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UNITED ST*VES
NUCLEAR REGULATOHY COMMISSION

WASHINGTON, D.C. 20555~0001

April 14, 1998

MEMORANDUM TO: N. King Stablein, Acting Chief
ENGB/DWM/NMSS

Michael J. Bell, Acting Chief
PAHL/DWM/NMSS

THRU: Richard A. Weller, Section Leader ,( a AJ
Engineering and Material Section
ENGB/DWM/NMSS

FROM: Kimberly A. Gruss, Materials Engineer\‘\lgzb

Kien Chang, CLST KTl Team Leader
Tae Ahn, Materials Engineer 7%
Engineering and Material Section
ENGB/DWM/NMSS

Gustavo Cragnolino, Principal Scientist W G\
CNWRA

SUBJECT: ATTENDANCE AT THE FOURTH WASTE PACKAGE DEGRADATION
EXPERT ELICITATION WORKSHOP HELD IN VIENNA, VA,
FEBRUARY 2, 1998

The U.S. Department of Energy (DOE) held its fourth expert elicitation workshop on waste

package degradation for the proposed high-leve! waste repository at Yucca Mountain, Nevada,

on February 2, 1998. Recently, DOE changed its reference waste package design by selecting
alloy C22 as the inner barrier corrosion-resistant material, replacing alloy 625. The goals of this
waste package degradation expert elicitation (WPDEE) workshop were: to provide the expert
panelists with the opportunity to discuss both general and localized corrosion rates of alloy C22

as a function of various environmental parameters; to review the new corrosion testing data and
corrosion rate models that have been developed since the last workshop (which was held on

June 10-11, 1997); and to outline the steps required to finalize the experts’ assessments and /
uncertainties in the available data and information on the corrosion of alloy C22. A formal

expert judgment process is being followed to obtain the needed inputs to accomplish these /
objectives. Five members of the previous six-member expert panel were present for this
workshop. The attendance list is included as Attachment 1.

The workshop began with an introduction by K. Coppersmith (Geomatrix), who discussed the K H’/ &
objectives of the workshop and reviewed the list of questions that the experts will be asked to

answer in their formal elicitation interviews. Attachment 2 contains this introductory material, /¢ 2.
while Attachment 3 contains the meeting agenda. A summary of the previous expert pane! M~ /
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K. Stablein/M. Bell 3

conservative approach in light of the fact that there is limited data on the corrosion resistance of
alloy C22. Attachment 4 contains the set of transparencies that were used during the
workshop. Copies of the transparencies can be obtained from either K. Gruss or

G. Cragnolino.

The results of the elicitation interviews will be summarized in a Revision 1 to the previously
published WPDEE Project report (dated August 15, 1997). This report should be available in .
April 1998. However, with this schedule, it may be difficult for DOE to incorporate the results of
this elicitation into the Viability Assessment (VA) because DOE is also planning to initiate
internal reviews of pertinent waste package degradation VA documents in April 1998.

It should also be noted that DOE is currently working on a thin-walled, double barrier (alloy |
C22-titanium) waste package design. It is possible that the materials degradation issues

associated with this configuration will be addressed in other expert elicitations. This design will
not be considered in any detail in the VA. :

Afttachments: As stated

DISTRIBUTION: (*w/att) Central File* - ENGB r/f* PUBLIC

MFederline KMcConnell MLee BJDavis RCodell
BlLeslie NSridhar
DOCUMENT NAME: S:\DWM\ENGB\KAG\WPTRP4.RPT (*see prev. concurrence)
OFC ENGB* ENGB* ENGB* CNWRA* ENGB
) ‘K i/
NAME | KGruss/eb/prf rd KChang TAhn GCragnolino (KAG for) RWeller
DATE 4/9/98 ") 4/9/98 4/13/98 4/9 /98 4y¥98
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WASTE PACKAGE DEGRADATION EXPERT ELICITATION PROJECT

WORKSHOP ON CRM CORROSION RATES - FEBRUARY 2, 1998

ATTENDANCE SHEET
NAME AFFILIATICN/ADDRESS TEL/FAX/E-MAIL SIGNATURE
(Please verify information) (Please verify information)
Ahn, Tae Dr. U.S. Nuclear Regulatory Commission Tel: (301) 415-5812

MS T7C6
Washington, DC 20555-0001

Fax: (301) 415-5398
E-Mail: tma @nrc.gov

Andresen, Peter L. Dr.

GE Corporate Research & Development
1 River Road, Room K1-3A39
Schenectady, NY 12301

Tel: (518) 387-5929
Fax: (518) 387-7007
E-Mail: andresen@crd.ge.com

X

ABuIlen. Daniel Dr.

U. S. Nuclear Waste Technical Review Board
lowa State University

107 Nuclear Engineering Lab

Ames, |A 50011-2241

Tel: (515) 294-6000
Fax: (515) 294-7224
E-Mail: dbullen@iastate.edu

%Xf(

Chang, Kien U.S. Nuclear Regulatory Commission TL(381)Gr5-6ér.

MS T7C6 Fax: (301) 415-5398

Washington, DC 20555-0001 L-Mal: fce @hnrc- g‘a U=
Cleary, Hal Dr. Sanford Cohen & Associates Tel: (703) 893-6600

1355 Beverly Rd., Suite 250
McLean, VA 22101

Fax: (703) 821-8236

Coppersmith, Kevin J. Dr.

Geomatrix Consultants, Inc.
100 Pine Street, 10th Floor
San Francisco, CA 94111

Tel: (415) 434-9400
Fax: (415) 434-1365
E-Mail: kcoppersmith@geomatrix.com

Cragnolino, Gustavo

Center for Nuclear Waste Regulatory Analyses
6220 Culebra Road
San Antonio, TX

Tel: (210) 522-65539
Fax: (210) 522-6081
E-Mail: gcragno@swri.edu
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NAME

AFFILIATIONJADDRESS
(Please verify information)

TELJFAX/IE-MAIL
(Piease verify information)

SIGNATURE

Di Bella, Carl Dr.

Nuclear Waste Technical Review Board
2300 Clarendon Blvd., Suite 1300
Arlington, VA 22201-3367

Tel: (703) 235-9130
Fax: (703) 235-4495
E-Mail: dibella@nwtrb.gov

G D

Farmar, Joseph C. Dr.

Lawrence Livermore Nalional Laboratory
Mailing:

P.O. Box 808, L-352

Livermore, CA 94551

Fed-X:

7000 East Ave.

Livermore, CA 94550

Tel: (510) 423-6574
Fax: (510) 423-2086
E-Mail: farmerd@linl.gov

Zfrzse,md—7

-

Gruss, Kimberly Ann Ms.

U.S. Nuclear Regulatory Commission
MS T7C6
Washington, DC 20555-0001

Tel: (301) 415-6680
Fax: (301) 415-5398
E-Mail: kagi@nre.gov

Wn

U.S. Department of Energy
1180 Town Center Dr., MS HL-523
Las Vegas, NV 89134

Tel: (702) 794-5474
Fax: (702) 794-5559
E-Mail: david_haught@notes.yrip.gov

Lee, Joon H. Dr.

M&O/Duke Engineering and Services
1180 Town Center Dr.
Las Vegas, NV 89134

Tek: (702) 2954754
Fax: (702) 2954730
E-Mail: Joon_lee@notes.ymp.gov

McCright, R. Daniel Dr.

Lawrence Livermore National Laboratory
P.O. Box 808, L-369

Livermore, CA 94551

Fed-X:

7000 East Avenue

Livermore, CA 94550

Tel: (510) 422-7051
Fax: (510) 422-2118
E-Mail: mecrighi@Iinl.gov




NAME

AFFILIATION/ADDRESS
(Please verify information)

TEL/IFAX/E-MAIL
(Please verify information)

SIGNATURE

McFarland, Russ Dr.

Nuclear Waste Technical Review Board
2300 Clarendon Blvd.; Suite 1300
Arlington, VA 22201-3367

Tel: (703) 235-9130
Fax: (703) 235-4495
E-Mail: mefarian@nwtrb.gov

e

Moeller, Ralph

R H Moeller & Associates

Tel: (304) 522-6338
Fax: (304) 523-5414

N A

Payer, Joe Dr.

Case Western Reserve University
Department of Materials Science & Metallurgy
10900 Euclid Avenue

Cleveland, OH 44106

Tel: (216) 3684218
Fax: (216) 368-3209

b A2

Pendleton, Martha Ms.

M&O/WCFS
1180 Town Center Dr,
Las Vegas, NV 89134

Tel: (702) 295-5550
Fax: (702) 295-4730

" E-Mail: martha_pendleton@notes.ymp.gov

é ity Sl

Perman, Roseanne C. Dr.

Geomatrix Consultants, Inc.
100 Pine Street, 10th Floor
San Francisco, CA 94111

Tel: (415) 434-9400
Fax: (415) 434-1365
E-Mail: rperman@geomatrix.com

7/ I (17N

Reiter, Leon Dr.

U. S. Nuclear Waste Technical Review Board
2300 Clarendon Bivd., Suite 1300
Adington, VA 22201-3367

Tel: (703) 235-4473
Fax: (703) 235-4495
E-Mail: reiter@nwtrb.gov
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Charlotiesville, VA 22911

NAME AFFILIATION/ADDRESS TELIFAXIE-MAIL SIGNATURE
(Please verify information) (Pleasa verify information)
Scully, John Dr. University of Virginia Tel: (804) 982-5786
Mailing Addr: Fax; (804) 982-5799 /
2245 Ridgeway Lane E-Mail; jrs8d@server1.mail.virginia.edu A, \

Shoesmith, David W. Dr.

Atomic Energy of Canada Limited
Whiteshell Laboratories

Building 300, Rm. 2-001

Pinawa, Manitoba ROE 1L0 Canada

Tel: (204) 753-2311, ext. 3226
Fax; (204) 753-2455
E-Mail: shoesmithd@aecl.ca

100 Pine Street, 10th Floor
San Francisco, CA 94111

Stahl, David Dr. M&O/Framatome Cogema Fuels Tel: (702) 295-4383 :
1180 Town Center Dr. Fax: (702) 295-4438 '
Las Vegas, NV 89134 E-Mail: david_stahi@notes.ymp.gov
= —
Welleg Rick U.S. Nuclear Regulatory Commission
MS T7C6 Fax; (301) 415-5398
Washington, DC 20 "55-1001
Youngs, Robert R. Dr. Geomatrix Consultants, Inc. Tel: (415) 434-9400

Fax: (415) 434-1365
E-Mail: E-Mail: byoungs@geomatrix.com

1

Younker, Jean L. Dr.

M&O/TRW Environmental Safety Systems, Inc.
1180 Town Center Dr.
Las Vegas, NV 89134

Tel: (702) 295-5497
Fax: (702) 295-5736
E-Mail: jean_younker@ymp.gov
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NAME

AFFILIATION/ADDRESS
(Please verify information)

TEL/IFAX/E-MAIL
(Please verify information)

SIGNATURE
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PURPOSE OF WORKSHOP AND
QUESTIONS TO BE ASKED

WORKSHOP ON CRM CORROSION RATES

WASTE PACKAGE DEGRADATION EXPERT ELICITATION PROJECT
(WPDEE)

Kevin J. Coppersmith
Geomatrix Consultants

February 2, 1998




WORKSHOP ON CRM CORROSION RATES
WASTE PACKAGE DEGRADATION EXPERT ELICITATION PROJECT

PURPOSE OF WORKSHOP:

e To provide the expert panel an opportunity to discuss the corrosion rates of
the corrosion resistant material (CRM) of the waste package, which is now
alloy C-22 |

e To review new corrosion testing data and new modeling of corrosion rates
that have been developed since the last workshop

e To discuss the general and localized corrosion rates for C-22 as a function of
various environmental conditions

e To outline the steps required to finalize the assessments and associated

uncertainties :




QUESTIONS REGARDING THE CORROSION RATE OF
CORROSION-RESISTANT INNER BARRIER

1) What is the general corrosion (or passive dissolution) rate of the inner barrier in
humid-air conditions (i.e., without drips) at 25, 50 and 10J°C?

2) What is the general corrosion rate of the inner barrier under drips at 25, 50 and
100°C?

2-a) 1Xto 10X of the J-13 chloride concentration | |

2-b) 10X to 1000X of the J-13 chloride concentration Caw c(aﬂﬂaﬂ—- \«WA to Cw:,j‘“u\j

2-¢) 1000X and higher of the J-13 chloride concentration

3) What are important parameters to be considered in determining the initiation
threshold of crevice corrosion of the inner barrier, and what are the threshold
values of the parameters?

4) What is the most appropriate way to express the behavior of localized corrosion
of the inner barrier in the crevice and under-deposits conditions as described
above?

4-a) Exponential pit growth law is expressed as follows pit depth =B * t"

4-b) Logarithmic pit growth law is expressed as follows pit depth = k * exp(Q/T) * log t
- Xo '




GROUND RULES FOR WORKSHOPS

The workshops are an opportunity for the Expert Panel to:

Exchange data

Present interpretations

Challenge and defend technical hypotheses

Be trained in elicitation procedures

Gain information on the project

Interact and ask questions ,
Therefore, the focus of each workshop is the Expert Panel

The MDT runs the workshops and is responsible for keeping to the schedule, logistics, etc.

The conduct of the technic "1 .iscussions at the workshops will be at the highest professional level.
Personal attacks or confrontations will not be permitted (especially those directed at the MDT)
Discussions will be among the Expert Panel and the Presenters

- Observers are provided with a period each day br brief statements or questions (3 minutes each)
If an Observer has a burning question, please write it down and give to a member of the MDT;
they will attempt to have it answered during the course of the discussions

The data bases supplied to the Expert Panel will not be supplied to the Presenters or Observers; a
list of all materials supplied will be available

A workshop summary will be supplied to all workshop participants who have signed in




SCHEDULE FOR WPDEE
'CRM CORROSION RATE ASSESSMENTS

\(5‘8'\ Dl
February 20 Preliminary assessments N
. el e . WP A\
February 27 Draft elicitation summaries. -~ = X
March 13 Final elicitation summaries
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GEOMATRIX

FINAL AGENDA

WORKSHOP ON CRM CORROSION RATES
WASTE PACKAGE DEGRADATION
EXPERT ELICITATION (WPDEE) PROJECT

February 2, 1998
TRW Environmental Safety Systems, Inc.
The MetroPlace Building, Vienna, Virginia

PURPOSES OF WORKSHOP:

o To provide the expert panel an opportunity to discuss the corrosion rates of the
corrosion resistant material (CRM) of the waste package

¢ To review new corrosion testing data and new modeling of corrosion rates that have
been developed since WPDEE Workshop 3 in June, 1997

¢ To outline the activities required to finalize the assessments of general and localized
corrosion rates and associated uncertainties

MONDAY, FEBRUARY 2, 1998

7:30-8:00  Purpose of workshop and questions to be addressed
(K. Coppersmith, Geomatrix)

8:00-8:45 Summary of CRM general and localized corrosion rates made by WPDEE
panel (R. Youngs, Geomatrix)

8:45-9:30  Sensitivity studies and use of results in TSPA (J. Lee, M&O/DESI)

9:30-9:45 Break '

9:45 -10:15 Rationaie for selection of C-22 as base case alloy (D. Stahl, M&O/FCF)

10:15 - 11:00 Recent CRM testing results (D. McCright, M&O/LLNL)

11:00 - 11:45 Recent modeling of CRM corrosion rates (J. Farmer/M&O/LLNL)

12:00-1:00 Lunch

1:00-1:30  Long term corrosion of nickel alloys (B. Ross, R. Moeller, NRI)

1:30-2:00  Assessment of localized corrosion of alloys 825, 625, and C-22 for HLW
containers (G. Cragnolino, CNWRA) '

2:00-3:00 Discussion of CRM corrosion rates and uncertainties (panel)

3:00-3:15  Where we go from here (K. Coppersmith)

3:15-3:30 Comments from observers

I\PAMOS6\WORKSHP4AWP-AGEN4.DOC-30-Jan-98
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SUMMARY OF PANEL ASSESSMENTS
TO DATE
FOR CRM CORROSION RATES

Warkshop oh CRM Corrosion Rates

Waste Package Degradation
Expert Elicitation Project

Robert R. Youngs
Geomatrix Consultants

" February 2, 1998



Assessments for CRM General Corrosion

Expert - Environmental Conditions
David Shoesmith - 50°C

Joe Farmer 60°-90° C, pH 3 to 7, 5% NacCl

Peter Andresen 50° C, pH 10, mixed anions
100° C, pH 10, mixed anions

John Scully 20° C, neutral pH, initial and
| Idng tefm rates
100° C, aggréssive pH, initial and
long term rates

Dan McCright | 50°C, J-13 \h}gter
| 80° C, J-13 water
100° ©, J-13 water

Aggregate Distributions 50° C, DS, PA, & DM ?u N
100°C, JF, PA, JS (late), DM |
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Cumulative Probability
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-=== 100 degC, pH 4-10, mixed anions
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Cumulative Probability
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Cumulative Probability
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Cumulative Probability
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Cumulative Probability
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Assessments for CRM Localized Corrosion

Expert Model and Environmental Conditions '
David Shoesmith d = kxlog(t) - x, dzdepie

k, x, assessed for 100° C
k < exp(Q/T) with Q = 55 + 17 kJ/mole,
Tin°K

John Scully d = Bt", B assessed for high pH,
60°-100°C
n assessed for general conditions

Joe Farmer and Dan McCright also provided assessments for n

. rae & .

Aggregate Distribution forn  JF, JS, & DM
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Cumulative Probability
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Clvillan Radioactive Wasts

% Performance Assessment
Gantrackor and Modaling
Use of WPDEE Results in

TSPA-VA WP Degradation analysis and
Sensitivity Analysis Results

Joon H. Lee
Duke Engineering & Services

Waste Package Degradation
Expert Elicitation Project Workshop
February 2, 1938
Washington, D.C.

BAW Fedaral JK Rensurch Asscintm, bns_ Senchia Nutioaa! Labosstaries
Engmeerng & Services, Jac. Lawrence Berkcley 5 Eavonmenta) Safety Symams fac.
Fluer Donesl. Lawrence Livermers Notonal Laborstory Wosdward-Ciyde Fedornl icen
Frarnatome Cogems Fusis Las Alamos National Labormery Winston &
Imtagrated Resources Group Moerison-Kaudses Corperstion Couperwing Foderal Agency:
e ance Applicstons € us.
JAI Corporntion

Outline of the Presentation

® Objectives

® Conceptual model for waste package degradation modeling
for TSPA-VA

® Base case waste package degradation model for TSPA-VA
® Abstraction of CRM corrosion models from WPDEE and YMP

-~ three alternative general corrosion models
-~ three alternative localized corrosion models

N Analysis results for the sensitivity of waste package
degradation to alternative CRM corrosion models
- parameters and assumptions employed in the stochastic waste
package degradation model

m Concluding remarks
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Objectives

B Provide to the WPDEE panel how the WPDEE results and
other data/information are used in the stochastic waste
package degradation model .

B Present the analysis resuits for the sensitivity of waste
package degradation to alternative CRM corrosion models

Clvillan Radioactive Waste Parformance Assessmant WPOLEAOC AR S 3 v
Management Syst and Modeling

Management & Opersting

Contracior

Schematic of the Conceptual Model for WP Degradation
Modeling and Abstraction

* T, RH, in-diift water dripping * pH, [CF) of dripping water,
across repository from P(O,), across repository
drift-scate T-H modal adstraction from NFGE model abstraction
¢
Dripping | Welds “Paich
Wanae \. Single “Patch®
v
0
s s’V ia ¥
BRIt TR N B2
. T 1 eifslal gigls
' Fofe,
T L] 9 L ]
i
8- Priches with drips; ‘R Patches with weids
Poteatial sait deposits;
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Logic Diagram for the Base Case TSPA-VA
Waste Package Degradation Model

I Ag Pooach
mne-ndummqu

i n N Tims Mistories of
o i Patch Perforstions &
L . ) Tiens History of PRt snd Paich 1
a
Svucturel Felire
Clvillan Radicactive Waste Parformanca Assessment weoLEAOC A0 § v
Management System and Modeiing
Management & Oporming
Contracior

Abstraction of
CRM
General Corrosion Models
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Abstraction of CRM General Corrosion Model(l)

| i) ‘C A EE
B Based on the combined/aggregate distributions of the CRM e
general corrosion rates at 25, 50 and 100°C from the WPDEE

®  Randomly sampled a total of 100,000 points from each of the
three combined cumulative distribution functions (CDFs) at

the three temperatures :
B Fit the re-sampled distributions to an Arrhenius functional
form
Clvillan Radloactive Waste Performance Asssssment WROERADC.AR# T v.w-—
Management System and Modeling
Comicar P :

WPDEE Results for CRM General Corrosion Rate
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Cumulative Distribution Functions (CDFs) of
Re-sampled CRM General Corrosion Rate from WPDEE
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General Corrosion Rate vs. Temperature of

CRM General Corrosion Model(l)
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General Corrosion Depth predicted by
CRM General Corrosion Model(l)

1w e 100 1 100
Time (years)

Clvillan Radioactive Waste ‘ Porformances Assessmant WIDERI DEJR# 11 (27 ]
Management Jystem and Modsling

Mansgement & Oparating .

Conracior

Abstraction of CRM General Corrosion Model(ll)

B Assumed CRM general corrosion rates witﬁ dripping higher

than without drips {exposed to humid-air conditions all the
time) :

B Split the original combined distributions given for the thres
temperatures at the median (z “th purcentile) assuming that,
for each temperature, :

- the first halif of the distributions (up to 50th percentile)
represents the general corrosion rates for no-drip conditions
- the second half {from the 50th to 100th percentile) represents

dripping conditions
n——
Clvilian Radioactive Waste Performance Assessment WeOLEAOC M0 1O v
Mai t and Modsling
Managemon & Operating
Coaxsciar
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Abstraction of CRM General Corrosion Model(ll)

(continued)

B Truncated the second half distribution for dripping
conditions at each temperature at 10 pm/yr
— the truncation to reflect maximum general corrosion rates of
Alloy C-22 (2 pm/yr) and Alloy 625 (4 ym/fyr) from short-term
electrochemical polarization measurements in very aggressive
conditions at LLNL

®  Randomly sampled a total of 100,000 points from each of the
three split cumulative distribution functions at the three
temperatures for dripping or no-drip ccnditions

& Fit the re-sampled distributions to an Arrhenius functional
form for no-drip or dripping conditions

®  The split and truncation of the original distributions were
“arbitrary” and to capture potential differences between
dripping and no-drip conditions

Civilian Radioactive Waste Performance Assessment WeORLLOC AN 0 13 s
Management System and Madeling .
Managemnent & Operating

Coneracior

CDFs for CRM General Corrosion Rates Split for
Non-dripping and Dripping Conditions
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General Corrosion Rate vs. Temperature of

CRM General Corrosion Model(ll)
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General Corrosion Depth predicted by
CRM General Corrosion Model(ll)
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Abstraction of CRM General Corrosion Model(ll)

B CRM general corrosion mode! developed by the YMP after
completion of the WPDEE Rev 0 Report

— based on the 6-month data from the Long-Term Corrosion Test
Facility, short-term electrochemical polarization measurement
data at LLNL, and the published literature data

Rate = by + by/T + b, pH + by Cyuer + b, Crects
- applicable conditions:
pH s 6‘7; cNaq = 0.01‘1 Wt.%: cF.cu = 0' WL%

H  The mode! “reduced” to a simpler function form (function of
temperature only)

- effects of the uncertainivariable water chemistry conditions
represented by incorporating the suggested water-chemistry

parameter ranges
R
Clvilian Radioactive Waste Performance Assessment WRDLRAOC . 0 17 wun
Management System ’ snd Modating

Managemen & Operatmg
Conzacior

Abstraction of CRM General Corrosion Model(lll)
{continued)

® Estimated the uncertainty in the coefficients (b/s) using the
same data used for the quel

B Generated distributions for general corrosion rates using the
model at different temperatures by varying the model
coefficients and the water chemistry parameters assuming
pH=unifo:m (6,7) and Cy,¢, (Wt.%) = log-uniform (0.01,1)

. B Fit the resulting general corrosion rate distributions to an
Arrhenius functional form

e T — _ — .
Clvillan Radioactive Waste Performance Asseasment WPOLEAOC.MNLS 18 [
anagemaent System and Modsling
Management & Operaung
Coneractor
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Cumulative Distribution Functions (CDFs) of CRM General
Corrosion Rate from Short-Term Data and WPDEE Results

g
o

o
‘o

o
o

EEResumlw

o
>

et
X3

Cumulative Probability

\ =
<
’\‘x
< Ry
o
o

1010 10° 104 107 10* 10° 104 10° 102 101 10°
General Corrcsion Ratd{{mmvyr)

| sy
Clvilian Radicactive Wasts Performance Assessment WIOLRLDC ML ¢ 18 . e
Management System and Modsling
Management & Operating
Conwacier

General Corrosion Rate vs. Temperature of
CRM General Corrosion Model(lil)
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General Corrosion Depth predicted by
CRM General Corrosion Niodel{lll)
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Abstraction of
crMm
Localized Corrosion Models
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CRM Localized Corrosion Model(l)

B Logarithmic pit growth law from WPDEE
depth =k * exp[Q (1/T - 1/373.15)] * log (t) - x,
t=time

k, Q and x, = constants; the values and uncertainties from

WPDEE

Clvilian Radicactive Waste Pacformancs Assessmant WROEE4.0CM S 23
Management System and Modeling

Mansgement & Operaung

Coatacier

Localized Corrosion Depth Predicted by

CRM Corrosion ModeKl)
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L}

CRM Localized Corrosion Model(ll)

® Exponential pit growth law from WPDEE

depth=B*t"
t = time .
B and n = constants; the values and uncertainties from
WPDEE
Civillan Radloactive Waste Performancs Assessment WODEELOC.MLE 38 v
Management System and Modsiing :

Mansgement & Opersting
Ceatraciar

Constants ‘B’ and ‘n’ of CRM Exponential Pit Growth Law
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Localized Corrosion Depth Predicted by
CRM Corrosion Model(li)

18+3
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é 1o+t : s /’}
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O 101 U S - =

10-2 1e-1 18+0 1a+1 1842 18+3 18+4 1a+5 10+8
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Optimistic values: B=0.S mm/yr®; n=0.25
Expected values : B=10 mmiyr*; n=0.42
Conservative values : Bs200 mmlyr; n=0.75

Clvillan Radloactive Waste Parformance Assessmant WAL OC. A 0 27 3.
Management System and Modeling

Management & Operating

Coneracier

Abstraction of CRM Localized Corrosion Model(ili)

B CRM localized corrosion model developed by the YMP after
completion of the WPDEE Rev 0 Report My = C el ) X t\/g.

—~ based on the 8-month data from the Long-Term Corrosion Test

Facility, short-term efectrochemical polarization measurement
Qe %ga at LLNL, and the pu. “shed literature data
—mf enﬁc*.l to CRM genera. orrosion model(lll), but with different
R applicable water chemistry ranges In crovice/pits

- suggested applicabls conditions:

pH = 1.63 - 6; Cy,; 3 0.01 - 10 Wt.%; Cp i3 = 0.01- 4 WL%

| Thevw'feduced" to a simpler function form (function of
temperature only)

- effects of the uncertain/variable water chemistry conditions
reprasented by incorporating the suggested water-chemistry

paramater ranges
Clvillan Radloactive Waste Performance Assessment WIOLE4OCAR 0 28 1.
Mansgement System and Nodeling
Mmagemeont & Operaing
Coatractor
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Abstraction of CRM General Corrosion Model(lll)

(continued)

® Estimated the uncertainty in the coefficients (b,'s) using the
same data used for the model

B Generated distributions for localized corrosion rates using \
the model at different temperatures by varying the model Gy s e
coefficients and the water chemistry parameters assuming P | S
pH = uniform (1.63,6), Cy,c(wt.%) = log-uniform (0.01,10), and VSR TLRE, BE
Crecis (Wt.%) = log-uniform (0.01,4)

E  Fit the resulting localized corrosion rate distributions to an
Arrhenius functional form :
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Localized Corrosion Depth Predicted by
CRM Corrosion Model(lll)
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Sensitivity of WP Degradation
to CRM Corrosion Models

Clvillan Radloactive Wasts Performance Assessment WPORRAOC. .0 N .
Management System and Modeling

Managerncnt & Operating

Contracsor

Time-histories of Temperature of CSNF WP Groups
{CC area; base case; climate change at 1000 yrs; no backfill)

Waste Package Temperature (*C)
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Time-histories of Relative Humidity of CSNF WP Groups
(CC area; base cass; climate change at 1000 yrs; no backfill)
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Sensitivity of WP Failure to CRM Corrosion Models f')’ .
(basa case; climate change at 1,000 years; no backfill; 10% WP dripped on)
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Concluding Remarks

B CRM corrosion models have potentially significant impacts
on long-term performance of waste packages,

B This warrants very careful evaluation and assessment of CRM
corrosion rates for the use in the performance assessment
calculations of long-term waste package degradation

m  Additional assessments from the panel for the CRM corrosion
rates will be incorporated in the TSPA-VA waste package
degradation analysis -

Civillan Radloactive Wasts Performance Assessmant ) WROER4 DCALS 3 1.
Management System ___ and Modeling

Mansgement & Operating

Contracaor

‘Backups
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Contracaer
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Parameters and Assumptions Used in the
Stochastic WP Degradation Modeling

W 400 WPs per simulation; 964 patches per WP with a single
patch area of 310 cm?; a pit density of 10 pits/cm?

m  Muitiple histories for T and RH of WP groups in a given
- repository location

® CAM corrosion
= T and RH thresholds for the initiation of CAM humid-air and
aqueous corrosion from WPDEE CDF tables
* the thresholds distributed among WPs to be modeled
+ Individual WP assigned with different T and RH thresholds
- TSPA-1995 models used for CAM humid-air and aqueous
general corrosion
+ the model parameters sampled stochastically for a WP and the
patches within the WP
¢ an uniform corrosion depth assumed for individual patches

Clvilian Radicactive Wasts - Parformancs Assessment WPOELA.OC AR 0 37 e
Mana term and Modeiing

Managersent & Oporating

Centractor

Parameters and Assumptions Used in the
Stochastic WP Degradation Modeling (continueq)

® CAM corrosion (continued)

- Variations in CAM corrosion modeled with the localization
factor (or pitting factor) with a mean of 1.5 and a standard
deviation of 0.25

+ the same localization factor distribution applied equally to all the
natches

® CRM corrosion

- Once a CAM patch penetrated, an aqueous condition assumed
for the (“same size”) patch of CRM underneath the failed CAM
patch

- Assume general corroslon active for the CRM patch in the
absence of water drip, and both the localized corrosion and
general corrosion active for the CRM patch if dripped on

¢ CRM general and localized corrosion modeled as a function of

temperature
¢ the model parameters sampled stochastically for a WP and the
tches within the WP
Clvillan Radicactive Wasts Performancs Assessment WeDEELOC.AN 8 B e
Management System and Modeling
blmagement & Operating
Cenzracior
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Parameters and Assumptions Used in the
Stochastic WP Degradation Modeling (continued)

B CRM corrosion (continued)
- CRM patches penetrated by general corrosion if no drips, and
by pitting/crevice and general corrosion if dripped on

B Representation of variability and uncertainty in WP
degradation .
-~ Incorporate explicitly the effects of ﬁemporally and spaﬂally
varying exposure conditions
+ T, RH, WP surface dripped on
+ eoffects from other sources not explicitly accountable represented
by splitting the uncertainties in the Individual modsl parameters

+ half of the uncertainty distributed among WPs (Package-to-
package variability) and other half ameng patchas (patch-to-patch

variability)
Clvilian Radioactive Waste Parformance Assassment WPOLELDC ML S 17919
Managemendt System and Modeling
Mansgement & Opersting
Contracer
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Rationale for Selection of C-22
as the Base Case Alloy

February 2, 1998
David Stahl, (Ph.D.) Manager

Waste Package Materials Department

: .
Civilian Radioactive Waste : Briefing #
Management System

Management & Operating
Contractor

1 1/30/88




Outline

m Basis for Change

B Design Impacts

u Corrbsion Perfdrmance
B Weldability

B Summary

Civilian Radioactive Waste ' Briefing # 2 1/30/98
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Basis for Change

B Expert panel concluded that crevice/pitting

corrosion is the most probable degradation
mode for the inner barrier

— Note however that the elicitation process yielded
large uncertainty in general corrosion rate which
made that the dominant Iong-term mechanism

B Original selection process did not include local _
' corrosion resistance as a selection crlterlon m" «ﬁ

B Original selection was also based on 1000 = e
years as waste package lifetime d

Civilian Radioactive Waste , Briefing # 3
Management System

Management & Operating
Contractor

1/30/98




'Design Impacts

W Structural and thermal analyses not complete
but no change in design is expected because
of similarities in properties of Alloy C-22 and
Alloy 625 |

(Alloy C-22 over titanium alloy) design jij;f:

B By comparison, the two CRM waste packageg o
represents a significant change in analysis |4« 4"

B Analysis documenting selection of Alloy C-22
- completed in December 1997 and base-line
- change approved January 29, 1998

Civilian Radioactive Waste Briefing # 4 1/30/98
Management System '

Management & Operating
Contractor




Corrosion Resistance

B Alloy C-22 is much more resistant to
crevicelpitting corrosion than Alloy 625

- B Susceptibility to crevice/pitting is a function of

crevice chemistry, pH, temperature and crevice
geometry

B For a given crevice condition, critical
- temperature for local corrosion is important

— This is the temperature below which corrosion does
notoccur

Civilian Radioactive Waste Briefing # 5 1/30/98
Management System

Management & Operating
Contractor




- Corrosion Resistance (Continued)

B In a relatively aggressive solution containing
24,300 ppm chloride:

— Critical crevice corrosion temp.

+ C-22 102 deg C
+ 625 50 deg C

~— Critical pitting corrosion temp.
+ C22  >150deg.C
+ 625 90 deg. C

Note: J-13 water has only 7.2 ppm chloride

Civilian Radioactive Waste N Briefing #
Management System

Management & Operating
Contractor
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Corrosion Resistance (Continued)

B Alloy C-22 has excellent phase stability under
low temperature (~450 deg C) aging while Alloy
- 625 suffers from embrittlement

B Alloy C-22 is less susceptible to stress

corrosion cracking than alloy 625 under similar
conditions

B C-22is a newer alloy. C-22 was developed in
1985 and Alloy (625 was developed in the 1950s,
- however, costs are about the same.

Civilian Radioactive Waste  Briefing #
Management System :

Management & Operating
Contractor

1/30/98




‘Weldability

B Discussion with manufacturers has indicated
that weldability of Alloy C-22 is not significantly
different than Alloy 625 (perhaps up to 5%
increase in welding time)

m Framatome welding engineers o not forsee
great difficulty in the closure weld

B However, Alloy C-22 is not as amenable to weld
cladding deposition, os cppocect 4o chon 6+,

Lihdes \9044 ‘QmC’{.L.\\{), Perhaps A fo ot of 4(,(‘,)7,,\3
Comsh et

Civilian Radioactive Waste , ‘ Briefing # 8 1/30/98
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Summary of Change to Alloy C-22

B Basis for change was presented

B Design impacts are minimal

. Corrosion performance is superior
l Weldability and cost are similar

| Analysis for material change was performed
and base-line change was approved

Civilian Radioactive Waste _ Briefing # 9 1/30/98
Management System '

Management & Operating
Contractor
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Recent Corrosion Resistance Material
Test Results

R. Daniel McCright

- Waste Package Degradation Expert Elicitation
Panel Meeting

2 February 1998



Source of Corrosion Resistant Material Data

Long-term Corrosion Test Facility constructed at LLNL in 1996-97
Total of 24 vessels operating, 6 contain Ni-base corrosion resistant
candidate alloys
Ni-base candidate materials include Alloys 825, G-3, 625, C-4, and C-22
Emphasis in this presentation is on Alloy C-22

6 vessels containing Ni-base alloys operate at 2 temperatures (60 and 90
C) and three different water chemistries

— low ionic strength water (code SDW) — clilude wates

— high ionic strength water (code SCW) - conc. vk . Wsos

— acidified, high ionic strength water (code SAW) - ccidi ek | conc. voader
These 6 vessels began operation in February to April 1997

Six-month exposure data available from all 6 vessels, one-year data
available from one vessel



Nickel Material Under Test in Long Term
Corrosion Test

UNS Number Common Name - Nominal Composition
N08825 Alloy 825, Incoloy 825 40 Ni 22 Cr 3 Mo 31Fe
Bi N06985 Alloy G-3, Hastelloy G-3 48 Ni 23 Cr 7 Mo 20 Fe
' N06625° Alloy 625, Inconel 625 62 Ni 23 Cr 9 Mo 5 Fe
© N06455 Alloy C-4, Hastelloy C-4 60 Ni 16 Cr 16 Mo 3 Fe

N06022 Alloy C-22, Hastelloy C-22 S7Ni 22Cr 13 Mo3 W4 Fe



About the Three Water Chemistries

Low Ionic Strength Water -- Essentially 10 x [average of J-13
water + perched water compositions]

High Ionic Strength Water -- Essentially 1000 x [average of J-13
water + perched water compositions]

Acidified, high ioni: strength water -- like the above but pH
adjusted to 2.7 target g by H,SO, addition

HSM(Q CreQ e v-M\L_ («v

Solutions made up by adding different ‘salts’ (e.g. NaHCO,,
KNO,, NaCl], etc.) to get desired target composition to deionized
water

Solubility of some compounds exceeded in the more concentrated
environments (e.g. CaCO, precipitation)

Metal test specimens placed on racks so that some are fully
immersed in water and some are exposed to wet vapor above
water line



Target Compositions for the Three Water Chemistries

Zomz=x00 ;
§»§§§ EXPLFTR

J-13Well Low lonic
Water Strength Water
(measured) (~10x J-13)
7.41 9.39.5
4580mgl 409 mgll
28.5 27-49*
13.0 0.5
5.04 34
201 1
218 14
7.14 67
8.78 64
18.4 167
128.9 947
470 (precipitate)

70 (precipitate)

High lonic

Strength Water

(~1000x J13)
9.399
40,900
27-49*
<1
3400

<1

1400
6700
6400
16,700
70,000

47,500 (ppt)
7300 (ppt)

N

Seunts 'JV ""‘8'» L Qm" J‘fﬁb»o mJ

Acidified High
Water
27-28 |

37,690
27-49*
1000
3400
1000
0



Constituent
pH
Na
Si

Ca

cl
“NO,
SO,

HCO,

Some Actual Water Chemistries

L.ow lonic Strength
9.02/9.29 5% .L- 18
440/430 mg/L +
20/21

31
36/36
1.3/1
13/16
1271101
63/65

174/180

Jsuss0:
/N/
> gshablislh wcbamate, biabante ge,

+ first figure is concentration in 60 C vessel, second in 90 C vessel
+ these analyses performed near time of initial operation

High lonic Strength
9.40/9.65 - 9.8-9.1
44,000/45,000 mg/L +
52/55 -

1/2

3600/3700
0.1/0.3
1290/1410
8410/8400
8120/7580
14,200/14,000

60,270/56,600 *

* bicarbonate calculated from total inorganic carbon analysis

don ¢ N?VM&\« . Onlj
N Wodker ~

—_ M"CAY\( Shey Same \g ru,;‘ggr

- ,-g\,\.\ cu.v\.xs, Or{ip-\S W v Do

Co, ownChed aiv

Acidified High lonic
Strength

2.7412.71 — Stehl
43,000/42,000 mg/L +
27142
55/55
3700/3500
52/51
<10/<10
27,500/26,900
24,300/24,000

42,400/41,000 o b

¢ Ve
/ ._)(w) \S.AS‘ Y(Q’:‘OL\ —
nama e

may ek

bt worte 17 33 brhasee of Sieal

b Lo (ud)



6-Month General Corrosion Data for Alloy C-22

Temperature Low lonic High Ionic Acidified High Ionic
cC) Strength Water  Strength Water Strength Water
. . Y
in water 60 -~ 0.04 pm/yr 0.08 um/yr 0.04 um/D/ M:i | cz;,»r
R
in water 90 0.06 0.08 0.02 wo};ﬂf ’
Oﬂfgusm
W
~ in vapor 60 0.05 0.06 0.06 16> wamm
, 7c

in vapor 90 0.06 0.07 0.05

+ corrosion rates are averages of 8-12 specnmens in each condition - w\r\k\ 3 w?(w 1 Lower \AM\"
+ negative value indicates weight gain



General Corrosion Rates of Alloy C-22
After 5 Months and 1 Year

6-month exposure 1-year exposure
(4296 hours) (8376 hours)
In water 60 C, acidified high 0.04 um/yr 0.03 um/yr
ionic strength water
In vapor 60 C, above the 0.03 0.04
acidified high ionic \
strength watgr | +;(;30““
A\ g "
/_7 \g/ &\P} -"{0 N'/
7 N O‘W
(‘Qb N e X
/,- 0 ,\,JM ¥ X
~5 2 03"(\ Voke Qg
- X a}ﬂ 0
+ corrosion rates are averages of 12 specimens in each condition Qt‘&‘g

+ above data suggest that rates do not change with time



Commentary on Corrosion Test Results
from Alloy C-22

Thus far, no evidence of localized attack - pitting or crevice attack, even in
intentionally creviced area (metal/Teflon crevice)

No evidence of preferential attack around welds

Corrosion rate appears insensitive to temperature, pH, other water
chemistry, and whether specimen in the water or in the saturated vapor
for ranges tested

- 60-90C W\
- pH 2.7-9.9 ‘ . O)‘ »©
W
— 10 x - 1000x ‘J-13’ (70 - 7000 ppm chloride ion) ¥ X
Therefore, a ‘grand cannonical’ average of 128 test specimens for all -~

conditions tested is 0.05 um/yr

For the one data set available, corrosion rate appears unchanged with time
Behavior of this material has followed expectations



A'Simple Cumulative Frequency Table
Calculated from C-22 Corrosion Rate Data

Percentile Corrosion Rate (um/yr)
5% -0.05
10% -0.01
25% 0.02
50% - 0.05
- 15% 0.08
90% | 1 0.10
95% 012
99% | 0.25

compiled from128 coupons: 3 water chemistries x 2 temperatures x 2 locations (vapor and water) - 6
mo. corrosion data



Comparison of Corrosion Rates of Nickel Base Alloys

Ni-Cr-Mo Alloys Environment ~ Corrosion Pate

( pm/yr)
C-22 | 90 °C Acidified High -0.02
Ionic Strength
Water
C-4 « 0.04
625 “ -0.06

Ni-Fe-Cr-Mo Alloys

G-3 “ 0.01

825 « 0.24*

* showed crevice corrosion in this test environment



Technique for Characterizing Test
Specimens

General procedure is ASTM G-31

Follow a ‘planned interval’ test approach

Written some specific YMP-QA Technical Implementation Procedures
(TIPs) for our circumstances

— TIP CM-01 through CM-11

— These cover pre-exposure specimen measurement, weighing, specimen
identification, handling, make-up of test waters

Micrometers, weights calibrated to NIST traceable standards

Post-exposure specimens usually covered by a light, white scale, ) oliw: smore dibln-n
presumably Ca-rich or Si-rich -- cleans off rather easily j oicas, hawenh cloackned
Specimen cleaning follows ASTM G-1

— Specifically for the Ni-base alloys: most often use C.6.1 (150 mL conc. HCI]
“diluted to make 1000 mL of solution - 1 to 3 minutes); occasionally use C.7.5
(100 mL conc. HNO; + 20 mL HF - 5 to 20 minutes)



Sample Calculation of General Corrosion Rate
from Weight Loss Measurement

‘Formula’ from ASTM G-31: corrosion rate = kw/Atd, where

— ks proportionality constant for desired units, here pm/yr
— w is weight change (in gm),

— A is exposed specimen area (in cm?),

.— tis exposure time (in hrs),

— d is density (in gm/cm?)

As an example, use sample DWA 042 from Rack 26-1 (90 C
acidified high ionic strength water, vapor phase)

For this sample, weight loss was 0.0006 g , surface area was 28.111
cm?, time was 4344 hours, density is 8.8 gm/cm’, k is 8.76 x 10’

Calculated corrosion rate i 0.05 pm/yr(



Sources of Experimental Error

Instrumental: |
— Balance accuracy: 0.2 mg (0.0002 g)
— Micrometer accuracy: 0.0005 in or ~0.0013 cm
— Calibrate both at each ‘sitting’

— Typical weight change 0.1 mg to 1.3 mg on 25 g ‘weight loss’ specimens and 0.1
mg to 3.8 mg on 50 g ‘crevice’ specimens

— Significant error for calculated corrosion rates near zero, only 5 -15 % for
highest rates measvred in this series

— Error should become less for longer exposure times
Operator:

— Each operator recalibrates at start of ‘sitting’

— Tried to eliminate this as a source
Specimen cleaning:

— This is an ‘art’

— Some deposits hard to eliminate (Ni alloys easier than Ti)

— Much harder to estimate, perhaps ~ 20%



Summary/Conclusions

General corrosion rates of Alloy C-22 are low, mostly less than 0.1
pm/yr, for exposure periods up to one year in a range of
environments simulating Yucca Mountain geochemical conditions

Thus far, general corrosion rate of Alloy C-22 appears to be
insensitive to pH, T, and water chemistry over range of conditions
tested

Thus far, general corrosion rate of Alloy C-22 does not appear to
change with exposure time

However, single-metal tests of C-22 and galvanically-coupled tests
(carbon steel/C-22) are continuing for much longer time periods
for more definitive conclusions



Model Development for
Crevice Corrosion & Pitting of

High-Level Waste Containers

1S

Joseph C. Farmer
- University of California
Lawrence Livermore National Laboratory
P.O. Box 808 or 7000 East Avenue
Livermore, California 94550
Voice 510-423-6574
Fax 510-423-2086
E-mail [farmerd@lJinl.gov]



Repository L

» Proposed deep geological repository at Yucca Mountain
— At western boundary Nevada Test Site (near Beatty)
— Underground in welded tuff - unsaturated zone
—600-1300 ft below ground level
—800-1200 ft above water table

« Long-term stability of the waste package is required
— Substantially complete containment of spe:.t “uel for 300-1000 years

— Radioactivity will decay to a level comparable to a natural deposit of
uranium ore in 10,000 years

« Construction of containers
— Outer barrier: 10 cm of Alloy 516 (CAM) .
— Inner barrier: 2 cm of Alloy 825, 625 or{ C-22 (CRM)

N
Clence now

J.C. Farmer, LLNL, January 1998



Conceptual representation of WP under attack

E

Dripping Water from g\a('\/&j
Repository yreal ? d
| N
Zone 1. Oxygenated

Crevice Solution with
Suppressed pH

-

S. ppression of pH (Wang)

TR
J £

Zone 2. Oxygen Reduction
& Depletion with
Suppressed pH

{reactiow s
. Suppression of pH (Jones)
] oy Sat | 1N | 3N | Saturated
: FeCl, 2.1 0.8 0.2
NiCl, 3.0 2.7 2.7
CrCl; 1.1 -0.3 -1.4

\— Zone 3. Oxygen

Depleted Zone with
Suppressed pH

J.C. Farmer, LLNL, January 1998



Crevice corrosion should be accounted for by TSPA llg

Crevices will be formed
— Between waste package and supports
— Between CAM and CRM
— Beneath dust, scale and biofilms

The crevice environment will be more severe than the NFE
— Suppression of pH due to the accumulation of H* from the
hydrolysis of dissclved metal |
— Field-driven electromigration of CI- (and other anions) into crevice
must occur to balance cationic charge associated with H*

The crevice environment sets the stage for other modes of attack
— General corrosion = Passive Cevwsion
— Pitting (initiation & propagation)
— Stress corrosion cracking (initiation & propagation)

The development of an adequate crevice corrosion model is prudent

J.C. Farmer, LLNL, January 1998



\ s atetinaiienll olzytz | Data for Crevice Corrosion of CRM Alloys:

Nl Jd 3 IJ f ‘5 I j U “ J(t]) o -r -I m “‘!J‘I dd ‘a a) Corrosion Product Solubility - ‘Literature::

b) Equilibrium Constants for. Hydrglysis Lit ratu[o 7

. c) Diffusion Coefficlents = Literature:, : 3
Renasitory d) Boundary Conditions:(Linear Sweep. Polarization) u.m. |

nﬁm & Ml)ﬂ&li[lﬂ e) Confirmatory Tests (In Sltu Mlcrosensors) LLNL
" 4 . ) ]

— Deterministic Transport Model of CAM-CRM Crevice Fundamentais; =.. . .
J53YMINFE:Condil gn&&?z ——egp] Establish Localized Environmental Conditions: a) In orgapic chéfnistry

a) Temperature (T)
b) Potential (E) & Current Densities (i, & I,) M..b) Mass & Charge. Balance

¢) Concentrations of Dissolved Metals (M%) :)) ’.I;:\aei:fr?:: :::‘I‘iomona
————Jp1 d) Concentration of Hydrogen lon (pH) 5 e)”»Math ma¥ics xS
e) Concentration of Aggressive Anions (CI') b SR

Dissolved:Matalsi(MF!

Data for Pitting of CRM Alloys: g Data for Pass|ve Corrosion of CRM Ailoys LT
a) Birth & Dcath Rates of Embryos - U Va. I a) Simulated Crevice. Solution (FeCI,) Hanes Alloy
b) Embryo Coversion Rates to Stable Pits - U.Va. b) . Linear Sweep Poiarization (NaCl FoCI,) LLNL -
c) Distributions of Pit Depth vs. Time - U.Va. & LLNL c).-Long Term. Test Faclllty (Yucca 'Mountam) LLNL
d) Stifling Crlteria for Propagating Pits U Va : d) Othor RO 4 o

RPN
L

bt Empirical Correlation for

Passive Corrosion Rate of

CRM Alloy - Penetration

Probabilistic Modsl for
Pitting of CRM Alloy ~
Depth Distribution & Density

Ecorrcam < Epircru
Ecru < Ecorrcan -

“LocallzediRanatrations




Corrosion research for waste package

« Long Term Corrosion Test Facility

— Four generic test solutions |
— Simulated Acidified Well Water (SAW)
— Simulated Dilute Well Water (SDW)
— Simulated Concentrated Well Water (SCW)
— Simulated Cement-Modified Water (SCMW)

— Four generic sample configurations .
—Weight loss |
—Crevice
— Galvanic couples
— U-bend

J.C. Farmer, LLNL, January 1998



Corrosion research for waste package (cont’d.) lg

« Other corrosion testing & characterization
— Atmospheric (TaA)
— Electrochemical - A
—Mechanical St - S Rate Toshag)

« Corrosion modeling for Total System Performance Assessment (TSPA)
— Simple correlations of experimental data
— Mechanistic models - needed for long-term predictions
— Deterministic transport model for crevice
— Probabilistic model for pit initiation and growth
W — Film rupture model for stress corrosion cracking

J.C. Farmer, LLNL, January 1998



Corrosion research for waste package (cont’d.) ul;

Composition of Waters in
Long Term Corrosion Test Facmty

Media Temp. pH Ca* Mg*

K0

Na* Si

-
SO% Ql'

N09 FF HCO, (Equiv.
NaCl

°C pPPM ppm ppm ppm ppm ppm ppm ppm ppm | PPmM ﬁm
.SDW 60 9.5 | 35 1.2 36 430 17 170 -+ 68 62 14 720 112.095
Sbw 90 99 34 ND 38 460 16 180 74 64 15 700 121.986
SCw 60 9.2 16 29 4600 36000 18 13000 7400 7000 320 44000 12198.587
SCw 90 9.2 156 3.4 4 )" 44000 58 13000 7500 7200 1400 51000 12363.433
SAW 60 2.7 58 52 4300 43000 30 41000 28000 23000 O 0 46156.815
SAW 90 2.7 58 53 A4300 43000 50 40000 27000 24000 O 0 44508.357
SCMwW 60 78 400 4 85 10 10 1200 11 18.133
C\&S(Avr\l C‘LL (A \)
v 1S fon /\fa(l o= W a_u_{*S /o e \»\\(Mv\"
Oj\" MO ":)Of'l.\.((’( |§ Covre J_a_,koﬁ w/
/
£ack oY ot KaCA

(738 {l\/ //’J'\((_“Ll.l f(’t-’

(_:4)4 rei S e

J.C. Farmer, LLNL, January 19938



Observed Penetration Rates for A516 (6 month data) ng

Penetration Rate (um y™)

350

300

250

200

150

100

50

m Low
m Average

90 60

VP AQ wL VP AQ wL vP WL vP AQ wL VP AQ VP
SOW SDW SDW SDW SDW SDW SCW SCW SCW SCW SCW SCW SCW  SCW SCW  SCW  SCW  SCwW cf.cw Scw
vice Crevice

General General General General General General General General General General Genersl General Crevce Crevce Crevice Crevce Crevice Crece

J.C. Farmer, LLNL, January 1998



- ‘ | ||
Observed Penetration Rates for C-22 (all sources)
100.0
m Low
m Average
10.0 m High- daks
'S oS
g
-~ 1.0
]
©
14
c
o
E 0.1
D
=
[+1]
o
0.0t
0.00: : -
60 60 60 60 20 60 60 20 90 25 50 75
vP AQ WL AQ AQ vP AQ AQ AQ AQ AQ AQ
SAW' SAW SAW NaCl - NaCl SAW SAW SAW FeCl3 FeCI3 FeCI3 FeCI3
General General General General General Crevice Crevice Crevice Crevice Crevice Crevice Crevice
N
V0%t Felly

J.C. Farmer, LLNL, January 1998



Phase | sets stage {or attack of inner barrier

Dissolved Fe (mol cm™)

Early Predictions for Initia Stage of

Phase | Crevice Corrosion

6.0E-06

5.06-06 LY. ..

4.0E-06 ||}

o —T
]
. 0

3.0E-06

2.0E-06

1.0E-06 |

0.0E+00

| ]

!

Assumptions:
T=363K
E=E,,+ 0.010V

D = 1.0x10° cm? sec™! .

¢ = §0000 uS cm™

-0 sec

- 600 sec
—— 1200 sec
—- 1800 sec
-o- 2400 sec
- 30060 sec

7.50

7.00

6.50

6.00

0

d
- Orivice
Nawth

Crevice Depth (cm)

5.50

5.00

L
i

Early Predictions for Initial Stage of
Phase | Crevice Corrosion

-=- 600 sec

-+ 1200 sec
- 1800 sec
-o- 2400 sec
- 3000 sec

0 sec

”fi///

A

2

4 6
Crevice Depth (cm)

J.C. Farmer, LLNL, January 1998



Metal dissolution during Phase Il crevice corrosion

Dissolved Fe (mol cm™)

2.0E-07
1.6E-07 i N . -1
N
— 0 sec
—— 600 sec
| —— 1200 sec
- 1800 sec
1.0E-07 -o- 2400 sec
—=— 3000 sec
- 3600 sec
5.0E-08 | gf | \l\
0.0E+00

Phase 2 Crevice Corrosion of
Alloy 625 at Epn +01V

0 01 0.2 03 04 05 06 0.7 08 09 1
Crevice Depth (cm)

Dissolved Ni (mol cm™)

6.0E-06
| \ . ‘ \
\ \)IL P,
> \\( wb‘ ’
s
5.0E-06 |- | - N
“ \)’L}"\va
i "
4.0E-06 | ;gzo\r‘
3.0E-06 | < F !_
0 sec i ‘
: 600 sec \J’\l!r——n
_ '\ —~ 1200 sec
2.0E-06 | 1N —x-1800 sec . l
-n-24008eC | T
—o— 3000 sec
¥ -~ 3600 sec
1.0E-06 [ -
0.0E+00 *I , [

Phase 2 Crevice Corrosion of
Alloy 625 at E;, + 0.1V

C

0 01 02 03 04 05 06 0.7 08 09 1

Crevice Depth (cm)

J.C. Farmer, LLNL, January 1998



\;\Q‘ﬁ
08,45 I‘\\Q’i})\

\9 @\ J I
Suppression of pH during Phase i crevicé corrosion (&

Phase 2 Crevice Corrosion of : Phage2Cravice Corrosion of
Alloy 625 at E,;, + 0.1 V 5 atE, +01V

7 guoceoncog : 2.5E-05

Hydtogen|i ~ J : '
| [ydrogen|ions aret D oduc:'ed by\varidus i /' '—\"\‘
| hydrolysis reactipns. \
70 S T [ SR N SR (S D DU 20605 L. | // -
S -0 sec _ i
o - 600 sec % [ kﬁ( (
o 1 || T § wseos [T 1
P -o- 2400 sec £ b I~ W -
T b - 3000 sec < i T -
Q. , | — 3600 sec o
o ] 3 l
4t s - - T 1.0E-05 -
l ! l l = - [~—0sec (%nlor:[ie iops are drawm
i t | | © ~— 600 sec ifito ctevicg to maintqin
I ! | I , - 1200 sec||" electronieutr lity.
Rl ' ¥ ' 1800 sec |
< M S s S D S R S e e ) 50606 |. .|~ A S - e
[ (> | |-o-2400 sec P ‘
o | —- 3000 sec | |
. | i — 3600 sec | ! :
L i
3 I N N ! N P N ol 0.0E+00 L1 . T O P O O A I
0 01 02 03 04 05 06 0.7 08 09 1 , -0 010203040506 07 0809 1
Crevice Depth (cm) _ Crevice Depth (cm)

Both low pH & high chloride exacerbate corrosion of CRM.

J.C. Farmer, LLNL, January 1998




Potentlal & current during Phase Il crevice corrosion &

Phase 2 Crevice Corrosion of Phase 2 Crevice Corrosion of
Alloy 625 at E,, + 0.1 V Alloy 625 at Ej + 0.1 v
1.05 - 1.8E-05 | :
103 & e oo L ) -
. | T 1.6E05 f—+—d-~{— L
i 1e) —~U secC
1.01 W] | . | | -=-600sec S b —- 600 sec
[ ; o~ 1200 sec 1.4E-05 | - |-~ | -12008ec || |~
0.99 = t ! —— 1800 sec -~ i - 1800 sec
A ' 'l —o-2400 sec T £ 12e.05 [ & | -o-2400 sec
m [ i 3000 o - [ } —~ 3000 sec
T 097 | i o see < A 3600 sec
Z. . - i N: | —~-3600sec R > R\
4 i T 'ﬁ 1.0E-05 - - - -} ce e R S
> i @ N
:>:.o_95 E o NGORG] o 3 |
S [ AN € 8.0E06 |
c - ! | @ L
a 093 [ - r . - o
o [ i ; | 3 I
o ! (3) i
[ s = 6.0E-06 | .
091 | { — (4] i
‘\ AN :/ : ! ; [
_Jw gss L B AN A e 4.0E-06 |-
14\/&‘ j i { : :
| 087 [ .| B ’ AN 2.0E-06 |
B o !
[ I ! l :
ogs L1 .| .1 . 1.1 /. ] 1. ], 0.0E+00 :
0 01 02 03 04 05 06 0.7 0.8 0.9 1 0 04 0.2 0.3 04 05 06 0.7 0.8 09 1
/., Crevice Depth (cm) ‘ . _ Crevice Depth (cm)
(/ X Potential becomes less damaging inside crevice.
W J.C. Farmer, LLNL, January 1998
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Confirmatory experiment for transport model ng

. Use of microsensors to map conditions in crevice
— Fiber Optic Microprobes
—pH, Fe(ll)/Fe(Ill), Ni(ll), Cr(ll)/Cr(VI), etc.
_ Microelectrodes
— Potential, O,, CI,, NO,-, SO,2, Fe(ll)/Fe(lll), Ni(ll), cr(lin/Cr(Vi)
— Minature lon Selective Electrodes |
—pH, CI, NO;-, SO 2, etc.

« Use of other in situ optical techniques

— Interferometry & ellipsometry (penetration)

— Elastic light scattering & reflectance (surface roughness)

— Raman spectroscopy (concentrate'd dissolved species) = Jrogffr« L\f\{:j\(—“
« Post-test examination of crevice walls ﬁ: -
— Optical & scanning electron microscopy

— Scanning tunneling & atomic force microscopy

J.C. Farmer, LLNL, January 19688



Probabilistic pitting model developed for YMP | ng

» Container surface is divided into hypothetical “cells” where
probabilities for the transition from one pitting state to another can be
assigned |

. Nucleation or death of a pit f‘embryo” is determined by comparing
random numbers (generated by power residue method) to:
— Birth probability (1)
— Death probability (u)

« An “embryo” becomes a “stable pit” after a critical age () is reached
— The depth of a “stable pit” is calculated from its age

J.C. Farmer, LLNL, January 1998



Penetration of inner barrier can be quantified

Pits at Given Pit Depth (% tot.)

1.0 |

Measurgd Distribution of Pit Depths for Alloy 826

Simulation of Ajit

Roy's

36
3.0
2.5
2.0

1.5 |

0864 - - .-

Assumptions:
90 C
6% NaCl
pH 2.57
0.1608 V SCE
240 min

Results:

Min. Depth = 0.0000 mm
Avg. Depth = 0.3447 mm
Max. Depth = 0.5053 mm
Pitted Area = 67%

———

0.0 .

1 .

31

1"

21 41 61 61

Pit Depth (%

|

J

71 8
max.)

9

“\

Vacancies, Embryos & Pits (cells)

Simulation of Ajit Roy's

Measured Distribution of Pit Depths for Alioy 825

12000

4

10000 -

8000 | —. ..
6000 .. . -
4000 1 .

2000 ], ¢

1 1

7.0E-03

— Vaca:u:les
-o- Embryos

— Stable Pits
» Pit Generation Rate

| 6.0E-03

5.0E-03
4.0E-C3
3.0E-03
. 2.0E-03

[ 1.0E-03

0.0E+00

180

'120
' Time (min)

Develop model for accelerated conditions, then apply to less severe, long term conditions.

240

&

Pit Generation Rate (cells min™)

J.C. Farmer, LLNL, January 1998



Empirical model: simulated crevice solution data |5

100.000

d xt"(um h'?)

10.000

1.000

0.100

0.010

0.001

Asphahani Data:

Simulated Crevice Solution (1f wt. % FeCl,)

~—— Alloy 825
- Alloy 625
—-—Alloy C4

-o- Alloy C-22

1.000

«Alloy C-278 |.

0.100

0.010

295 300 305 310 31

W=

a
Ji

Temperature (K)

5 320 325 330 335 340 345 350
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Rates are indicative of passive corrosion - passive film remains intact.

J.C. Farmer, LLNL, January 1998



Empirical model: simulated crevice solution data LLE

Alloy 825 (worst)

In(¥) = In(2.1164 x10') - 5.9141x 10*(T - T,)* = 1.1235x103(T - T;)

« Alloy 625 |

In(¥) = In(4.3493x107%) - 2.4010x 107>(T - T)* +2.3662 x 107 (T - T;)
Alloy C-4 | |

In(¥) = In(8.6758 x107) + 2.5403 x 10(T — T;))* —4.2970 x 10*(T - T,)

Alloy C-276 |
In(‘¥) = In(5.8219x107) +1.5234 x 10(T — T,)* —3.7309 x 10~*(T - T;)

Alloy C-22 (best)

In(¥) = In(2.8539x10) +1.2375x 10(T = T,,)* - 2.9369 x 102(T - T,)

J.C. Farmer, LLNL, Januaiy 1998



Empirical model: simulated crevice solution data ng

Crevice Corrosion of Inner Barrier in Crevice Corrosion of
10 wt. % FeCl, at 80° Centigrade Alloy C-22 in 10 wt. % FeCl,
100.000 e e e e 10.0000 -
——Alloy 825 -o— Alloy 625 ;
——-Alloy C4 —Alloy C-22
- Alloy C-276 — Inner Barrier

LI

T1rl
111t
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. T 11 : B . ‘_JH,J‘
0.010 M Ll o] 0.0010
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Empirical model: IOng term testing (6 month data) ng

General linear expression

A 1000
: ln(ZE] = bo + bl( ) + bz (_PH)+ b3 (CNaCI)+ b4 (CFeC_'l3 )

t T+273

Resuits of correlation

ln(é—BJ =13.409 - ( 53387 ) —0.87409(pH )+ 0.56965(C ;) + 0.60801(C,,~ec,3)
At T +273 | -

| Standard error and regression coefficient
8, n23e = 1.5092 |

r, e = 0.65628

Uncertainty in parameters

ﬂj = bj T (ta/2,n—k-l )x‘sbj Sb,- = Sy/123...k \/ nejj

J.C. Farmer, LLNL, January 1998



Data used in regression: long term test facility L“;—,ll

Comments Exp »sure dp/dt Temp. pH NaCl FeCl, | Air
hours micronslyr C none wt. % wt. % | Sat.
1 Long Term Test - SAW 4296 2.53x10? 60 2.7 4.616 0 1
2 Long Term Test - SAW 4296 5.07x102 60 2.7 4.616 0 1
3 LLong Term Test - SAW 4296 1.13x10" 60 2.7 4.616 0 1
4 LLong Term Test - SAW 4296 1.64x10"! 60 2.7 4.616 0 1
5 Long Term Test - SAW 4296 6.03x10? 60 2.7 4.616 0 1
6 Long Term Test - SAW ‘4296 3.45x102 60 2.7 4.616 0 1
7 Long Term Test - SAW 4296 3.47x10? 60 2.7 4.616 0 1
18 Long Term Test - SAW 4296 8.58x102 |- 60 2.7 4.616 0 1
16 Long Term Test - SAW 4296 1.13x10"! 60 2.7 4.616 0 1
17 Long Term Test - SAW 4296 7.70x107 60 2.7 4.616 0 1
18 Long Term Test - SAW 4296 2.81x10%? 60 | 27 4.616 0 1
19 Long Term Test - SAW 4296 1.87x10? 60 2.7 4.616 0 1
20 Long Term Test - SAW 4296 9.31x10° 60 2.7 4.616 0 1
21 Long Term Test - SAW 4296 1.04x10" 60 2.7 4.616 0 1
22 Long Term Test - SAW 4296 8.11x10? 60 2.7 4.616 0 1
23 Long Term Test - SAW 4296 1.17x10" 60 2.7 4,616 0 1
24 Long Term Test - SAW 4296 6.56x10* - 60 2.7 4.616 0 1
25 Long Term Test - SAW 1296 . 6.61x10 60 2.7 4.616 0 1
26 Long Term Test - SAW 4296 4.71x10* 60 2.7 4.616 0 1
27 Long Term Test - SAW 4344 2.45x101 90 2.7 4.616 0 1
28 Long Term Test - SAW 4344 7.31x10" 90 2.7 4.616 0 1
29 Long Term Test - SAW 4344 1.76x10" 90 2.7 4.616 0 1
30 Long Term Test - SAW 4344 4,16x10° 90 | 2.7 4.616 0 1
31 Long Term Test - SAW 4344 1.07x10" 90 2.7 . 4616 0 1

J.C. Farmer, LLNL, January 1998



Data used in regres. sion: Roy & Asphahani

Comments Exposure dpldt Temp. pH NaCl | FeCl, | Air

hours micronslyr °Cc none wt.% | wt% | Sat
Linear Polarization - NaCl ~1 3.00x10* 60 2.69 1 0 1
Linear Polarization - NaCl ~1 3.00x10° 60 6.53 5 0 1
Linear Polarization - NaCl ~1 2.01x10? 90 6.53 5 0 1
Linear Polarization - NaCl ~1 3.02x102 90 6.83 10 0 1
Linear Polarization - NaCl ~1 2.01x10" 90 2.69 1 0 0
Linear Polarization - NaCl ~1 2.01x10" 90 2.67 1 0 0
Linear Polarization - NaCl ~1 2.01x10" 90 2.69 5 0 0
Linear Polarization - FeCl, ~1 3.00x10° 90 2.14 0 0.61 0
Linear Polarization - FeCl, ~1 6.00x10° 90 2.16 0 0.61 0
Linear Polarization - FeCl, ~1 2.01x10" 90 1.72 0 3.05 0
Linear Polarization - FeCl, ~1 2.01 90 1.72 0 3.05 0
Asphahani - FeCl, 100 2.50 ) 25 0.7 0 10 1
Asphahani - FeCl, 100 2.50 { 50 0.7 0 10 1
Asphahani - FeCl, 100 12.7 [ 75 0.7 0 10 1

A

J.C. Farmer, LLNL, January 1998



Summary - models for long-term predictions L

» Crevice corrosion

— A detailed model has been developed
- Potential & current distributions (limited by E_; in crevice)
- Transient concentration profiles of reactive species
- Suppressed pH due to hydrolysis of Fe, Ni, Cr & Mo

— Several useful conclusions can be drawn from this model
- The pH will be fairly uniform inside the crevice (pH ~ 2-3)
- The potential (E) will decrease with increasing depth
- Chloride (CI-) concentration will increase

- Pitting corrosion |
— Expressions for (A u y 1) are now functions of E, T, pH, and CI-
- No pitting of Alloy 825 predicted at E__,, of carbon steel
— Reliable quantitative predictions require additional measurements
- Pit distributions for Alloys 625 and C-2z (Ajit Roy, LLNL)
- Birth & death rates of metastable pits (John Scully, U.Va.)

J.C. Farmer, LLNL, January 1998
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Summary - models for long-term predictidns ng

~ « Crevice corrosion
— A detailed model has been developed
- Potential & current distributions (limited by E_. in crevice)
- Transient concentration profiles of reactive species
- Suppressed pH due to hydrolysis of Fe, Ni, Cr & Mo
— Several useful conclusions can.be drawn from this model
- The pH will be fairly uniform inside the crevice (pH ~ 2-3)
_ The potential (E) will decrease with increasing depth
- Chloride (CI-) concentration will increase

« Pitting corrosion |
— Expressions for (A L v T) are now functions of E, T, pH, and CI-
- No pitting of Alloy 825 predicted at E_,,, of carbon steel
— Reliable quantitative predictions require additional measurements
- Pit distributions for Alloys 625 and C-22 (Ajit Roy, LLNL)
- Birth & death rates of metastable pits (John Scully, U.Va.)

J.C. Farmer, LLNL, January 1998



Data used in regres sion: Roy & Asphahani

Comments Exposure dp/dt Temp. pH NaCl FeCl, Air

hours micronslyr C none wt.% | wt.% | Sat.
Linear Polarization - NaCl ~1 3.00x10* 60 2.69 1 0 1
Linear Polarization - NaCl ~1 3.00x10°3 60 6.53 5 0 1
Linear Polarization - NaCl ~1 2.01x10? 90 6.53 5 0 1
Linear Polarization - NaCl ~1 . 3.02x10% 20 6.83 10 0 1
Linear Polarization - NaCl ~1 2.01x10" a0 2.69 1 0 0
Linear Polarization - NaCl ~1 2.01x10" 20 2.67 1 0 0
Linear Polarization - NaCl ~1 -~ 2,01x10" 90 2.69 5 0 0
Linear Polarization - FeCl, ~1 3.00x10° 90 2.14 0 0.61 0
Linear Polarization - FeCl, ~1 6.00x10° 20 2.16 0 0.61 0
Linear Polarization - FeCl, ~1 2.01x10* 90 1.72 0 3.05 0
Linear Polarization - FeCl, ~1 2.01 20 1.72 0 3.05 0
Asphahani - FeCl, 100 2.50 25 0.7 0 10 1
Asphahani - FeCl, 100 2.50 [ 50 0.7 0 10 1
Asphahani - FeCl, 100 12.7 [\ 75 0.7 0 10 1

Pe

J.C. Farmer, LLNL, January 1998



Data used in regression: long term test facility |

C

Comments Exposure dp/dt Temp. pH NaCl FeCl, Air

hours micronslyr C none wt. % wt.% [ Sat.
1 Long Term Test - SAW 4296 2,53x10* 60 2.7 4.616 0 1
2 Long Term Test - SAW 4296 5.07x10? 60 - 2.7 4.616 0 1
3 Long Term Test - SAW 4296 1.13x10" 60 2.7 4.616 0 1
4 Long Term Test - SAW 4296 1.64x10" 60 2.7 4.616 0 1
) Long Term Test - SAW 4296 6.03x10* 60 2.7 4.616 0 1
6 Long Term Test - SAW 4296 3.45x10? 60 2.7 4.616 0 1
7 Long Term Test - SAW 4296 3.47x10? 60 2.7 4.616 0 1
15 Long Term Test - SAW 4296 8.568x10 60 2.7 4.616 0 1

16 Long Term Test - SAW 4296 1.13x10" 60 2.7 4.616 0 1
17 Long Term Test - SAW 4296 7.70x10? 60 2.7 4.616 0 1
18 Long Term Test - SAW - 4296 2.81x107* 60 2.7 4.616 0 1
19| Long Term Test - SAW 4296 1.87x10? 60 2.7 4.616 0 1
20 Long Term Test - SAW 4296 9.31x10°3 60 2.7 4.616 0 1
21 Long Term Test - SAW 4296 1.04x10" 60 2.7 4.616 0 1
|22 Long Term Test - SAW 4296 8.11x10? 60 2.7 4.616 0 1
123 Long Term Test - SAW 4296 1.17x10" 60 2.7 4.616 0 1
24 Long Term Test - SAW 4296 6.56x102 60 2.7 4.616 0 1
25 Long Term Test - SAW 1206 . | 6.61x10? 60 2.7 4.616 0 1
26 Long Term Test - SAW 4296 4.71x10%? 60 2.7 4.616 0 1
27 Long Term Test - SAW 4344 2.45x10* 90 2.7 4.616 0 1
28 Long Term Test - SAW 4344 7.31x10" 90 2.7 4.616 0 1
29 Long Term Test - SAW 4344 1.76x10" 90 2.7 4.616 0 1
30 Long Term Test - SAW 4344 4.16x10? 90 - 2.7 4.616 0 1
31 Long Term Test - SAW 4344 90 2.7 4.616 0 1

1.07x10"

J.C. Farmer, LLNL, January 1998



Empirical model: long term testihg (6 month data) LLQ

General linear expression

A 1000
.ln(A_f) = bo + bl(T n 273) + bz(PH)+ .b3(CNaCI)+ b4(CFe013)

Results of correlation

Ap 5558.7
In| — |=13.409 - —0.87409(pH )+ 0.56965(C,,., )+ 0.60801{Cp,
n(‘AtJ ‘ (T+273) (P ) ( NaCl) ( FCI,)
Standard error and regression coefficient

S, nae = 1.5092

7,234 = 0.65628

Uncertainty in parameters -

B; = b, + (ta/2,n—k—1)x S, S, = Synas..k N

J.C. Farmer, LLNL, January 1998



Empirical model: simulated crevice solution data ng

C.evice Corrosion of Inner Barrier in Crevice Corrosion of
10 wt. % FeCl, at 80° Centigrade Alloy C-22 in 10 wt. % FeCl,
100.000 e e e e ———— 10.0000 .
| —-Alloy C4 —Alloy C-22 T
—] -o-Alloy C-276 —Inner Barrier [T ~=TTHT ﬁ — T Ty
: T TT T T L — T T T |Inf\§-r Bél'l"lél: W§ll~ cmj
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] . 60C T
= 1000 f’jzk LR R R0 O R e --80C w""’f
E . == = s 0.1000 . 100C
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= = 3
© ] ‘ 1
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o == . ]
N r“l N
e ‘,} # o ‘ R
0.010 |—— = A RE I P s 0.0010 " q:#r—-
0.001 . 0.0001
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Time (years) Time (years)
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Empirical model: simulated crevice solution data ng

Alloy 825 (worst)
In(¥) = In(2.1164 x10') - 5.9141x10°(T - T,)* ~1.1235x10(T - T;))

Alloy 625
In(¥) = In(4.3493 x 102) — 2.4010x 10°*(T — T,)* + 2.3662 x10"\(T - T;)

Alloy C-4 |
In(¥) = In(8.6758 x107) + 2.5403 x 107*(T - T;,)* —4.2970 x 10*(T - T,)

Alloy C-276
In(¥) = In(5.8219 x10?) + 1.5234 x 10(T = T,)? —3.7309 x 10X(T - T)

Alloy C-22 (best)

In(¥) = In(2.8539 x107) + 1.2375x 10> (T - T,)* = 2.9369 x 10 *(T - T;,)

J.C. Farmer, LLNL, January 1998



Empirical model: simulated crevice solution data lg

100.000 .

dxt"?(em h'?)

10.000

1.000

0.100
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Asphahani Data: Fit of Sand Equation to Asphahani Data:
Simulated Crevice Solution {10 wt. % FeCl,) Simulated Crevice Solution (10 wt. % FeCl,)
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Rates are indicative of passive corrosion - passive film remains intact.

J.C. Farmer, LLNL, January 1998



Penetration of inner barrier can be quantified

Pits at Given Pit Depth (% tot.)

Measured Distribution of Pit Depths for Alloy 825

Simulation of Ajit Roy's

3.6

3.0 |

25 ]

2.0 |
1.5 .

1.0 .

o051 . . _ln

_ Assumptions:
90C
§% NaCl
pH 2.57
0.1608 V SCE
240 min

Results:
Min. Depth = 0.0000 mm
Avg. Depth = 0.3447 mm
Max. Depth = 0.6053 mm
Pitted Area = 67%

0.0
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Simulation of Ajit Roy's

Measured Distribution of Pit Depths for Alloy 826
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Develop model for accelerated conditions, then apply to less severe, long term conditions.
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J.C. Farmer, LLNL, January 1998



Probabilistic pitting model developed for YMP |

-« Container surface is divided into hypothetical “cells” where

probabilities for the transition from one pitting state to another can be
assigned

:» Nucleation or death of a pit “embryo” is determined by comparing
random numbers (generated by power residue method) to:
— Birth probability (1)
— Death probability ()

- An “embryo” becomes a “stable pit” after a critical age (z) is reached
— The depth of a “stable pit” is calculated from its age

J.C. Farmer, LLNL, January 1998



Confirmatory experiment for transport model ng

« Use of microsensors to map conditions in crevice
— Fiber Optic Microprobes
— pH, Fe(ll)/Fe(ill), Ni(ll), Cr(III)ICr(VI), etc.
— Microelectrodes
— Potential, O,, CI, NO3 ) 3042 , Fe(ll)/Fe(lll), Ni(ll), Cr(lll)/Cr(VI)
— Minature lon Selective Electrodes
—pH, CI, NO,-, SO,%, etc.

« Use of other in situ optical techniques
— Interferometry & ellipsometry (penetration)
— Elastic light scattering & reflectance (surface roughness)
— Raman spectroscopy (concentrated dissolved species) = to See what
gwj{:ci Spea s
. Post-test examination of crevice walls |
— Optical & scanning electron microscopy

— Scanning tunneling & atomic force microscopy

J.C. Farmer, LLNL, January 1998



Potential & current during Phase Il crevice corrosion llg
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Metal dissolution during Phase Il crevice corrosion

~Dissolved Fe (mol cm™)
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Phase | sets stage for attack of inner barrier

1E
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Early Predictions for Initia Stage of
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Observed Penetration Rates for C-22 (all sources)
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Nickel Alloys
High-velocity (>120 fps) Seawater

' Corrosion Rate,
Alloy | mpy

625/C-276 <1
400/K-500 <1
718/725/925 <1
T-304/T-316 | <1

Steel - >300



Ni-Cu alloy 400 Corrosion
- Tropical Quiet Seawater

60
50
40
Ave. Depth o B CR Sheet
.. 30
Attack, mils 20 | B HR Plate

10 L8
o L




‘ Nickel Alloys

Quiet Seawater Corrosion - 3Yrs
o Max. Depth of
Alloy - Attack, mils

625 Nil

825 1
K-500 3

400 42

T-316 SS 62
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MARINE ATMOSPHERIC TESTING

The LaQUE CENTER FOR CORROSION
TECHNOLOGY, INC. is a world leader in marine atmos-
pheric exposure testing. Its Kure Beach, NC, test sites,
established in 1935, are considered the world standard
for natural marine atmospheric exposures. In 1 988, ASM
International designated the Kure Beach atmospheric test
sites as a Historical Landmark for its pioneering efforts
in marine atmospheric testing.

Kure Beach, 18 miles south of Wrightsville Beach, is
located at latitude 34° N, longitude 77.5°W. Four acres
of test areas, free of potential sources of industrial air
contamination, are available for specimens and various

equipment to be exposed to the ravages of the marine
atmosphere.

Available for test exposures is aimost a 1000 foot long area of ocean-
front at an average distance of about 80 feet (25 meters) from the nor-

mal high tide level. A larger test area is located about 800 feet (250
meters) from the surf.

TWO DISTINCT AREAS FOR TESTING -

r“‘x .
C NG

1aie \ s

25 Meter Lot - Test specimens face the surf in an easterly direction at
an average distance of 25 meters from the mean tide level. Natural salt

spray produces a severely corrosive environment heavily laden with
chlorides.

250 Meter Lot - Tast specimens face southward 19r maximgm solar
exposure. Alrborne chlorides are considerably lower in comparison with
the 25 meter lot, producing a less aggressive atmospheric exposure.



Nickel Alloys
Corrosion Resistance

* & Quiet Seawater
e \Velocity Effects
e Crevice Corrosion

" o Galvanic Effects

o Effect of Temperature
e Effects of Chlorination
e Stress Corrosion

e Corrosion Fatigue



“C” Alloy

Chemical Composition

Minor Elements
Si .

Alloy
C4
59
C-2000
C-22

C-276
1686

C

0.04
0.04

0.04
0.04

0.04
0.04

0.7

C

0.005
0.005

0.005
0.005

0.005
0.005

0.05

Cu



"C” Alloy
Chemical Composition

Aloy Ni Cr Mo Fe Other

C4 e 16 16 2 T

2000 58 23 16 1.6Cu
C276 56 16 16 5 4w
686 55 21 16 3 4W



Alloy 625 - wesa st
‘Chemical Composition

Ni Cr Mo Fe Other
61 22 9 2 Cb




Nickel Alloys

Composition
Alloy Ni Cu Other

ek 400 66 31 Fe

Lo

K500 65 30 Al Ti



“C” Family of Nickel Alloys
Date Introduced

C - 1930’s C-22 - 1982

[625 - 1960’s] Alloy 59 - 1990
C-276 - 1965 Alloy 686 - 1993
C-4-1970s C-2000 - 1995

Qo Ui £ weld ($5ac 3



Nickel Alloys
Summary

Chemical Composition of “C" Alloys
“« Corrosion in Seawater

» Corrosion in Marine Atmospheres



Long Term Corrosion
of Nickel Alloys

Ralph Moeller
Bud Ross

Nickel Development Institute



THE NICKEL DEVELOPMENT INSTITUTE

'FORUM FOR THE
USE OF NICKEL ALLOYS FOR RADWASTE CONTAINERS

HOLIDAY INN CITY CENTER
TUCSON, AZ
Feb. 22, and 23, 1995

Ralph H. Moeller MDP 94-10



NiDI Materials Workshops

Purpose |
e To promote the technical and cost
advantages of nlckel ‘steels_ and alloys to




FIRST USE
OF NICKEL

Western World
1991




~ NiDI Global Programs

65 Market Development

20 Market Exploration

21 Technical Research - 1. vy lohg o 0av in Guds
Over 75 Consultants



What is NiDI?

A Non-profit Trade Organization
« Represents the Nickel Industry
Established in 1984
16 Sponsors Worldwide = v pedues aomd w4
Based in Toronto






Nickel Alloys
Summary

High Strength
- High Velocity Resistance
Outstanding Corrosion Resistance
NI-Mo-Cr-W For Critical Areas |
Overlays or Cladding

Will Boifoul



Nickel Alloys
Marine Applications

Alloys Applications
400, K-500, 625 Pumps
K-500, 625 Overlays Propeller Shafts
625, C-family Exhaust Systems
625, C-family Piping Syetms
625, C-family Heat Exchangers
400, 625 | Sheathing

400, K-500, 718, 925, Fasteners
725, 625, C-family |



Nickel Alloys
Marine Atmospheres

| - Ave. Corrosion Pitting
Alloy Test Lot | Time, Rate, Attack,
: yr mm/yr (mpy) | mm (mils)

Alloy 200 25-m (80-ft) 20 <0.0025 (<0.1) Nil
Alloy 200 250-m (800-ft) 36 0.00025 (0.010) 0
Alloy 400 25-m (80-ft) 20 <0.0025 (<0.1) <0.025 (1)
Alloy 400 250-m (800-ft) 36 0.0003 (0.012) 0.1 (4)
Alloy K-500 | 250-m (800-ft) 36 0.0002 (0.008) 0.2 (8)
Alloy 600 25-m (80-ft) 20 <0.0025 (<0.1) Nil
Alloy 600 250-m (800-ft) 36 0.000008 (0.0003) | 0.1 (4)
Alloy 800 - 25-m (80-ft) 20 <0.0025 (<0.1) <0.025 (1)
Alloy 825 25-m (80-ft) 20 <0.0025 (<0.1) <0.025 (1)
Alloy 625 25-m (80-ft) 21 0.001 (0.04) —
Alloy 625 250-m (800-ft) 21 0.001 (0.04) —
Alloy C 250-m (800-ft) 56 Nil - mirror finish 0




| Effect of Nickel |
Chloride-ion Stress Corosion Cracking

Boiling 42% Magnesium Chloride Test

1000

o Cracking No Cracking
o
o]
<

- 100 |
(9)]
£
X
o
| o "weee *
o C" Family
o Alloy 625
- 10F
Q
£
L Alloys 400,

l K-500
1 NL 1 | I ‘L li
] 20 40 60 80 100

Nickel Content, % By Weight




Ni-Cr-Mo-Cb alloy 625 - Effect of
Chiorination in <1 fps Seawater

30

25

20

15

10

5

Max. Attack, mils

0

Total Oxidant, ppm

B 90-10 Cu-Ni H T-304 M Alloy 625 B Titanium




Ni-Cr-Mo-Cb alloy 625 - Effect of

Temperature in Seawater
(90 Days)

Corrosion Max. Depth
Rate, mpy Attack, mils

yerature, F

55 0 0
85 0 0
122 0 0
135 0 0
165 0 0
225 0 0



Nickel Alloys
Galvanic Series in 3 fps Seawater

300

200 |8

m C-276 = |8

| 400/K-500 § 0 |H . , [ . :

mAlloy200 | £ 400 |

W Cu-Ni 90-10| & | | |
-200 |
-300 -

of. electwde - Aq /hqei; 7



Effect of Mo Content
Alloy 625 Pipe in Seawater

(60 Days)
201
15.
- Max. I_\ttack, 10.
mils
5.

Vinvl Sleeve
8.2 g4 86 gg 9 y

% Mo Content



Alloy 625 Pipe - Vinyl Sleeve

Corrosion in Seawater - 3 fps

100

80 1

60
Max Attack, mils

40

0 -

20 B

Chlorine, ppm

W 180 Days

® 60 Days

B/ 360 Days




Ni-Cr-Mo-Cb alloy 625
in 2 fps Ambient Seawater

- Time, Corrosion Max. Depth
Years Rate, mpy Attack, mils
1 0 0 |
V4 0 _ 0
10.8 0 Crevice Etch

113 0 2



~ Nickel Alloys Crevice Corrosion
IN Seawater - 30 Days at 86 F

Max. Depth Initiation
Alloy Attack, mils  Time, hrs

T-316 76 - 24-102
G-3 9 102
625 0 0

C-276 0 0



PROGRAM ACTIVITY

B WK e N N 8 e

SUPPORT SERVICES

~ Technical Literature
- Nickel Magazine

.Communique P'erl_odlca
~ Technical ! - T




REQUESTS FOR LITERATURE
== Avallable from NiDI




NiDI TEC
Worldwide




NiDI Research

By, !

Objective

To support specific market development
projects
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'LOCALIZED CORROSION OF
ALLOY C-276 UNDER NUCLEAR
WASTE DISPOSAL CONDITIONS

A commerc1al report prepared for-
The Nlckel Development Instltute (NIDI), Toronto
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Assessment of Localized Corrosion of
Alloys 825, 625, and C-22
for HLW Containers

Presented by
| Gustavo A. Cragnolino
Center for Nuclear Waste Regulatory Analyses
San Antonio, TX

Waste Package Degradation Expert Elicitation Workshop
| February 2, 1998



Prediction of Localized Corrosion of CRM

» Repassivation potential (E_, or E,,) is the critical
M potential used to define susceptlblhty to pitting

or crevice corrosion in chloride solutlons for
Ni-Cr-Mo alloys

* Effect of environmental variables on E,; or E...

— Decrease with increasing chloride concentration above
a critical concentration |

— Decrease with increasing temperature above the critical
temperature of a given alloy
— Does not depend on pH within the range of ~ 1.0 to 8.2

\dusts wob naw B ﬁ‘ﬂb’”



Relationship Between Critical Potential
and Critical Temperature for Localized
Corrosion (From Brigham, 1972)

et ok SR dadc iy
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s }\}»\\ﬁ_




Relationship Between Potential and
Temperature for Crevice Corrosion of
Alloy 625 (From Tsujikawa, 1996)

= 200 . _— . . -
e Alloy 625 Metal/Metal-Crevice
= X =0.39% X%NaCl
Hoo100t .
(0)) X=18Q | ocoaa ER,CREV
2 R\ TRCREV r
= 0l y=34 LS 4
& Stawaies <
E -100F | . o .__\\_g./
o) ~ _
~
-8 ‘200 [~ A . -
o
=] |
3
m -300 . . . N . .
50 100 150 200 250

Temperature (C)



Crevice Corrosion Domains
for Alloys 825 and 625, and Ti at-0.2 V SCE

(From Tsujikawa, 1996)

300 —— @M ——————r————————————— |
_ Metal/Metal-Crevice CPTi | .—‘L.’ : |
8 My
~ 200! 825*/2/ WA by
e 625 ;b\;\)\{ 6(()?60(;(
& ﬁ
Q Crevice-
g 100t | Corrosion-
= Repassivation

01 d 1 10 100

NaCl Concentration ( % )



| Crévice Corrosion Domains
for Alloys 825 and 625, and Ti at -0.1 V SCE
(From Tsujikawa, 1996) |

300

200¢

Temperature (C)
S
=

Repassivation

T

Metal/Metal-Crevice

YTy

— Ty v

875 625

Crevice- |
Corrosion

Sdcdinnlide

1

1

10 100

NaCl Co'ncentration (% )



Critical Potentials for Alloy 625 in Chloride
Solutions at 95 °C (From Gruss et al, 1998)

0.80
1 o Ecrev(CPP)
0.60 o Ercrev(CPP)
I x Ercrev(LIP)
T -
%) ' . bl SN
b 0.40 - {\
2 1 N
e 020 ] . AN
— E 3 \\.
'-g i N \\
c 4 .
2 0 4 1 \\\
S | A I (SO .
020}l 1 1 ¥
'r‘ JL ..; ...... [}
-0.40 | bbbt . "
.1E-2 1E-1 1E+0 1E+1

[CI-], molar

CPP: Cyclic potentiodynamic polarization LIP: Lead-in-pencil



Critical Potentials for Alloys 825 and 625
in Chloride Solutions at 95 °C
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Potential, Vg

Repassivation Potential Measurements of
Alloy C-22 in CI- solutions

e Hysteresis in CPP
measurements do not
correspond to visual

| evidence of localized
~5 .ngss'v( s
diss. of G COITOSiON

1.000

» Several authors have
reported low values of E |

Alloy C-22
- {moo ppm CI° + §J-13 smnﬂ or Ercrev that are not

Temperature = 95 C ' . o .
-1.000 ——nm—.m-—nm—mﬁr'-nmmm—rmi consistent with resistance

1E-9 1E-8 1E-7 1E-6 1E-8 1E-4 1E-3 1E-2 . . .
to localized corrosion 1n
field and salt brine tests

Current density, Alem?
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Results of Cyclic Potentiodynamic >~
Polarization Tests of Alloy C-22 at 95 °C wiéfv“

0 ppm Cl‘ + SJ-l3 soluhon 8.34 737 588. dark spols

6 ppm CI- + SJ-13 solution ' 8.28 727 507 bronze; spots; pits?

6 ppm CI” + SJ-13 solution 8.27 681 531 | dark spots

6 ppm CI” + SJ-13 solution 8.41 729 359 gold spots; no pits

6 ppm CI” + 5J-13 solution 8.38 722 557 gold color w/dark spots; no pits

6 ppm CI” + SJ-13 solution 7.88 761 513 yellowish; many small pits

300 ppm CI" + silicate | | 8.90 716 355 gold colored; no pits

1,000 ppm CI" (as KCI) + SJ-13 solution 827 | 666 346 | bronze color |

1,000 ppm CI” + SJ-13 solution 820 | 542 | 346 | bronze; spots faded away

1,000 ppm CI” + SJ-13 solution - 8.42 661 332 bronze; spots faded away

1,000 ppm CI” + SJ-13 solution 8.43 679 326 uniform gold color -

1,000 ppm CI" + SJ-13 solution ] 845 682 378 uniform gold color; no pits
£-4,000 ppm CI” + 0.01 M $,0. a00 | 860 689  ((deep pitsireen color in pits

10,000 ppm CI” + SJ-13 solution 7.94 618 406 uniform gold color

lO 000 000 ppm _  ppm SO, i + SJ-13. soluﬂon 8.33 619 363 umform gold color



Results of Cyclic Potentiodynamic
Polarization Tests of Alloy C-22 at 95 °C

e —_———= e

EP
i ] - Sﬂlutlon "pH (MVgey) | (MVegee) Appearance
} molal CI" + 0.01 4 “:él"h ’R"‘“"M‘-a 4.00 550 "550 thick bronze color; maybe a few
$51 nk ud\a.
small pits
'! molat Ci + 85 ppm HCO, + 20 ppm SO + 7.40 792 392 bronze; small pits
10 ppm NO," + 2 ppm F '
| 4molal CI : 4.00 911 ~-119 many small fine pits; a few larger
' _ pits; grain boundaries appear visible
4 molal CI- 1.00 785 785 a few small spots
4 molal CI" 9.00 560 337 bronze film uneven in thicknéss;
many spots
6.2 molal CI” . 4.00 656 626 bronze; spots
6.2 molal CI’ 400 | 667 632 | bronze; spots; shallow pits
6.2 molal CI" + 0.01 M §,0,* 4.00 662 642 bronze; spots; small areas of shallow
attack
)\ {l 9.1 motai Cr- (as Licy) 4.00 717 642 | spots; no pits
%@5‘&3;,. 14 molal CI” (as 40% MgCl,) — 21 -254 pits etched grains viSIblc
C \ 4 ’ ) - /= R S



Repassivation of Alloys 625 (a) and C-22 (b)
i 1M CI- Solution at 95 °C and pH 8.2

‘u‘, e
(Lead-in-Pencil Electrode) Goabolled 29 Erfomle
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Repassivation Potentials of Alloys 625 and
C-22 in CI- Solutions of pH 8.2
(Lead-in-Pencil Electrode)

Specimen No. [CI), M T, °C Ercrevs Vscr
625-1 4.0 95 ©-0.183

625-2 4.0 60 0.167 Tk P dﬂ?'

625-3 1.0 95 -0.367 z 625" arf T
625-4 1.0 95 /_0166/ |
625-5 1.0 95 0.153

625-6 1.0 60 1.00 i?—x ek of T

625-7 0.028 (e pi. 60 0.857} |
_&58 008 60 ogm;) ¥

C22-1 40 95 0.916

C22-2 4.0 95 0911 O

C22-3 4.0 95 0900 [ -, 0\

C22-4 40 60 o911 [ KT Lpo

C22-5 10 95 0.829 s

C22-6 1.0 60 0.986

227 Q08 o \ 0854

\\ Ars %’N wMovy (2

L( LL\.‘C\L’J ({(’U"“' ((OC



Comparative Assesment of Localized
Corrosion of Alloys 825, 625, and C-22
in CI- solutions at 95 °C

» Alloy 625 is more resistant than 825 only at
intermediate Cl- concentrations (0.028 to 0.1 M)

* E ., Of alloys 825 and 625 are almost identical at
high CI- concentrations (0.1 to 4 M)
* E ., of alloy C-22 is considerably higher (it may
- correspond to the potential for the O, evolution
reaction instead of crevice repassivation)
* )Crevice corrosion of alloy C-22 was observedina,/ |
wd® & CPP test in 4M CI solution of pH 2.5, in which [ p/e’
B =062 Ve and E,., = 0.59 Veop S

Icrev
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Prediction of Localized Corrosion
Susceptibility of Alloy C-22

- Conduct tests at temperatures above 100 °C to

measure E__, establishing effect of CI-
concentration, temperature, and pH

Determine a parametric equation for
Erey = £(IC1], T, pH)

or a critical repassivation temperature (T ., ) to be
used in the TPA code to predict the mode of
corrosion within the environmental range of

" interest



