major disciplines.

> Interdependence among most variables.

» Extensive lore based on poor data and wishful optimisms,
driven by ASME Code requirement of “immunity”.

» The nature of SCC, with 6 - 10 orders of magnitude range
in growth rate for specific mat’ls, environments & loads.

> 40 - 100 year life puts heavy demands on design & data.

> Tests need to guide & test our thinking and modeling.
Lore, opinion and intuition need careful examination.

> Accelerated, 1-dimensional testing won't get the job done.
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SCCin LWRs
The Realities of SCC - Challenging Lore

e Ubiquity - SCC occurs in all structural materials in hot water.

e Commonality among materials, BWR vs. PWR environments,
loading, irradiation, etc. is high, and mechanisms appear similar.

e Dynamic strain appears to be essential to sustaining SCC.

e Thresholds and immunity are generally, and perhaps always,
fiction. The ASME design codes simply rely on SCC immunity.

Our experiments, our designs, our thinking, our mechanisms
often reflect this fundamental error/assumption.

e Interdependencies pervade SCC response. We too often think in
terms of single variables and linearity.

e SCC measurement capability remains rudimentary, with initiation
far more primitive than growth.

Simplistic, short-term tests has obscured many realities of SCC



