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ABSTRACT

Cortest Columbus Technologies, Inc. (CC Technologies) investigated the long-erm performance
of container materials for high-level radioactive waste packages as pan of the information needed
by the Nuclear Regulatory Commission to assess the Department of Energy's application to
construct a geologic repository for the high-level radioactive waste. The scope of work focused
on the Tuff Repository and employed short-term techniques, such as electrochemical and
mechanical techniques to examine a wide range of possible failure mades. Long-term tests were
used to verify and further examine specific failure modes identified as important by the short-term
studies.

Two classes of alloys were evaluate 3 for use as container materials for the Tuff Repository; Fe
Cr-Ni alloys and copper-base alloys. The candidate Fe-Cr-Ni alloys were Type 304L Stainless
Steel (Alloy 304L) and Incoloy Alloy 825 (Alloy 825). The candidate copper-base alloys were
CDA 102 Copper (Alloy CDA 102) and CDA 715 Copper-30 Nickel (Alloy COA 715). The
corrosion testing was performed in a simulated J-13 well water and in solutions selected from an
exparimental matrix from Task 2 of the program. This report summarizes the results of Task 4
(Pitting Studies), Task 6 (Other Failure Modes) and Task 7 (Long-Term Exposures) of the

program.

Pitinitiation studies, performed in Task 4, focused on anomalous Cyclic Potentiodynamic
Polarization (CPP) behavior of the copper-base alloys reported in Task 2 of the program;
hysteresis in the CPP curve was. in many instances, associated with thick tarnish growth on the
specimen and active attack beneath the tamish, as opposed to pitting. The results of these pit
Initiation studies were consistent with the previously reported CPP behavior. It was confirmed that
standard interpretations of CPP tests are not always appropriate in the presence of thick tamish
layers. On the other hand, pit-initiation studies performed on the Fe-Cr-Ni alloys confirmed that,
in general, the standard interpretation of the CPP curves appears to be accurate,

Pit propagation studies were performed on Alloy CDA 102 in Task 4 of the program. The results
of the experiments showed that the propagation rate of pits in Alloy CDA 102 may be limited in
the absence of oxidizing species such as H,0,. However, H,0, is a chemical species that has
been shown to occur as a result of irradiation of the groundwater. Other oxidizing species also
will be present. "hese oxidizing species, if present in sufficient concentrations, will promote pit
propagation in Alloy CDA 102.

Two types of galvanic corrosion studies were performed in Task 6 of ine program; thermogalvanic
couples anvs borehole liner-container interactions. In the thermogalvanic couples tests, the effect
of temperature variation on the surface of the container on acceleration of corrosion was
evaluaied for two alloys; Alloy CDA 102 and Alloy 304L. The results of these tests indicated that
therrnogalvanic corrosion may affect corrosion performance of the waste containers in the
presence of oxidizing radiolysis products. However, the major effect still appears to be an
increase in rates of attack (general or pitting corrosion) with increasing temperature as opposed
to a thermogalvanic effect.
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In Task 6, borehole liner-container interaction studies weré conducted to evaluate the galvanic
effects of metal-to-metal contact of the liner and container materials. Galvanic attack is normally
considered to be the accelerated attack of the less noble member of a dissimilar-metal couple.
However, evidence in the literature indicates that the less noble member of the couple can
promote accelerated corrosion of the more noble member by creating an aggressive environment
in the crevice between the two alloys. Two borehole liner-container combinations were evaluated;
C1010 carbon steel/Alloy 3041 and Alloy 304L/Alloy 825. In these tests, there was no evidence
of accelerated corrosion of the more noble member of the galvanic couple: The less noble
member of the couple consistontly experienced galvanic corrsion. However, in the case of the
Alloy 304L/Alloy 825 couple the environment was not sufficiently aggressive to promote
significant attack of Alloy 304L, which is necessary for the crevice corrosion mechanism 1o
operate.

Long-term immersion tests were conducted in Task 7 of the program. The purpose of these tests
was 10 provide long-term exposure data for evaluating the various modes of corrosion identified
in other tasks of the program. The tests were designed to assess the performance of the
candidate alloys at times when the temperature of the repository is near the boiling point of water
and periodic intrusion of vadose water occurs. The tests were performed at 90°C for 80 weeks
in simulated J-13 well water that was concentrated by evaporation. These tests differed from
those pertormed in Task 3 of the program in that evaluation of the effects of concentration of salts
in the groundwater on corrosion behavior was included. Results indicated negligible general
corrosion rates for Alloys 825, 304L., and CDA 715 following eighty weeks of exposure. Alloy
CDA 102 experienced a general corrosion rate of 0.45 pm/yr in this environment. No SCC of U-
bend specimens of any ¢ the four alloys occurred. Alloy 304L and Alloy 825 exhibited no
evidence of localized corrc _on (pitting or crevice corrosion). However, some localized corrosion
was evident on specimens of Alloy CDA 102 and Alloy CDA 715. Comparison of the previous
results of the Task 3 exposures with the above results suggests that uniform concentration of
ionic species in simulated J-13 well water does not appear to be detrimental to the corrosion
behavior of the candidate alloys. In the concentrated simulated grounchwater, the corrosion rates
of the alloys also decreased with time.



SEBUUTIVE BUNIIARY { . o 1 ai s sanTaaosninFaussasvinddss  a¥ciniindn
1. DN ot o v s 3y s B A n s b diduwrs Famd naan ik it D kel
2. Background - The Tuff Repository Environment . . . . .....................
241 o B PRy s i R S o S LA Al e

1A TR TN « i o v SR £ 8 R S AR S Y A

212 Radiation Effects . . .. ... ...t s

22 Simulated Environments . ... .. ...

221 Simulated J-13WellWater ................cc00iieniins

222 Selected Simulated Environments . . . ....................

3 PRUNG-Corrosion SIUTIes . . . . ... .ivv ittt soetisnsossosnssansnss
B1 - PRI I i > 50 cvi s e ad s e s e B e B

R IRRE T T R R e R

312 CopperBase AlIOYS . . . . ...t

18 FOCHNIABOYE ... oot e verannaessasneeneenas

32 PRPropagation SWUAIBs . ... .. .. .vvviiinrniinrrarenrnssenesss

321 Experimentai ApProach . .. .........oiin i,

BBE PO o i rs AR s e s 0 e e - e

4 Galvanic-Corrosion SIudies . . . . ..., ...ttt e
4.1  Thermogalvanic-Couples Experiments . .........................

411 Experimental Approach . . ......... ...t

412 CopperBase AlIOYS . . . . ... vttt

813 FOOr-NIANOYS .. ... i iviieninsonsssnnsnsissienssins

42  Borehole Liner-Container Interaction Studies . . ....................

421 Experimental APProach ... ...........'eerunneninensns.

B TN R e s T e n e R b a e e bea A D e b A e

4221 C1010 Carbon Steel/Alloy 304L Galvanic Couples . . . .

4222 Alioy 304L/Alloy 825 Galvanic Couples ............

5. Long-Term Immersion Studies .. ..............ooiiiiiinnrrnnninnns
51 Experimental Approach . ... ... ... e

52 Coppar-Base AlOYS . .. ..ottt e

10
15

16

16
16

24

24

39
49



TABLE OF CONTENTS (Continued)

Page
B3 POOrMIABIEE v seaniiiny WE AR SIS EARN Ry 127
54  Solution and Deposit ANAIYSeS . . .. ........0 iy 127
6. CRORIBIAI | 5 4 & 3 & -t w80 T At A RS T N W R SRR v s S 137
81 PRENG-COMmoBION SIS . . . . ..« .ot iisriransarseninisaning 137
6.1.1  Pit-Initiation SIS . . . . ... ... i e 137
612 Pit-Propagation Studies . .. . ...ty 138
62 GaivanioCormoslon SIWHIS . ... . .« covvvinrsrarssirssirsiaras 140
6.2.1 Thermogalvanic-Couples Experiments . ................... 140
6.22 Borehole Liner-Container Interaction Studies . .. ............ 141
63 Long-Term Immession Studies . .. ..........oovviveiiniiiiineas 142
7. DORIIDIING: < s 550 505 5 SR N BT AR TR AT al R e o S04 T s 145
8. Recommendations For Further Research . . . . ............. .o viiiivinan 147
9. L R R RN i At SN R A R Sy e Tt e 149
Appendix A: The Potentiodynamic Polarization Technique For Corrosion
VIR - 5 o i's Vs i ot it A M et I R b s B o bk e 163
Appendix B: Environmental Test Matrix - A Statistical Approach . ................ 158
Appendix C: Potentiostatic Polarization Testing Of The Copper Base Alloys . ... ... .. 166
Appendix D: Potentiostatic Polarization Testing Of The Fe-Cr-Ni Alloys . . .......... 176
Appendix E: Polarization Curves For Alloy-Environment Systems Used In
Galvanic Corrosion Studies ... ........ccovinivnetntirrierenas 182
Appendix F:  Polarization Curves For Alloy-Environment Systems Used In The
TN Y T T R N U g P O 188
Appendix G: Candidate Alloy Compositions . . ............. i iiiiariienan 197



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 3.1

Figure 3.2

Figure 3.3

Representative Stratigraphic Gection In Nevada Tuff (Urillhole
UE25 a-1) (MoCright-1984) . . . .........0civiirninernnnnnnsnss 8

Comparative Canister Surface Temperature-Time Profiles For
Different Waste Packages In A Tuf Repository (Vertical
Emplacement, 50 kW/acre Areal l.oading) (McCright-1984) ... ... ..... 1"

Silicon And Sodium Concentrations In J-13 Well 'Nater Reacted
With Crushed G-1 Material At 150°C As A Function Of Time In
Days (Knauss-19858) . ............c0o0iiiiiiin it 12

Aluminum, Potassium, Calcium, Magnesium, And pH Analyses
From J-13 Well Water Reacted With Crushed G-1 Material At

150°C As A Function Of Time In Days (Knauss-1985a) . ............. 13
CPP Curve For Alloy CDA 102 In Actual J-13 Well Water At 80°C
(Scan Rate: 1 mV/s) Produced By McCright (McCright-1985) . . ... ... .. 17
Polarization Curve For Alioy CDA 102 In Simulated J-13 Well Water
At 80°C Following A One Hour Initial Exposure (Beavers-1988) ... ... .. 20

Polarization Curve For Alloy CDA 102 In Actual J-13 Well Water At
80°C Following A One Hour Initial Exposure (Beavers-1988) .. ........ 20

Cyclic Potentiodynamic Polarization And Potentiostatic Data For
Alloy CDA 715 In 90°C Simulated J-13 Well Watar Containing 1000
mg/l Chioride (As NaCl) At 90°C Potentiostated To -40 mV (SCE)
(No Pitting, Local Active Attack In Potentiostatic Test) . .............. 25

Cyclic Potentiodynamic Polarization And Potentiostatic Data For
Alioy CDA 102 In Solution No. 10 At 90°C Potentiostated On The
Forward Scan To +150 mV (SCE) (No Pitting, Slightly Tarnished in
Potentiostatic Test) .. ... ........0iiveiesnne e i, 29

Cyclic Potentiodynamic Polarization And Potentiostatic Data For
Alioy CDA 102 In Solution No. 10 At 90°C Potentiostated On The
Reverse Scan To +150 mV (SCE) (No Pitting, Locally Active Attack
Beneath Oxide In Potentiostatic Test) . .......................... 30

vii



LIST OF FIGURES (Continued)

Figure 3.4  Cyclic Potentiodynamic Polarization And Potentiostatic Data For
Alloy CDA 102 In Solution No. 10 At 90°C Potentiostated On the
Reverse Scan To +350 mV (SCE) (No Pitting, Large Areas Of
Locally Active Attack In Potentiostatic Test) . .....................

Figure 3.5  Cyclic Potentiodynamic Polarization And Potentiostatic Data For
Alloy CDA 715 In Solution No. 14 At 50°C Potentiostated On The
Forward Scan To +349 mV (SCE) (No Pitting, Locally Severe Active
Attack In Potentiostatic Test) . . . . .« ¢ ccoveeriransrasvasessenenas

Figure 3.6  Cyclic Potentiodynamic Polarization And Potentiostatic Data For
Alloy CDA 715 In Solution No. 14 At 50°C Potentiostated On The
Reverse Scan To +399 mV (SCE) (Pitting, Severe Local Corrosion
e R O S B L

Figure 3.7 Cyclic Potentiodynamic Polarization And Potentiostatic Data For
Alloy CDA 715 In Simulated J-13 Well Water Containing 1000 mg/
Chloride as (NaCl) (Solution No. 38) At 90°C Potentiostated On The
Forward Scan To -40 mV (SCE) (No Pitting, Local Active Attack In
PTG S 5 h o s st 44005 v g S o e o s 808

Figure 38  Cyclic Potentiodynamic Polarization And Potentiostatic Data For
Alloy CDA 715 In Simulated J-13 Wel: Water Containing 1000 mg/l
Chioride (As NaCl) (Solution No. 38) At 90°C Potentiostated On
The Reverse Scan To -40 mV (SCE) (No Pitting, Severe Active
ABBOK INPOIRHORRBES TOBEE . - o v b o v vnisvaioacnsthindsnsesenss

Figure 3.9  Cyclic Potentiodynamic Polarization And Potentiostatic Data For
Alloy 825 In Solution No. 4 At 90°C Potentiostated On The Forward
Scan To +800 mV (5CE) (No Pitting, No Attack In Potentiostatic
| R B P SAS T QRIS ¢ T R AP

Figure 3.10 Cyclic Potentiodynamic Polarization And Potentiostatic Data For
Alioy 304L In Soiution No. 2 At 50°C Potentiostated On The
Forward Scan To +798 mV (SCE) {No Pitting, Slight Tarishing In
Cyclic Potentiodynamic Polarization Test) . ........ ...

Figure 3.11  Cyclic Potentiodynamic Polarization And Potentiostatic Data For
Alloy 304L In Solution No. 15 At 50°C Potentiostated On The
Reverse Scan To +800 mV (SCE) (severe Pitting And Crevice
Attack In Potentiostatic Test) ... ......... .o eimviiirnneenas

il



Figure 3.12

Figure 3.13

Figure 3.14
Figure 3.15

Figure 3.18

Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20

Figure 3.21

Figure 3.22

LIST OF FIGURES (Continued)

Cyclic Potentiodynamic Polarization And Potentiostatic Data For
Alloy 825 In Solution No. 6 Al 90°C Potentiostated On The Forward

Scan To +800 mV (SCE) (Crevice Attack In Potentiostatic Test) . . . . .

Cyclic Potentiodynamic Polarization Curve For Alioy CDA 102 In

Test Solution No. 22 AtS50°C . ... ... .. iy
Electrochemical Cell Used For Pit-Propagation Testing . ..........

Schematic Diagram Of The Pit-Propagation Specimen Assembly

LA BB i iinn s instm e an e b Ao s T

Schematic Showing Weight Change As A Function Of Descaling

Time FOor TSt SpocImON . . ... ...vv i eenstcsannnsenns

Typical Anodic Current - Time Transient Following Addition Of H,0,
For Alioy CDA 102 in Solution No. 22 At 90°C With An Aspect

Ratio of 1:5 (384 Hours Of Exposure) (Test#1) ................

Potential Of The Coupled BES And Pit Specimens Measured As A
Function Of Depth Down The Pit For Alloy CDA 102 In Solution No.

BREREIERL. . & it Rt b SN SRR Aor e Gt A R L o s

Typical Potential - Time Transient Following Addition Ot H,0, For
Alioy CDA 102 In Solution No. 22 At 90°C With An Aspect Ratio Of

1:5 (305 Hours Of Exposure) (Test#3) .. .....................

Coupled Potential As A Function Of Test Time Showing The Effects
Of Anodically Polarizing The BES Specimen; Alloy CDA 102 In
Solution No. 22 At 90°C With An Aspect Ratio Of 135
Potentiostatic Polarization Was Initiated After 896 Hours Of

EXposure (Test #3) . ..........0ivtiiiineeninanenrnnennen,

Galvanic Current As A Function Of Test Time Showing The Effects
Of Anodically Polarizing The BES Specimen; Alloy CDA 102 In
Solution No. 22 At 90°C With An Aspect Ration Of 135,
Potentiostatic Polarization Was Initiated After 896 Hours Of

Exposure (Test#3) . ..........0 i,

Coupled Potential As A Function Of Test Time Showing The Effects
Of Anodically Polarizing The BES Specimen; Alloy CDA 102 In

Solution No. 22 At 90°C With An Aspect Ratic Of 1:2 (Test #4) .. . ..

ix



Figure 3.23 Galvanic Current As A Function Of Test Time Showing The Effects
Of Anodicelly Polarizing The BES Specimen; Alloy CDA 102 In
Solution No. 22 At 90°C With An Aspect Ratio Of 1:2 (Test #4)

Figure 3.24 Potentiostatic Current As A Function Of Test Time For Alloy CDA
102 In Solution No. 22 At 90°C. Aspect Ratio Of 1:2 (Test #4)

Figure 4.1 Electrochemical Cell Used For Thermogalvanic Couples

Figure 42  Schematic Diagram Of The Heat-Transfer Specimen Assembly
Used In Task 6

Figure 43  Cyclic Potentiodynamic Polarization Curve For Alloy CDA 102 In
Simulated J-13 Well Water Showing The Anodic And Cathodic Tafel
Slope Determinations (Beavers - 1990)

Figure 44  Thermogaivanic Current Density As A Function Of Temperature
Differential Between Heated and Isothermal Specimens Of Alloy
CDA 102 In Simulated J-13 Well Water Prior To Addition Of H,0,
(Test #1)

Figue 45  Potential As A Function Of Test Time For Thermogalvanic
Specimens Of Alloy CDA 102 In ¢ aulated J-13 Well Water
Showing Effects Of 200 ppm H,0, Additions; H,0, Added After 170
PO YR ] o b i s g i cinh hnamiinshie e PR ARRSh b A s 70

Figure 46  Thermogalvanic Cument As A Function Of Test Time For
Specimens Of Alioy CDA 102 In Simulated J-13 Well Water
Showing Etfects Of The Fourth Addition of H,0, After 243 Hours Of
R T T e e ey Ll B T n

Figure 4.7  Thermogalvanic Current Density As A Function Of Temperature
Differential Between Heat Transfer And Isothermal Specimens Of
Alloy 304L in Simulated J-13 Well Water Prior To Additions Of H,0,
o 1 S N e A bl IR e L RN 74

Figure 48  Potential As A Function Of Test Time For Thermogalvanic
Specimens Of Alloy 304L in Simuiated J-13 Well Water Showing
The Effects Of 200 ppm H,0, Additions; H,0, Added After 243
PR R TIIE L 4 5 s & 0 0y 15 e e s o 2 5 T B 4 R 75



LIST OF FIGURES (Continued)

Figure 4.9 Thermogalvanic Current As A Function Of Test Time For
Specimens Of Alloy 304L In Simulated J-13 Well Water Showing
Effects Of The Fourth Addition Of H,0, After 340 Hours Of
R e T P T B e S R R 76

Figure 410  Potential As A Function Of Test Time For Thermogalvanic
Specimens Of Alloy 304L In Solution No. 7 Showing The Effects Of
200 ppm H,0, Additions; H,0, Added After 427 Hours (Test #3) .. ... .. 79

Figure 4.11  Thermogalvanic Current As A Function Of Test Time For Specimen
Of Alloy 304L In Solution No. 7 Showing The Effects Of 200 ppm
H,O, Additions (Test #3) .. ........coiviitinninrnrrnnonnssen 80

Figure 4.12  Thermogaivanic Current As A Function Of Test Time For Specimen
Of Alloy 304. In Solution No. 7 Showing The Effects Of The Initial
Addition Of 200 ppm H,0, After 426 Hours Of Exposure (Test

A e e R 81
Figure 4.13  Cyclic Potentiodynamic Polarization CUNO For Alloy 304L In Test

L L - O D e 83
Figure 4.14  Electrochemical Cell Used For Borehole Liner - Container

Interaction Testing . . . . ... ... .viuinin i e 85
Figure 4.15  Schematic Of Borehole Liner - Container Specimen Assembly . .. ... ... 86

Figure 416  Corrosion Potential As A Function Of Test Time For Sandwich
Specimens Of Alloy 3041 And C1010 Carbon Steel in simulated J-
13 Well Water At 90°C (TOSE#1) . .. .....oovvernninerenennnnn., 89

Figure 417 Galvanic Current As A Function Of Test Time For Sandwich
Specimens Of Alloy 304L And C1010 Carbon Steel In Simulated J-
13 Well Water At 90°C (TSt #1) .. ...\, 90

Figure 418  Polarization Resistance As A Function Of Test Time For Sandvsich
Specimens Of Alloy 3041 And C1010 Carbon Steel In Simulated J-
TOWol Waler AL S0 (Tost 1) ........coivieioneeesnanensssn 92

Figure 4.19 Corrosion Rate As A Function Of Test Time For Sandw 1
Specimens Of Alloy 304L And C1010 Carbon Steel In Simulated J-
13 Well Water At 90°C (Test #1) . ... ... ..., 93




LIST OF FIGURES (Continued)

Figure 4 20 Corrosion Potential As A Function Of Test Time For Sandwich
Specimens Of Alloy 304L And C1010 Carbon Steel In Simulated J-
13 Weoll Water At 90°C (TSt #2) .. .. . ... ovvvivineiivanninens Q4

Figure 4.21 Galvanic Current As A Function Of Test Time For Sandwich
Specimens Of Alloy 304L And C1010 Carbon Steel In Simulated J-
13 Well Water At 90°C (TESE#2) ... .. ..vvvvneneiiianininrins 95

Figure 4.22 Polarization Resistance As A Function Of Test Time For Sandwich
Specimens Of Alloy 304L And C1010 Carbon Steel In Simulated J-
13 Well Water At 90°C (TOSE#2) . .. .. .o innn et ineiinneensnn 97

Figure 4.23 Corrosion Rate As A Function Of Test Time For Sandwich
Specimens Of Alioy 304L And C1010 Carbon Steel In Simulated J-
13 Well Water At 90°C (Test #2) ... ......cvvvvieernarnnsrnnens 98

Figure 424 Corrosion Potential As A Function Of Test Time For Sandwich
Specimens Of Alloy 304L And C1010 Carbon Stee! Tested At 80°C
In Simulated J-13 Well Water Containing 1000 ppm Chioride As
BOtuMm CHoNES (TORBE) . . . oo vsiqons eoinsssansainesseseyas 101

Figure 425 Galvanic Current As A Function Of Test Time For Sandwich
Specimens Of Alloy 304L And C1010 Carbon Steel Tests At 90°C
in Simulated J-13 Well Water Containing 1000 ppm Chloride As
S0 ONOAUS (TOMBE) . . . ¢ - 2o vvescinvsrunnimesds iies ey yes 102

Figure 4.26  Polarization Resistance As A Function Of Test Time For Sandwich
Specimens Of Alloy 304L And C1010 Carbon Steel Tested At 90°C
In Simulated J-13 Well Water Containing 1000 ppm Chioride As
Sodium Chioride (TSt #3) ... ... ..cvvvvivinrinnironasssiness 104

Figure 4.27 Corrosion Rate As A Function Of Test Time For Sandwich
Specimens Of Alloy 304L And C1010 Carbon Steel Tested At 90°C
In Simulated J-13 Well Water Containing 1000 ppm Chloride As
Sodium Chioride (TESt #3) . . . . ...t eeinrrninsnnaneneennns 105

Figure 428 Corrosion Potential As A Function Of Test Time For Sandwich

Specimens Of Aoy 825 And Alioy 304L In Simulated J-13 Well
VR PR TR RS . s oo i nva i s S Wes N 9 e A B 106

xii



Figure 4.29

Figure 4.30

Figure 4.31

Figure 4.32

Figure 4.33

Figure 4.34

Figure 4.35

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

LIST OF FIGURES (Continued)

Galvanic Current As A Function Of Test Time For Sandwich
Specimens Of Alloy 825 And Alloy 304L In Simulated J-13 Well
Water At 90°C (TeSt #4) .. .. ... .0ttt

Polarization Resistance As A Function Of Test Time For Sandwich
Specimens Of Alloy 825 And Alioy 3041 In Simulated J-13 Well
Water At 90°C (T@St#4) .. .. .. .......coovunrnnnnnnns

Corrosion Rate As A Function Of Test Time For Sandwich
Specimens Of Alioy 825 And Alloy 304L In Simulated J-13 Well
Water At90°C (Test#4) . . ... ... ... ...,

Corrosion Potential As A Function Of Test Time For Sandwich
Specimens Of Alloy 825 And Alloy 304L In Solution No. 10 At 80°C
I Y ) e i h i e n e s e e e e

Galvanic Current As A Function Of Test Time For Sandwich
Specimens Of Alloy 825 And Alloy 304L In Solution No. 10 At 90°C
b e o e s A e

Polarization Resistance As A Function Of Test Time For Sandwich
Specimens Of Alloy 825 And Alloy 304L In Solution No. 10 At 90°C
R e o S

Corrosion Rate As A Function Of Test Time For Sandwich
Specimens Of Alloy 825 And Alloy 304L In Solution No. 10 At 90°C
ST IR 2205 A ook s re e o v Lt E AT Tl i ks

Glass Resin Kettles Used In The Task 7 Immersion Studies . . .

Polarization Resistance As A Function Of Test Time For Liquid -
Phase Specimens Of Alloy CDA 102 And Alloy CDA 715 In Aerated
Simulated J-13 Well Water At 90°C; Long-Term Boil-Down Tests

Corrosion Potential As A Function Of Test Time For Liquid - Phase
Specimens Of Alloy CDA 102 And Alloy CDA 715 In Aerated
Simulated J-13 Weill Water At 80°C; Long-Term Boil-Down Tests

Polarization Resistance As A Function Of Test Time For Liquid-
Phase Specimens Of Alloy 825 And Alloy 304L In Aerated
Simulated J-13 Well Water At 90°C; Long-Term Boil-Down Tests

.......

-------

.......

.......

.......

-------

.......

.......

......

107

109

110

112

13

115

118
120

124

126



Figure 5.5

Figure 5.6

Corrosion Potential As A Function Of Test Thne For Liquid - Phase
Specimans Of Alloy 825 And Alloy 304L In Aerated Simulated J-13
Well Water At 90°C; Long-Term Boll-Down Tests .. ................

X-Ray Diffraction Data Of Precipitated "Salts* Following 80 Weeks
Of Boll-Down Testing Of Alloy 304L With Simulated J-13 Water At

Xiv




Table 2.1

Table 2.2

Table 2.3

Table 2.4

Table 2.5

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 4.1

Percentages Of Major Constituents In Topopah Springs Tuf, Drill
Core USW GU-3, Samples 60, 61, And 62, Fe,0, Represents Total
Iron (Sohuraytz-1085) . .. ...ttt s

Chemical Compasition Of Test Solutions At The End Of Corrosion
Tests (ug/ml) (Undiluted And Filtered Solution) (Abraham-1966) . . . . . . . .

Chemical Composition Of Simulated Tutf Groundwater And J-13
Well Water From Yucca Mountain, Nevada (For Comparison)

Polarization Parameters For The Candidate Alloys In Actual And
Lo g R R T

---------

Compositions Of Solutions In The Experimental Test Matri. From
Task 2 (Beavers - 1989) . .. ...ttt

Cyclic Potentiodynamic Polarization Data And Data For
Potentiostatic Tests Of Alloy CDA 102 In Selected Synthetic
e AL e A e

Cyclic Potentiodynamic Polarization Data And Data For
Potentiostatic Tests Of Alloy CDA 715 In Selected Synthetic
e S At e R s e Ry

Cyclic Potentiodynamic Polarization Data And Data For
Potentiostatic Tests Of Alloy 304L In Selected Synthetic
L N

Cyclic Potentiodynamic Polarization Data And Data For
Potentiostatic Tests Of Alloy 825 In Selected Synthetic
T R T e T T o D g

Summary Ot Results Of Pit-Propagation Tests Performed With Alioy
CDA 102 Exposed To Solution Number 22 At 90°C In An
Atmosphere Of 95% N, + 5% O, .. ........0viivrinninnnnnnns,

Summary Of Results Of The Thermogalvanic-Couples Experiment
With Specimens Of Alloy CDA 102 in Simulated J-13 Well Water;
L3 R e S A e e P e




Table 4.2

Table 4.3

Table 4 4.

Table 4.5

Table 4.6

Table 4.7

Table 4.8.

Table 4.9

Table 4.10

Table 5.1

Table 5.2

LIST OF TABLES (Continued)

Summary Of Results Of The Thermogalvanic-Couples Experiment
With Specimens Of Alloy 304L In Simulated J-13 Well Water; Test
L U T e T I St e e S L L e T kL B g

Summary Of Results Of The Thermogalvanic-Couples Experiment
With Specimens Of Alioy 304L In Solution No. 7, Test #3 .. ..........

Summary Of Results Of Electrochemical Measurements Performed
On Sandwich Specimens Of Alloy 304L And C1010 Carbon Steel
In Simulated J-13 Well Water At 90°C; Test#1 . ... ... ....... ......

Summary Of Results Of Electrochemical Measurements Performed
On Sandwich Specimens Of Alloy 304L And C1010 Carbon Steel
In Simulatet J-13 Well Water At 90°C; Test#2 ... .................

Summary Of Corrosion Rates Calculated From Grovimetric
Measurements Of Sandwich Specimens Of Alloy 304L And C10i0
Carbon Steel In Simulated J-13 Environments At90°C . .............

Summary Of Hesults Of Electrochemical Measurements Performed
On Sandwich Specimens Of Alloy 304L And C1010 Carbon Steel
In 90°C Simulated J-13 Well Water Containing 1000 ppm Chloride
As Sodium Chioride; Test #3 . ... . ... ... . i rraoaionns

Summary Of Results Of Electrochemical Measurements Performed
On Sandwich Specimens Of Alioy 3041 And Alloy 825 In Simulated
J- 13 Well Water At 90°C; Test #4 . . . . ... ... ... iiiirininninnn

Summary Of Results Ot Electrochemical Measurements Ferformed
On Sandwich Specimens Of Alioy 304L And Alloy 825 In Solution
NSRRI, SO M DUC TOMIE o <5 i vuinas wins Samars yne s« on b

Summary Of Corrosion Rates Calculaied From Gravimetric
Measurements Performed On Sandwich Specimens Of Alloy 825
And Alloy 304L in Selected Environments At90°C ... ..............

Summary Of Specimens Used in Task 7 Long-Term Boil-Down
T R R e N RO HERE N TP AR O I R e S M

Summary Of Results Of Electrochemical Measurements For
Copper-Base Alloys In Aerated Simulated J-13 Well Water At 90°C;
Long-Term Boll-Down TeStS . . . ... ..ccoovvsresvasensnnnsanarns



LIST OF TABLES (Continued)

Page
Table 5.3 Summary Of Results Of Exposure Of Creviced Copper-Base
Specimens In Aerated Simuiated J-13 Well Water At 90°C; Long-

Torm Boll-Down Tesi8 . . . . ..o v v ittt e e 126

Table 5.4 Summary Of Results Of Eiectrochemical Measurements For Fe-Cr-
Ni Alloys In Aerated Simulated J-13 Well Water At 80°C; Long- Term
e L P e e . 128

Table 5.5 Summary Of Results Of Exposure Of Creviced Fe-Cr-Ni Specimens
In Aerated Simulated J-13 Well Water At 90°C; Long-Term Boil-
R TR 5 5 3 v 605 ek A R A S e 2SR S SN e 13

Table 5.6 Comparison Of Compositions Of Simulated J-13 Well Water To The
Compositions Of Solutions Following 80 Weeks Of Boii Down and
o e A e g 133

Table 5.7 Composition Of Precipitated *Salts” Following 80 Weeks Of Boil-
Down Testing With Simulated J-13 Well Water At 90°C; Average Of
DUBROIIE T « + o« oo v 5 b vl baaitmms aame s n s as s sreddh €3 08 s 134

Table 6.1 Comparison Of Corrosion Rates, Calculated From Gravimetric
Measurements, For Creviced Coupons Of Each Of The Four Alloys
Exposed To Simulated J-13 Well Water In Tasks 3And7 ... ......... 144




EXECUTIVE SUMMARY

Cortest Columbus Technologies, Inc. (CC Technologies) investigated the long-term performance
of container materials for high-level radioactive waste packages as part of the information needed
by the Nuclear Regulatory Commission to assess the Department of Energy's application to
construct a geologic repository for the high-level radioactive waste. The scope of work focused
on the Tul Repository and employed short-term techniques, such as electrochernical and
mechanical techniques o examine a wide range of possible failure modaes. Long-term tests were
used to verity and further examine specific tallure modes identified as important by the shon-term
studies.

Two classes of alloys were evaluated for use as container materials for the Tutf Repository; Fe-
Cr-Ni alloys and copper-base alloys. The candidate Fe-Cr-Ni alloys were Type 304L Stainless
Steel (Alloy 304L) and Incoloy Alloy 825 (Alloy 825). The candidate copper-base alloys were
CDA 102 Copper (Alloy CDA 102) and CDA 715 Copper-30 Nickel (Alloy CDA 715). The
corrosion testing was performed in a simulated J-13 well water and in solutions selected from an
experimental matrix from Task 2 of the program. This report summarizes the results of Task 4
(Pitting Studies), Task 6 (Other Failure Modes), and Task 7 (Long-Term Exposures) of the
program.

Task 4 - Pitting Studies

The objectives of the pitting studies were (1) 1o study the relationship between pitting parameters
derived from Cyclic Potentiodynamic Polarization (CPP) curves (the pitting potential (E,,) ar1 the
protection potential (E,,)) and long-term pit initiation behavior, and (2) to evaluate pit-propagation
behavior. The pit-initiation studies were focused on the copper-base alloys. Limited pit-initiation
studies were also conducted with the Fe-Cr-Ni alloys.

The earlier CPP studies, performed in Task 2 of the program, suggested that the conventional
interpretation of CPP curves is not appropriaie for the copper-base alloys studied; Alloy CDA 102
and Alloy CDA 715. Mysteresis in the CPP curves was not always associated with classical
pitting. In many instances, hysteresis in the CPP curves was associated with thick tamish growth
on the specimen and active attack beneath the tamish.

in the Task 4 pit-initiation studies, the relationship between the long-term pitting behavior and the
electrochemical parameters was assessed by potentiostatic-polarization tests. The tests were
performed in simulated Tuff repository environments selected from a statistically based test
solution matrix designed in Task 2 of the program. The specimens were polarized over a range
of potentials between the free-corrcsion potential (E,) and E,, and the relationship between the
corrosion morphology and potential was determined.

Results of the potentiostatic tests, performed on the copper-base alloys, were consistent with the
behavior observed in the Task 2 CP' tests. When specimens were potentiostated for long
periods of time at potentials within the hysteresis loop, the morphology of attack of the specimens
was similar to that observed in the CPP tests. It also was generally observed that, in
environments that promoted tamish growth, the potentiostatic current decreased with time. On
the other hand, in environments that promoted pitting, the potentiostatic currents generally
remained at high values during the testing. This behavior is consistent with the morphologies




observed. The high stable potentiostatic currents are indicative of high rates of pitting or general

attack whiie the decrease in currents with time is consistent with passivation or the growth of thick
tarnish layers

A limited number of pit-initiation studies was also conducted with Alloy 304L and Alloy 825. In
general, the results of the Task 2 testing of the Fe-Cr-Ni alloys conformed with a conventional
interpretation of the CPF curves, namely the occurrence of hysteresis in the CPP curves
corresponded with localized corrosion (either pitting or crevice corrosion) on the specimens
Several instance were noted in the Task 2 studies where slight hysteresis in the CPP curves at

noble potentials was associated with thin tamish film growth as opposed to p/ ting

The potentiostatic tests on the Fe-Cr-Ni alloys were performed in solutions that exhibited both
types of behavior, namely hysleresis and pitting and hysteresis at noble potentials and tamish
growth. In some cases, pitting and crevice corrosion occurred in the potentiostatic tests where
only tarnishing was evident in the CPP tests. Thus, the conventional interpretation of the CPP
lests was accurate. However, there were a few instances where no localized corrosion ocourred
in the potentiostatic tests even though slight hysteresis was present in the CPP tests. These
interpretation problems with the CPP curves for the Fe-Cr-Ni alloys may be only of academic
iInterest since the slight hysteresis, which was associated with tarnishing, generally occurred at

very noble potentials. This is in contrast to the copper-base alloys where the hysteresis ocours
at potentiats near the tree corrosion potential

in the pit-propagation studies, exposures of simulated pits were used to assess the rate of pit
propagation as a function of pit depth. The results of previous studies have confirmed that pits
readily initiate in the copper-base alloys in the Tuff Repository environments. Accordingly, for a
copper container to provide adequate containment, it must be demonstrated that the rates of pit
propagation are low in comparison to the thickness of the container wall

Four pit-propagation experiments were performed with Alloy CDA 102 at 90°C in a solution
(Solution Number 22) that was shown to promote pitting of that alloy in previous CPP tests. The
propagation rate of pitting with this alloy-environment combination was assessed by
electrochemical and gravimetric techniques. The pit-propagation experiments utilized a small pit
specimen placed inside of a larger specimen (BES specimen) at a variable depth. The resulting
pit cavity was filled with a corrosion product paste and the two specimens were galvanically
coupled. Both 12 and 1:5 pit diameler-to-depth ratios were evaluated in these experiments

Hydrogen peroxide (H,0,) and potentiostatic polarization were used to stimulate pit propagation
In several of the tests

The results of the experiments indicated that the propagation rate of pits in Alloy CDA 102 may
e limited in the absence of oxidizing species such as H,0,. However, K,0, is a chemical species
that has been shown to occur as a result of irradiation of groundwater. Other oxidizing species
also will be present. These oxidizing species, if present in sufficient concentrations, will promote
pit propagation in Alloy CDA 102. Sufficient testing was not performed to well characterize the

kingtics of propagation but the limited testing performed suggests that rates will decrease with
depth




Tagk 6 - Other Fallure Modes

Galvanic corrosion studies were conducted in Task 6 of the overall program. The purpose of
Task 6 was to explore fallure modes that are likely to produce accelerated attack and lead 1o
premature failure of the waste container. Two possible galvanic corrosion modes were
investigated in this task: Thermogalvanic couples and borehole liner-container interactions.

For a single container, it is likely that a temperature ditferential will exist from one portion of the
surface to another. This temperature differential will produce a potential distribution on the
container surface that can result in a differential cell couple similar to a galvanic couple of
dissimilar metals. This “thermogalvanic couple® may accelerate the corrosion rate of that portion
of the container having the more negative potential. The focus of this subtask was to estimate
the accelerating effect of thermogalvanic couples on the corrosion rate of Alioy CDA 102 and
Alloy 304L.

In the experiments, an unheated (isothermal) specimen was eloctrically coupled to an internally
heated (heat-transter) specimen. The galvanic current flow between the two was monitored as
a function of time. Periodically, the spevinens were uncoupled and the free corrosion potential
and polarization resistance of each specimen were measured.

The results of these tests indicated that thermogalvanic corrosion may affect corrosion
performar.ce of the waste containers in the presence of oxidizing radiolysis products. The
direction of the galvanic effect may be ditferent, depending on the alloy-environment system
examined. Considering the two alloys evaluated; the corrosion attack of the cooler (isothermal)
specimen of Alioy CDA 102 was consistently accelerated by the thermogalvanic effect. On the
other hand, for Alloy 304L, the heat-transfer specimen generally experienced accelerated attack
as a result of thermogalvanic corrosion. However, the major effect still appears to be an increase
in rates of attack (general or pitting corrosion) with increasing temperature, as oppose. to a
thermogalvanic effect.

Borehole liner-container interaction studies were conducted to evaluate the effects of metal-to-
metal contact of the liner and container materials. The initial designs for the Tuff Repository
proposed Alloy 304L and carbon (or low alloy) steel as the container and liner materials,
respectively. The focus was later shifted to Alloy 825 and Alloy 304L as the container and liner
materials. The purpose of these liners is to faciiitate retrieval of the waste containers over a 50-
year period following their emplacement. For the current repository design, it is probable that the
liners and containers will be in direct contact, resulting in possible galvanic attack.

Galvanic attack is normally considered to be the accelerated attack of the less noble member of
a dissimilar-metal couple. However, evidence in the literature indicates that the less noble
member of the couple can promote accelerated corrosion of the more noble member by creating
an aggressive environment in the crevice between the two alloys.

The actual experimental procedure was similar to that used in the thermogalvanic experiments.
Sandwich-like specimens of the coupled materials were used; the specimens were elactrically
Isolated using PTFE spacers. The coupled potential and galvanic current flow between the two
specimens was monitored as a function of time. Periodically, the specimens were uncoupled and
the free-corrosion potentials and polarization resistance of each specimen were measured.



Galvanic experiments were parformed with the C1010 carbon steel/Alloy 3041 couple in simulated
J-13 well water at 90°C with and without the addition of 1000 ppm CI. Galvanic experiments also
were performed with the Alloy 304L/Alloy 825 couple in simulated J-13 wall water and in Solution
Numbar 10 at 90°C. Solution Number 10 was chosen from the experimental test matrix based
on CPP behavior. These CPP curves showed a large hysteresis loop, and pitting, for Alioy 3041
while no hysteresis or pitting attack occurred for Alioy 825

in these borahole linar-containear intaraction tests, there was no evidence of accelerated corrosion
of the more noble member of the galvanic couple: the less noble member of the couple
onsistently experienced galvanic corrosion. However, in ihe case of the Alloy 304L/Alloy 825
couple, the environment was not sulficiently aggressive to promote significant attack of Alloy
3041, which I8 necessary for the crevice cormosion mechanism o operate

Task 7 - Long-Term Exposures

Long-term immersion tests were conducted in Task 7 of the program. The purpose of these tests
was to provide long-term exposure data for evalvating the various modes of corrosion identified
in other tasks of the program. The tests were designed to assess the performance of the

andidate alloys at imes when the temperature of the repository Is near the bolling point of water
and periodic intrusion of vadose water occurs. These tests differ from those performed in Task
3 of the program in that evaluation of the effects of concentration of salts in the groundwater on
orrosion behavior were included. The tests were performed on the four candidate alloys in
simulated J-13 well water at 80°C over a period of 80 weeks, During the exposures, the solutions
weare allowed to evaporate and new solution was added on a weekly basis. The experiments
ncluded constant strair

A

U-bend) specimens to evaluate SCC, weight-loss specimens, and non
ive alectrochemical techniques The electrochemical techniques Included periodic
and polanzation resistance measuraments

rates, calculated from weight-loss measurements, after 23.8 weeks (4000 hours) of
exposure, were less than 0.2 pm/yr for each of the alloys except Alloy CDA 102, which had a
corrosion rate of 1.11 ym/yr. After B0 weeks, Alloys CDA 715, 304L and 825 all exhibited
corrosion rates of less than 0.005 ym/yr; whereas, Alloy CDA 102 exhibited a corrosion rate of
0.45 ym/yr. No SCC was evident on any of the U-bend specimens of the four alloys. Alloy 304L
and Alloy 825 also exhibited ne evidence of localized corrosion (pitting or crevice corrosion) in

the exposure tests. However, some localized corrosion was evident on specimens of Alloy CODA
109

12 and Alloy CDA 715. The latter alloy experienced shallow etching while Alloy CDA 102

J&

expearienced deep etching, up w 32 ym, and shallow pitting 10 ym in depth

Comparison of the previous results of the

yuniform ¢co

ask 3 exposures with the above results suggests that
ncentration of lonic species in simulated J-13 well water does not appear to be
detrimental to the corrosion behavior of the candidate alioys. In fact, the more concentrated
groundwater appears 1o be less aggressive, from the standpoint of general corrosion, than the
dilute simulated J-13 well water. These data also indicate that corrosion rates decreased with
time. Although very low corrosion rates were obtainad, these tests do not fully simulate actual
repository congitions because tactors such as of rock-water interactions, radiolysis, and intaraction

of the groundwater with species from failed containers were not considered




1._INTRODUCTION

The Depaniment of Energy (DOE) is conducting a program for the disposal of high-level
radioactive waste in a deep-mined geologic repository. The Nuclear Regulatory Commission
(NRC), which is responsible for regulating high-level radioactive waste disposal, will review DOE's
application for the construction and operation of the repository. To assist in evaluating DOE's
application, the NRC's Office of Nuclear Regulatory Research is developing an understanding of
tha long-term performance of the geologic repository. As part of this effort, CC Technologies was
awarded a contract o investigate the long-term performance of container materials used for high-
level waste packages. At the direction of the NRC, the program focused on the Tuff Repository.
The scope of work consisted of employing relatively short-term electrochemical techniques 1o
examine a wide range of nossible failure modes. Long-term tests (1-2 years) were used to verity
the short-term studies.

This report summarizes the results of pitting, alvanic, and long-term corrosion studies on two
copper-base alloys (Alioy CDA 102 and Alloy CDA 715) and iwo Fe-Cr-Ni alloys (Alloy 304L and
Incoloy Alloy 825) in simulated J-13 groundwater and otiier simulated solutions for the Tuff
Repository. These other solutions were designed to simulate the chemical etfects resulting from
boiling and irradiation of the well water.

The primary focus of the pitting studies was to characterize pit initiation and pit propogation of the
copper-base alloys. Limited pit-initiation studies ware alsc conducted with the Fe-Cr-Ni alloys
The galvanic corrosion studies examined the effects of temperature differentials, which will exist
along the canister after emplacement, on corrosion behavior. Other galvanic studies investigated
the corrosion behavior resulting from borehole-liner container interactions. The long-term
immersion studies explored the effects of weekly boiling and concentration of species in simulated
J-13 well water at 90°C over " period of B0 weeks on corrosion behavior of each of the four
alloys.




2. BACKGROUND - THE TUFF REPOSITORY ENVIRONMENY

2.1 _Nominal Environment

The Tuff repository will be located in the Topopah Spring Member of the Paintbrush Tuff under
Yucca Mountain, 100 miles northwest of Las Vegas, Nevada In the Nevada Test Site (NTS). The
site is located in an extremely arid zone with about 15 cm/year annual precipitation. The
evaporation-transpiration rates also are very high so the net water percolating down from the
surface Is of the order of a few milimeters per year (Montazer - 1984).

Tutt is an igneous rock of volcanic origin and is composed of volcanic rock fragments (shards)
and ash. The structure of the tuff deposits depends on the cooling rate and degree of compaction
after the volcanic eruption. The rock shards weld together and the compacted material may
remain glassy or may devitrity. A layered structure develops; a densely welded core surrounded
above and below by zones of material decreasing in density and strength. In the post-
depositional period, alteration of the tuff layers occurs. Crystallization transforms the glassy
material to feldspar plus quartz or cristobalite. Zeolitization produces hydrous silicates by reaction
of the glassy material with groundwater. A typical stratigraphy of the tuff at the NTS is shown In
Figure 2.1. A more detailed description of these tuff layers is found in Johnstone-1981.

The potential repository horizon is in the lower, densely welded and devitrified pcrtion of the
Tepopah Spring Member located 700 to 1400 feet above the static water table. The bulk rock
at the horizon is composed of rhyolite with a small range in composition as shown in Table 2.1.
This smali variation in geochemistry demonstrates that the host rock may be considered uniform,
according to Glassley-1986.

A reference water used in many repository studies has been taken from Well J-13. That well is
located near the repasitory site and produces water which has flowed through the Topopah Spring
Member, where it lies at a lower elevation and is in the saturated zone. The J-13 well water is
the best available source of water from the Topopah Spring Member, but may not be a good
approximation of the actual water that will be present in the repository.

The location of the repository above the static water table has a major impact on the anticipated
environment. First of all, the environment will be aerated; the J-13 well water contains 5.7 pom
dissolved oxygen which probably represents a lower limit for oxygen. This condition is unique
in that the plans for ail other repositories, either in the United States or elsewhere, have called
for locations below the static water table where conditions are deaerated (anoxic).

A second feature of the location of the repository above the water table is the elimination of the
hydrostatic head on the waste container. At the repository elevation, the bolling point for water
is about 95°C, and thus the environment at *e waste package surface will be steam and air
during the early life of the repository.
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2.1.1_Thermal Effects

The repository is being designed for two types of waste packages, spent fuel and processed
defense high level waste in the form of borosilicate glass. The spent fuel will have the highest
thermal output of between 1.3 and 3.3 Kw per container, while the glass will have an output of
0.25 to 0.47 Kw per container. The temperature histories of the waste packages are sensitive
functions of the thermal progerties of the near-field rock, the specific configuration of boreholes
and emplacement drifts, hea’ transfer mode as well as container output power; noné of these
tactors has been precisely defined. Comparative canister surface temperatures as a function of
time are shown in Figure 2.2 for one set of conditions. Note that the canister surface for spent
fuel remains above the boiling temperature over at least 8 300 year period following
emplacement,

These elevated temperatures should exclude liquid water from the near field of the repository for
several hundred years, although liquid water may be present in the pores in the rock up to 140°C.
It is also possible that vadose water may come in contact with some of the waste packages
during periods of liquid water movement through the repository.

A consequence of the elevated temperature in the repository will be the interaction of groundwater
with the host rock in the vicinity of the waste package. A number of intéraction studies has bean
performed over temperatures ranging from 90-250°C with core wafers, crushed core wafers in
gold-bags and PTFE-lined (polytetrafluoroethylene) autoclaves. Rapid shifts i chamistry occurred
with crushed rock as opposed 10 walers because of the higher surface area with the former.
Changes in solution concentration at 90°C were minor; whereas, more pronounced shifts occurred
at 150°C. Results obtained by Knauss-1985 for crushed core material at 150°C are given in
Figures 2.3 and 2.4. These data show that the silicon (Si) concentrations increased from about
30 ppm to around 150 ppm within 60 days, while the sodium (Na) concentration only increased
slightly over the test perio. The concentrations of aluminum' (Al), magnesium (Mg) and calcium
(Ca) decreased with time while that of potassium' (K\ was not greatly affected by thermal
interaction, the pH decreased very slightly.

Another consequence of the elevated tempera. . in the repository will be the boiling of
groundwater in the vicinity of the waste packag  !s will lead to the concentration of the
species, both heneficial and deleterious, in the _ .undwater. Abraham (1986) has performed
some solutior: analyses on boiling J-13 groundwaters at Brookhaven National Laboratory. The
solutions were boiled in the presence of tuff rock and specimens of several stainless steels. The
results are summarized in Table 2.2. These data show that the composition of J-13 well water
changed quite dramatically as a result of boiling. The stable concentrations of most species after
one year were more than an order of magnitude higher than those in the J-12 well water. Some
species, such s S0, NO*, Ca™ and K' exhibited a maximum in concentration after only a few
months which suggests the precipitation of compounds such as CaSQ,, etc.

The concentration of the species in the 10X J-13 well water also increased with exposure time
in these tests. Although the magnitudes of the increases were smaller than those observed for

'Both aluminum and potassium exhibited initial transient increases in concentrations.
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Table 2.2 Chr nical

Of Test Solutions At The End Of Corrosion Tests (ug/mi)

(Undiluted And Filtered Solution) (Abraham-1986).

Na* 45
K' 49
Ca™ 14
Sn™ N.D.
F 22
Cl 75
NO, 56
80’ 22
Sio, 61
pH at room 8.5
temperature

121
130
460
820
414

84

161
04

236
750
6562
451
9.0

6.3
161

458
9.3

301
44
14

1300
408
64

738

214

164

05

"

1260

672

976

406
93

*N.D. = Not determined
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the J-13 well water, the actual final concentratons of the species in the tests with the 10X J-13
well water were higher than those In the standard J-13 well water. As in the J-13 well water,
maximum concentrations were observed for some species in the boiling 10X J- 13 well water after
a few months.

environmaent in the Tulf repository. On the other hand, a number of articles discuss, in general
terms, the anticipated role of radiation in altering the repository environment while research on
the eMects of radiation on water and dilute aqueous solutions is much more extensive. As
described by McCright- 1984, the highest e s of radiation will ocour on emplacement and the
lovels will begin to decay. The radiation of interest with regard to container corrosion will be
gamma radiation. Interaction of the gamma radiation with eith..: the container ur the host rock
Is aiso expected 1o be minimal. Thus, the primary problem s the

radiation field with the liquid and gas phases in the repository. Although most of the fission
products responsible for gamma radiation decay rapidly, the repository en nt will

of air and water vapor during the time period when radiation levels will be high,

Radiolysis products expected in the moist-air system are not well established. Some
experimental research regarding the temperature effects on radiolysis products has been
performed by Van Konynenburg (1986) and others. Their research indicates that, above 135°C,
the dominant species are NO, N,O, and O,. Between 120" and 135°C, NO,, N,O,, H,0, and O,
are the dominant products, while below 120°C, the most abundant products are HNO, and H,0
with smali amounts of O,

In liquid water at high radiation levels, small amounts of nitrates and nitrites will also be produced.
However, the simultaneous presence of liquid water and high radiavon fields are possible only
intermittently during periods of liquid water movement through the repository.

Glass (1985 and 1986) reviewed the literature and performed electrochemical studies In irradiated
J-13 well water. These studies concluded that the primary effect of radiation of J-13 well water
I8 to produce the dominant oxidizing species O, and H,0, with smaller concentrations of O , and
still smaller concentrations of HO,. Irradiation of water containing CO, or HCO, with O, was f-und
1o produce carboxylic acids (formic and oxalic).

Studies focused on the effects of radiation on water and dilute aqueous soluti. ns concluded that
& host of tra: . unt radicals, lons, and stable molecular species is created by gamma radiation.
Some of these species are as follows: H, OH, eaq, H,0", OH, H, H,0,, 0,, O, and HO,.
While these species only consider the breakdown of the water molecule, many other species are
generated by reactions with other speci s in the groundwater.




22 Simuleted Environments
22,1 _Simulated J-13 Well Water

in Task 2 of this program, Cyclic-Potentiodynamic-Polarization (CPP) tests were performed in
simulated and actual J-13 well water (Tulf groundwater). The purpose of these tests was 10
reproduce and verity the polarization behavior observed by MoCright at Lawrence Livermore
National Laboratory and 1o establish that the simulated J-13 well water produced similar corrosion
behavior 1o the actual Tutf groundwater. To reproduce the behavior observed by MeCright
(Figure 2.5), the test conditions were used: Actual J-13 well water, a scan rate of 3.6
Ve, temperature of , aorated conditions, and an initial exposure of 1-2 hours prior to
performing the CPP test. The potentiodynamic polarization technique s discussed in more
detalled in Appendix A. The J-13 well wi ‘er used in this subtask of the NRC program initially was
obtained from Oak Ridge National Laboratories. Due to the difficulty in obtaining actual J-13 well
water required over the duration of the program, a simulated J-13 well wate: was used in most
other tasks. This simulated J-13 well water was previously developed by Battelle Memorial
Institute. The composition of the simulated J-13 well water is given in Table 2.3.

The results of experiments performed for Alloy CDA 102 under the above conditions in simulated
J-13 well water and actual in J-13 well water are shown in Table 2.4 and Figures 2.6 and 2.7,
respectively. The curves are similar, with slight differences in the polarization parameters of E,,
E.,. and i, (corrosion current). Repetition of these experiments verified the similarities. Although
the passive current density Is lower for the curves produced in this study, as compared o
MoCright's data, the polarization behavior reasonably reproduces the behavior shown by MoCright
in Figure 25. The above results produce two important findings that are critical to the remaining
work performed in this project:

(1) Prepared solutions can reasonably simulate actual well waters extracted from the Tuff site,
and

(2) The experimental procedures used for the NRC project are capable of reproducing the
polarization behavior observed at Lawrence Livermore National Laboratory under similar
test conditions.

22.2 Selected Simulated Environments

In Task 2 of the program, a statistically based experimental test matrix was formulated in an effort
to evaluate the influence on corrosion of the possible range of environmental variables that may
occur over the life of the canister. The major difficulty encountered in designing these synthetic
test solutions is in defining the geochemistry and the actual environments to which the canister
will be exposed. The J-13 well water is probably the most dilute environment that can be
expected within the Tuff Repository since boiling of the groundwater and its interaction with the
host rock at elevated temperatures will tend to concentrate most species. The presence of the
radiation field will generate new spacies, such as nitrates, carboxylic acids and hydrogen
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Figure 25  CPP Curve For Alloy CDA 102 In Actual J-13 Well Water At 80°C (Scan Rate: 1
mV/s) Produced By McCright (McCright-1985) ,
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Table 2.3 Chemical Composition Of Simulated Tutf Groundwater And J-13 Well Water From
Yucca Mountain, Nevada (For Comparison).

WC‘, b 'H.O
c‘(NO‘)' . QH,O. C.so. . %H‘O
H,810,

KF
KCI, MgCl, + 6H,0
NaHCO,
Ca(NO,), » 4H,0
CaS0, « ¥H,0

*Knauss, 19685
tBeavers, 1087
The pH adjustment was accomplished by bubbling carbon dioxide through the solution.
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| 04 200 1000 | 200 | 200 004 0.0‘ w0 ‘
] 13 2000 200 | 1000 (1000 | © 0 20 ‘n ‘ 5 $
8 |8 |04 004 |02 %000 |20 | 0 20 0 » | ®0 5
¢ |28 (2000 |004 |02 (1000 O | X0 o0 |1 | W b
§ |22 |04 200 |02 |02 0 | 2™ 0o | 1m % | 0 5
¢ |22 |20 20002 |02 |0 | O 20 0 0 | W L]
T |15 | 04 004 | 1000 | 02 0 0 D04 20 n § w ]
8 |26 [2000 |004 [1000 | 02 | 200 | 200 001 0 ] 50 ]
§ |22 (04 004 {1000 (02 | 200 | 20 20 1n 0 |5 | w0
10 | 22 [2000 | 004 {1000 | 02 0 0 oL 0 0 | w0 'o
1| 215 | 04 200102 |02 |20 | 0 001 1 b 0

12 | 215 | 2000 200 |02 |02 0 |20 20 0 5 50 o
19 |22 |04 004 |02 |1000 | O | 200 20 0 5 0 |0
|22 |2000 |004 |02 (Y000 [200 | O 001 | 172 § 8 | 10
15 | 216 | 04 200 | 1000 | 1000 | © 0 001 0 | % 0
16 | 215 |2000 200 | 1000 | 1000 | 200 | 200 20 1n O 10
17 | 215 (2000 | 004 |02 | 02 0 0 20 172 % | % 10
18 | 215 | 04 004 |02 |02 | 200 | 20 om 0 n | N0 10
19 |22 |2000 200 11000 | 02 0 |20 00y | 172 § 90 10
20 |22 |04 200 (1000 |02 |20 | © 20 0 $ 0 | 10
20 | 215 |2000 | 004 {1000 {1000 | 200 | O 20 0 5 w |0
2 |25 |04 004 1000 (Y000 | O | 200 o0y |12 5 0 | 10
2 |22 |00 200 | 02 1000 | 200 | 200 001 0 0 | % 10
24 |22 |04 200 |02 (000 | O 0 | 20 17 » | W 10
o | 216 | 2000 200 | 02 |00 | © 0 00 0 § w §
6 |22 |04 200 | 02 [1000 | 200 | 200 20 172 L] 50 5
27 | 22 |2000 | 004 |1000 {1000 | O | 200 20 0 N | 5
28 |22 |04 004 {1000 {1000 | 200 | O 00 |1 » | w0 S
20 | 215 | 2000 200 {1000 |02 (200 | O 00 | 1R 0 | S 5
0 | 215 |04 200 {1000 | 02 0 |20 20 0 N | W 5
81 |22 (2000 | 004 |02 |02 | 200 | 200 20 172 $ 90 )
32 |22 |04 004 |02 | 02 0 0 0.01 0 ) 50 §
33" | 108 | 500 50 | 250 | 250 | 50 | %0 13 LN 1 | 70 |75
54' | 108 | 500 S0 | 260 | 250 | 50 | SO 13 43 15 |75
35 | 108 | 500 50 | 250 | 250 | S0 | %0 13 LX) 1 | 70 |75
3" | 108 | 500 S0 | 250 | 260 | S0 | %0 13 43 15 |7 |75
7t | 642 | 1Y 17 |64 |24 | O 0 0 0 0 w |70
3. | 642 | 1 1.7 |1000 {124 | O 0 0 0 0 0 |70
3 | 108 | 500 50 | 260 | 260 | 0 | &0 13 | & 5| §
40 | 108 | 500 50 | 250 | 250 | 50 | 80 13 | 80 % |7 5
41 108 | 500 50 | 250 [ 250 50 | %0 13 50 5 | 10
42 | 108 | 500 S0 | 260 | 280 I 8 | % 13 | & 1 |0 | W0

*  Tests 33 through 36 are quadruplicate midpoint tests which help to establish the degree
of reproducibility of the CPP Tests.

t  Simulatea J-13 well water.

+ Simulated J-13 well vater containing 1000 ppm CI~.
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Piting-corrosion studies were conducted in Task 4 of the program. The purposes of
ﬂudnm(mommmumnmnwmmwenw .
term pit initiation behavior, and () to evaluate pit-propagation behavior. focus of the pit
initiation studies was 1o verity the CPP technique used In Task 2 of the program. DOE
utilized a potentiodynamic-polarization technique to assess the likelihood of pit initiation
simulated Tulf repository environments. It was assumed that, if E, is far away from E,, and E
pitting is unlikely to initiate in a given environment.

The relationship between long-term pitting behavio. and the electrochemical parameters was
assessed by means of potentiostatic-polari:ation tests. Specimens were polarized over a range
of potentials between E, and E, and the relationship between the time to pit initiation and
potential was determined. These tests were performed on the candidate container materials at
90°C in simulated Tulf environments selected from Task 2.

In the pit-propagation studies, the propagation rates of pits in Alloy CDA 102 were assessed by
means of electrochemical and gravimetric techniques. The results of previous studies have
confirmed that pits readily initiate on the copper-base alloys in Tulf repository environments
(Beavers-1091b, McCright-1985).  Accordingly, for a copper container to provide adequate
containment, it must be demonstrated that the rates of pit propagation are low In comparison to
the container wall thickness. In this subtask, pit-propagation experiments were performed on
Alloy CDA 102 in Solution Number 22, an environment identified by CPP tests in earlier studies
as likely to promote pitting. The pit-propagation experiments involved exposures of simulated pit
specimens which permitted electrochemical and gravimetric measurements of the rate of pit
propagation as a function of pit depth,

3.1_Pitinitiation Studies

The pit-initiation studies were conducted with all four of the candidate alloys in several synthetic
solutions selected from the Task 2 studies. The focus of this research, however, was primarily
orlentated toward the copper-base alloys. In the reses-ch on copper, the various forms of
locauuaoorrooionWMCPPmuwowmmmmmonmboyolmm
observed over longer periods of time at a constant potential. Thesv earier CPP studies,
performed in Task 2 of the program, suggested that conventional methods of interpretation could
not be used to analyze the polarization behavior of either Alloy CDA 102 or Alloy CDA 715,
Hysteresis in the CPP tests of these alloys was not always associated with ciassical pitting.
Repetition of several of these tests confirmed the anomalous behavior. As a consequence, the
term pitting potential and protection potential were replaced by the term breakdown (E,) and
repassivation (E,) potentials, respectively.

A limited number of pit-initiation studies were also conducted with the Fe-Cr-Ni alloys utilizing the

potentiostatic-polarization technique. Current waste package designs for the Tuff Repository
specify relatively thin-walled containers (Site Characterization Plan, 1988). Thus, if pits initiate,
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conainer fallure by pitting corrosion may ocour within a relatively short period of time.
Accordingly, the resistance 1o pit initiation is critical for the adequate parformance of an Fo-Cr-Ni
container. The DOE s utilizing electrochemical techniques 1o assess the probability of pit
Initiation for stainless steels in simulated Tult Repository environments. The critical polarization
parameters used in the evaluation are E, E, and E_, The assumption is that if E, is far
away from E_, and E, pitting is uniikely to initiate in a given environment.

3.1.1_Experimental Approach

In the potentiostatic-polarization studies, the experimental equipment, test cells, and specimen
geometry were identical 1o those used in the cyclic-potentiodynamic-polarization experiments
performed In Task 2 of the program and outlined in Appendix A. In the potentiostatic testing, the
specimen was polarized to a preselected potential by starting at the tree-corrosion potential and
polanzing it in approximately 50 mV increments and allowing 30 to 60 seconds between each
step. This procedure provided a fairly rapid polarizadon up to the selected potential, at which
point this selected potential was maintained constant for some period of time, up to a maximum
of 72 hours. In several of the tests, the specimens were potentiostated atter scanning 1o a higher
potential on the forward scan and then reversing the scan to a lower potential. The selected
potential on the reverse scan was then held constant for some period of time. The current was
monitored as a function of time and the weight loss of the specimen was measured at the end
of the experiment. The data were then plotted and superimposed on the previously determined
CPP curve as shown in the example in Figure 3.1, Actual data for the potentiostatic experiments
are presented as a horizontal line drawn at the constant potential maintained throughout the
experiment. The current density is noted at the start of the experiment by a black dot, and at the
end of the experiment by the tip of the horizontal arrow. The duration of the potentiostatic-
polarization test is also noted on each plot. The current density based on the post-examination
weoight-loss measurement s indicated by a vertical arrow. A current density, based on weight
loss, which falls within the range of currents measured during the potentiostatic test indicates
Qualitative agreement between weight loss and the electrochemical current measured for the
specimen.

3.1.2_Copper-Base Alloys

Potentiostatic testing was performed with Alloy CDA 102 in seven different synthetic solutions
selected from the experimental matrix (Solutions 1, 9, 10, 13, 20, 23, and 30 from Table 2.5). In
all of these solutions, the CPP curves exhibited hysteresis, but optical examination revealed the
absence of pitting. Five other synthetic solutions were evaluated with Alloy CDA 715 in which the
CPP tests resulted in either pitting or act've attack in the absence of pitting (Solutions 14, 15, 24,
28, and 38 from Table 2.5). The results of the potentiostatic tests superimposed on the CPP
curves of the copper-base alloys are given in Appendix C. The results of the testing is also
presented in tabular form in Tables 3.1 and 3.2 for Alloy CDA 102 and Alloy CDA 715,
respectively.
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Environments

CPP. Plting and oxide growth
PSP No pifting. iocally severe actve
aftack

PSP Pitting, severe local corrosion

- CPP No pitting actve areas

41 8 PSP Pilling. severs active COmMosIon
' - — [CPP. Pilling. tamished
804 X 109 41 7 PSP Few pits. active altack
- — JCPP. No pitting. active aftack

128x 1% 41 0

NOo pfting severs achve aNack

* Current caiculated from actual weight loss ® Polarized on tha reverse scan
cPe- D i  pep- ¢ " ‘
C Description foliowing cyclic-potentiodynamic-poianzation. PSP: Description foliowing potentiodynamic-polarization




These figures and data Indicate that a wide range of behavior was observed for both of the
copper-base alloys. An interesting series of curves 's shown for Alloy CDA 102 in Solution
Number 10 in Figures 3.2 through 3.4. Figure 3.2 shows Alioy COA 102 in Solution Number 10
potentiostated to 150 mV (SCE) on the forward scan. The current at the start of the potentiostatic
test is similar 10 that observed in the CPP test, but decreases with time 1o very small values. This
behavior is not unusual for a passive alloy in which the passive current decreases with time.
Figure 3.3 shows Alioy CDA 102 in Solution Number 10 potentiostated on the reverse scan to 150
mV (SCE). The current is relatively high at the start of the potentiostatic test, bul decreases
significantly over time 1o a current value similar to that measured in Figure 3.2 for Alloy CDA 102
potentiostated on the forward scan, From conventional interpretation of the CPP curve, which
shows a repassivation potential of about -70 mV (SCE), t would be predicted that the current on
the reverse scan at +150 mV (SCE) would remain high and pits would propagate. However, the
decrease in current of the specimen whose data are shown in Figure 3.3 is contrary to this
conventional interpretation. In effect, the repassivation potential must be more positive than the
+150 mV (SCE) potential used in this test.

Figure 3.4 shows the data for Alloy CDA 102 in Solution Number 10 potentiostated on the reverse
scan to +350 mV (SCE) (200 mV more positive than the potential used in Figure 3.3). In this
case, the current remained relatively high and severe locally active corrosicn ocourred on the
specimen. The short time period used in the potentiostatic test shown in Figure 3.4 as compared
to those data previously shown in Figures 3.2 and 3.3 does not alter this finding, since the curre:
in all cases was permitted to stabilize. In conclusion, the CPP curve for Alloy CDA 102 in
Solution Number 10 predicted classical passivation and pitting corrosion. In reality, no pitting was
observed, only severe locally active attack. This same behavior was observed with Alloy CDA
102 in all of the other synthetic solutions that were evaluated, with the exception of Solution
Number 23. In the case of Solution Number 23, the specimen was potentiostated 50 mV above
the breakdown potential and optical examination revealed pitting and severe active attack
following the potentiostatic test. No pitting was observed following the original CPP test.

Five synthetic solutions were evaluated . th Alloy CDA 715 and their data are presented in
Appendix C. Two of the five environments evaluated, Solution Number 14 and Solution
Number 38 (simulated J-13 well water containing 1000 ppm chloride as sodium chloride),
exhibited rather unusual behavior, and are discussed in more detall below.

Figures 3.5 and 3.6 show the data for specimens of Alioy CDA 715 potentiostated to 349 mV
(SCE) and 399 mV (SCE) in Solution Number 14 on the forward and reverse scans, respectively.
For the case of the specimen potentiostated during the forward scan (Figure 3.5), the current
significantly increased with time. An overall increase of the current with time was also observed
for the specimen potentiostated on the reverse scan. In Figure 3.6, the horizontal arrow indicates
an increase In current during the first 158 minutes of exposure followed by a decrease in current
to the point when the specimen was removed at 392 minutes. Severe attack occurred on both
of the specimens potentiostated in Solution Number 14.

Although no pitting was observed on the specimen potentiostated on the forward scan, pitting was
observed on the specimen potentiostated on the reverse scan. 't woukd appear that the actual
breakdown potential for this alloy-environment system lies above 350 mV (SCE), which is 110 mV
(SCE) higher than the breakdown potential predicted by the CPP curve
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wures 3.7 and 3.8 show the data 1or spaoimens of Alloy CODA 715 polentiostaled 10 40 my

yCE) In Solytion Number 38 (simulated J-13 well water comaining 1000 'ng'i Chiorige) on the

rward and the reverse scans, respectively. In the case of the specimen potentiostated on the
forward scan (Sigure 3.7), the initial current al the stant of the potentiostatic expenment Is
significantly greater than the current for the CPP experiment at the .ame polential This
difference in current is most likely due 10 the difference in scan rates between the CPP curve and
the much faster scan rate used 1o step the potential 1o the desired value in the polenhostatic
expariment. ( omparsor B Qures 27 and 3 8 shows that the tinal current densities obtaineg
were vary similar for the two tests. The somewhat greater current density predicted from weight
088 measuremaents for the SPOCIMen tentiostated on the reverse sScan I1s conainty due 1o the

much higher currents during the initial portions of the potentiostatic 1ests

in both cases, the waight-loss measurements appear 10 bée qualitatively in agreemaeni with the
currents measured during the tests. Much more severe attack was observed for the specimen
whose dala are presenied in 5»(‘;‘m- 18 bt pitting was nol observed In either case

Consequently, this lllustrates that, even during long-term experiments, as compared with ( PP
tests, pitting does not necessarily develop although hysleresis 1s shsarved in the CPP test. i
! id be noted, however, that the active attack observed in the post-lest axamination was

mewhal locallzed and occurred benesath a Wrosion product layer

pecimaens { Alloy CDA 715 tested in the other three synthetic environments exhibited some
6groe ol pitting i onjunction with areas of active corrosion Also, qualtative agreemaen! was
Dsarved betwean waloht-loss data and th reents measured during the potentiostatic tests
The diferent behavior observed for the potentiostatic tests makes long-term pradictions difficult
from the CPP curves in Solution Numbers 24 and Z8. the “J;’\“» At QOCIrease In current may

indicate a decrease in pit-propagation rates with tine

N sSuUuMmarnry 1 Nas ‘IC‘I'\';‘Y‘:IY Q“'.'j:“u’“"“t’y“(-"‘u in CP} Curves Q\‘\IAAH)((A‘\l“,.‘l.‘]

CDA 716 does not always correspond with classical pitting, but corresponds with local active

yrrosion. This active corrosion occurred most often beneath an oxide or corrosion product layer
that coverad the entire specimen and the rate frequently decreased with tme Thus, standard
in@rpretations of the PP tests are not appropriate tor ¢ per and copper -nit X | 2HOYS, 88D6( ally
in the presance cf thick oxide layers

Potentiostatic tes tiNng was pe¢ rformed with All y JO4L In five difterent synthetic solutions se e cted
rrom the axperimental matix in which the C# P curvas exhibited ‘Ja“’l! -"l,".h"(“:l" but optica
examination revealed tarnishing and the absence of pitting (Solutions 2, 5, 15, 24, and 27 from
Table 2.5). Four other synthetic solutions were evaluated with Alioy 825 in which the specimen
exhibited either pitting with cravice attack or tamishing In the absence of pitting in the CPP tests
Solutions 4, 6, 18, and 34 from Table 2.5). The results of the potentiostatic tests superimposed
on the CPP curves of the Fe-Cr-Ni alloys are given in Appendix D. The results of the testing are
also presented in tabular form in Tables 3.3 and 3.4 for Alloy 30401 and Alloy 825, respectively
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When considering all of the CPP curves pvrformed on the Fe-Cr-Ni alloys on the program, the
conventional interpretation of the CFP cur, 38 (namely, that hysteresis in the CPP curves is
assoclated with localized corrosion of the spec'men) was accurate for the vast majority of the
work. However, the tests performed in this subtask demonstrated instances where the
interpretation of the curves was not always straightsrward. Some of the curves, .., Alloy 825
in Solution 4 (Figure 3.9), exhibited high anodic currents in the CPP curves yet there was
negligible corrosion on the specimen. The most probable explanation for this behavior is that
non-Faradaic (noncorrosion) redox reactions oocurred in the solution during the test. This
interpretation is consistent with the significant decreases in the anodic currents that occurred with
exposure time in the potentiostatic tests. In several instances, e.g., Alioy 304L in Solutions 2
(Figure 3.10), 24, and 27, a smell hysteresis loop at noble potential was associated with
tarnishing in the CPP tests, as opposed to localized corrosion, of the specimen. In these
solutions, locaized corrosion also was not observed in the potentiostatic tests and significant
decreases in the potentiostatic currents with exposure time occurred.

In other cases, e.9., Alloy 304L in Solution 15 (Figure 3.11), or Alioy 825 in Solution 6 (Figure
3.12), similar CPP behavior was observed (hysteresis with tarnishing and no localized corrosion)
but localized corrosion occurred in the potentiostatic test. Thus, the standard interpretation of the
hysteresis was accurate. These Inferpretation prcblems with the CPP curves may be only of
academic interest since the slight hysteresis, which was associated with tamishing, generally
occurred at very noble potentials. In any case, they point to the “.eed to carewlly interpret the
CPP curves and to factor a post-test examination of the test specimen into the analysis. These
analysis problems also are not unique to these alloy-environment combinations, having been
observed by the authors for other alloy-environment systems.

3.2 Pt Propagation Studies

Pit propagation studies were conducted with Alloy CDA 102 in Solution Number 22. an
environment identified by CPP tests in earlier studies, as likely to promote pittirg. The
composition of Solution Number 22 is given in Table 2.5 and the CPP curve is shown in
Figure 3.13. The pit-propagation experiments involved exposure of simulated pit specimens
which permitted electrochemical and gravimetric measurements of the rate of pit propagation as
a function of pit depth. The purpose of these experiments was to determine if the rates of pit
propagation would be low in comparison to the thicknese of the container wall.

3.2.1 Experimontal Approach

The pit-propagation experiments were performed in a glass electrochemical cell illustrated in
Figure 3.14. A more detailed view of the speciman is lllustrated in Figure 3.15. Both the Boldly
Exposed Surface (BES) specimen and the pit specimen were wet-abraded to 400 grit SiC,
cieaned, measured, degreased, and weighed prior to assembly. Layers of polytetrafiuoroethylene
(PTFE) tape were wrapped around the pit specimen to isolate it from the inside of the BES
specimen. The pit diamete: typically measured 3.18 mm (0.125 inch) and the pit depth varied
up to @ maximum of 15.9 mm (0.625 inch), giving a diameter-to-depth ratio of 1:5 (aspect ratio)
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for most of the experiments. An aspect ratio of 1:5 is considered to be an extremely deep pit and
was used to bound the pit depth parameter

In all but one experiment, the pit cavity was filled with a corrosion product paste 10 create an
occluded cell and accelerate the pit-initiation provess. The corrosion product paste was produced
by anodically polarizing an electrochemical specimen of Alloy CDA 102 +200 mV from the free
corrosion potential in Solution Number 22 at 50°C for forty-eight hours. The corrosion products
were filtered from the test solution and dried. Just prior to each experiment, the dry corrogion
product (or cuprous oxide, as used in one experiment) was mixed with Solution Number 22 to
form a paste. This paste was packed into the p* cavity. Excess paste was removed from the
top of the BES specimen with distilled water and a cotton swab

The specimen assembly was inserted through the bottom of a glass electrochemical cell (Figure
3.14) and sealed with heat-shrink tubing. The test cell was filled with the electrolyte and
deaerated with nitrogen for twenty-four hours to fully deaerate the pit while heating to 90°C
During this time, the pit and BES specimens were electrically uncoupled. Atter twenty-four hours,
an atmosphere of 95% N, + 5% O, was introduced into the cell. The potential of each spesimen
was measured with respect 1o a saturated calomel electrode coupled (SCE) and both the pit and
BES specimens were electrically cc ipled through a Zero Resistance Ammeter (ZRA). During the
experiments, the BES specimen was exposed to the test electrolyte while the gaivanic current
flow b ween the pit and BES specimen was monitored continuously through a ZRA and recorded
on a strip chart or data acquisition system. Each day, the coupled potential was measured with
respect to a calomel reference electrnde Periodically, the pit and BES specimens were

uncoupled and the corrosion potential of each specimen was measured with respect to a calomel
reference electrode

in each of the experiments, the potential of the pit was more positive than the potential of the
BES pecimen initially, and the coupled current reflected this polarity. In an attempt to initiate and
propagate pitting, 200 ppm hydrogen peroxide (H,0,) was added 1o the electrolyte. Hydrogen
peroxide was chosen as it has been established as a radiolysis product that may oceour in the Tuff
Repository. In several of the experiments, the pit specimen was cathodically polarized or the BES
specimen anodically polarized to maintain the potential difference. With each of the H,0,
additions, a rapid dedline in potential occurred as the H,0, degraded.

Al the conclusion of the first experiment, the potential distribution down the pit cavity was
measured with a microcapillary Luggin probe  Gravimetric measurements and optical
fixaminations were performed on both the pit and BES speacimens ftollowing all of the experiments
with the exception of the test using the cuprous oxide paste

Weight losses on the specimens were measured using the interval weight-loss procedure
described in ASTM G-1. This technique involved the alternate descaling of the specimen in an
inhibited acid and weighing until the visible corrosion products were removed. Weight loss was
plotted as a function of descaling ime as shown schematically in Figure 3.16. Generally, the
specimen weight changed rapidly as the scales were removed but much more gradually when
only metal was removed. This behavior is exhibited graphically as a change in slope to the y-
axis, as shown in Figure 3.16. As a verification of the technique, an unexposed control specimen
was included in all descaling measurements. The true weight losses were then converted to
corrosion rates, in ym/yr, by dividing the weight loss by the density, the specimen surtace area
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and the test time and converting the unite.  This corrosion rate was then compared to the
corrosive rate as a result of galvanic coupling

32.2 Resuts

A summary of all four of the pit-propagation experiments performed with Alloy CDA 102 exposed
10 80°C Soluion Number 22 is lllustrated in Table 3.5. A discussion of each of these experiments
'S presented In further detailed below. The Initial two tests were performed to verify the
éxpenmertal set-up and procedures and to help identify an appropriate packing paste

in Test No. 1, a pit diameter of 3.18 mm set at a depth of 15.9 mm gave a diameter-to-depth ratio
(aspect ratio) of 1:5. The resulting pit cavity was filled with the corrosion product paste described
above. Frior 10 co.pling the specimens through a ZRA, the potentials of the pit and BES
specimens were measured. The potential of the pit (-28 mV (SCE)) was found to be more
positive than the potential of the BES specimen (-154 mV (SCE)). The coupled current later
reflected this polarity which suggested that the BES specimen was corroding preferentially to, and

reducing the corrosion rate of the pit specimen. However, the coupled currents were smalil,
approximately 0.3 pA

Over the next seventy-two hours, the galvanic current flow was monitored and, periodically, the
pit and the BES specimen were uncoupled and the potential of each specimen was measured.
During this period, the potential of the BES specimen shifted in the noble direction, while the
potential of the pit shifted in the negative direction, reducing the potential diference between the
two specimens. However, the relative polarity of the specimens remained the same and the
Qalvanic current remained very low. This behavior suggests that, in the absence of hydrogen
peroxide (H,0,), the pit did not propagate in this experiment.

After three days of testing, 200 ppm H,0, was added to the electrlyte. The H,0, addition
produced an anodic current peak which decreased as the H,0, decayed over the subsequent few
hours. Hydrogen peroxide was added daily for the next seven days and similar behavior was
observed. A typical current transient is given in Figure 3.17. After each of the H,0, additions, the
current became slightly negative by the subsequent day and the uncoupled potentials also
indicated that the pit specimen was slightly more noble than the BES specimen

Prior to the last H,0, addition, and at the conclusion of the test, a microcapillary was placed down
the pit and the potential gradient was measured with the pit and BES specimen coupled.
Figure 3.18 illustrates the coupled potential gradient as a function of pit depth both before and
after the addition of H,0,. These data shows that, in the presence of H,0,, a 100 mV (SCE)
potential gradient existed down the pit; whereas, no gradient existed prior to the addition of H;0,
The presence of the gradient indicated that significant current was flowing from the pit following
the H,0, addition. The noble shift in the potential value between the two plots at the base of the
pit (12 mm depth data) in Figure 3.18, indicates the extent that the pit was anodically polarized
by the H,0, addition. Ttr.e first pit-propagation test was terminated after 404 hours of exposure
and gravimetric measuraments were performed. The results of the measurements and the optical
éxamination data are (jiven in Table 3.5. These data indicated general corrosion rates of 205
UMy and 19.9 pmJy for the pit and BES specimens, respectively. The high corrosion rate of the
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pit was consistent with the large anodic current transients observed with the ZRA and
demonstrates the role of H,0, in promoting and accelerating pit propagation.

The second pit-propagation experiment with Alloy CDA 102 also was performed in Solution
Number 22. In this test, the 1:5 aspect ratio was retained, but a packing paste of reduced copper
oxide (cuprous oxide, Cu,0) mixed with the test electrolyte was used. The Cu,0 was chosen to
simulate the.corrosion product in a reduced state. At the time, the assumption was that the paste
used in the first experiment may have baen 100 oxidizing, and prevented the pit from propagating
in the absence of H,0,.

Initially, the potential of the BES spacimen (-147 mV (SCE)) was more negative than that of the
pit specimen (-116 mV (SCE)). For the first eight days of the experiment, the potential of the BES
specimen remained more negative and the galvanic current was not measurable. In an attempt
to promote pit propagation, the pit was cathodically polarized to -800 mV, with respect to the BES
specimen, for approximately 16 hours. Upon recoupling the specimens, the galvanic current
produced an initial transient which rapidly dropped back to a low current of 0.02 yA. The
equivalent of 200 ppm H,0, was added to the electrolyte daily over the next seven days, but had
an insignificant effect on the galvanic cunant. The test was terminated after 16 days.

Optical examination of the specimens foilowing the exposure revealed no evidence of attack of
the pit or BES specimens. The Cu,0 packing paste was dry and powdery inside of the pit cavity
at the end of the test. The hydrophobic nature of the Cu,0 resulted in a very hard, dry paste
which effected a very high resistance and ultimately inhibited galvanic current flow.

The third pit-propagation experiment with Alloy CDA 102 was performed in Solution Number 22
with the 1:5 aspect ratio. The corrosion product paste originally used in the first experiment was
used. As before, the initial potential of the BES specimen (-47 mV (SCE)) was more negative
compared to that of the pit specimen (+4.0 mV (SCE)). Atter deaerating the solution for 24 hours,
the pit was cathodically polarized -500 mV with respect to the BES specimen for almost 24 hours
in an attempt to reverse the polarity. This procedure was effective initially, but, within three days
the galvanic current reversed polarity. This behavior indicated that the BES specimen had again
become more negative in potential. The galvanic current also decreased rapidly after the pit
specimen was removed from the potentiostat and coupled through to the ZRA. Galvanic currents
remained very low (0.007 pA) over the next eight days in the absence of H,;0,, which indicated
that, in the absence of H,0,, the pit did not propagate.

After 11 days of testing, the equivalent of 200 ppm H,0, was added to the test electrolyte to
promote pit propagation. The H,0, produced an anodic peak which decayed over the subsequent
few hours. Hydrogen peroxide was added daily for the next 18 days and similar behavior was
observed. As in the first experiment, the galvanic current returned to near zero in a relatively
short period of time. This behavior suggested that the oxidizing power of the H,0, was insutficient
to sustain pit propagation over long periods of time because of its rapid degradation.

The corrosion potentials of the pit and BES specimens were compared with the polarization
parameters obtained from the cyclic-potentiodynamic-polarization curve previously illustrated in
Figure 3.13. This comparison was made in an attempt to explain the current transient and pit-
propagation behavior. Prior to each H,0, addition, the corrosion potentials of both specimens
were found to be below the breakdown potential, E, (+60 mV (SCE)), and the repassivation, E,
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(+20 mV (SCE)) for Alloy CDA 102 in Solution Number 22. Figure 3.19 lllustrates the change In
the coupled potential over time following an addition of H,0,. Dailly additions of M0, onk;
temporarily increased the coupled corrosion potential above E,, but tha potentials owclined too
rapidly to have any lasting effect

in a final attempt to propagate the pit, the BES specimen was anodically polarized in 50 mV
(SCE) Increments daily until the coupled potential was well above E,. Afer three days of
potentiostatic polarization at +150 mV (SCE), the BES specimen was disconnected from the
potentiostat. When the specimens were no longer polarized, the potentials and galvanic current
again started to decrease, but with a more gradual decline as compared with the declines
observed after H,0, additions. No H,0, was added during this final seven-day period. Figure 3.20
lustrates the effect of the potentiostatic polarization on the corrosion potential. Removal from

the potentiostat is clearly visible in this figure by the immediate rapki decline in potential at 1658
hours and the subsequent tapering off over time

Figure 3.21 illustrates the effect of potentiostatic polarization on the gailvanic current. The sharp
downward (anodic) spikes occurred as a result of the incremental polarization steps. The current
declined rapidly after the first potential step. The secend potential step from (0.0 mV (SCE) to
50 m\V (SCE)), after 22 hours, caused the pit to propagate as lllustrated by the sharply negative
current values. The third potential step appeared to have littie effect on pit propagation. The final
increment in potential from (100 mV (SCE) to 150 mV (SCE)), which is above E,, propagated the
pit for some time before the currents started to decrease slightly. The very siow change in
galvanic current following potentiostatic polarization (after 168 hours) suggested that the pit
continued to propagate on its own, but eventually stopped after aimost 400 hours

The third pit-propagation experiment was terminated after 1197 hours of exposure. The results
of the weight-ioss measurements and optical examination data for both specimens was previously
given in Table 3.5. The results of the measurements indicated corrosion rates of 42.3 ym/y and
8.0 pmly for the pit and BES specimens, respectively. Oplical examination revealed heavy
etching and a few shallow pits on the top of the pit specimen. Very shallow pit-like areas were
also visible Inside the pit cavity. These data are consistent with the galvanic current
measurement and indicate that pit propagation had occurred

The fourth and fina! pit-propagation experiment with Alloy CDA 102 performed in Solution Number
22 used an aspect ratio of 1:2 to help evaluate the effects of pit depth on pit propagation. The
pit cavity was filled with the corrosion product paste used in the previous experiment. As in the
previous tests, the initial potential of the BES specimen (-155 mV (SCE)) was more negative than
that of the pit specimen (-67 mV (SCE)). After approximately 90 hours of exposure, the BES
speciimen was anodically polarized in 50 mV increments from the coupled potential until the
coupled potential was above E,. The galvanic current was allowed to stabilize between each
potentiai step. Figure 3.22 illustrates the effect of potentiostatic polarization on the corrosion
potential. Removal from the potentiostat is clearly visible by the immediate drop in potential at

431 hours. Unlike in the previous test, the coupled potential dropped slightly below the voltage
prior to potentiostatic polarization

Figure 3.23 illustrates the effect of potentiostatic polarization on the galvanic current. The sharp
downward (anodic) spikes occurred as a result of the incremental polarization steps. Each of
these steps is lllustrated by solid black symbols on the figure. The first and second potential
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steps caused the pit to propagate as shown by the very slow change and decline in the galvanic
ourrent over ime. However, the third and fourth potential steps appeared to have little effect on
pit propagation. Comparison of Figures 3.21 and 3.23 shows that, in the test having the
shallower pit (1:2 aspect ratio), larger galvanic currents resulted from polarization than in the
previous test which had the deeper pit. The potentiostatic current was also monitored and is
presented in Figure 3.24, These data show that each positive potential step resulted in a
transient anodic spike from the BES-pit couple.

The fourth pit-propagation experiment wae terminated after 473 hours of exposure. The results
of the weight-loss measurements and optical examination data for both specimens are given in
Table 3.5. The results of the measurements indicated corrosion rates of 286 ym/y and 41 pm/y
for the pit and BES specimens, respectively. The high corrosion rate for the pit is consistent with
the large anodic current transients observed and optical examination of the specimens. The top
surface of the pit specimen was heavily etched following the test. The BES specimen was heavily
etched on the upper surface and showed deep pits inside of the pit cavity in the area exposed
to the corrosion product paste.
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4. GALVANIC-CORROSION STUDIES

Galvanic corrosion studies were conducted in Task 6 of the program. The purpose of these tests
was 10 explore galvanic corrosion failure modes that are likely, according to current knowledge,
10 produce accelerated attack. This attack may lead to the premature failure of the waste
container. Two modes of fallure were identified for examination in this task Thermogalvanic
couples, and borehole liner-container iInteractions

4.1 _Thermogalvanic-Couples Experiments

For a single container, it is likely that a temperature differential will exist from one portion of the
surface to another. This temperature differentiai will produce a potential distribution on the
container surface that can result in a differential cell couple similar to a galvanic couple of
dissimilar metals. This "thermogalvanic couple® may accelerate the corrosion rate of that portion
of the container having the more negative potential. The focus of the subtask was to estimate
the accelerating effect of thermogalvanic couples on the corrosion rate of Alloy CDA 1C2 and
Alloy 304L.. No thermogalvanic-couples éxperiments were performed with Alloy CDA 715 or Alloy
825. Cyclic-Potentiodynamic-Polarization curves for the alloy-environment systems examined in
this task are given in Appendix E

4.1.1_Experimental Approach

The thermogalvanic coupies experiments were performed in a glass electrochemical cell
Hustrated in Figure 4.1. In each of the expenments, an unheated (isothermal) specimen was
élactrically coupled to an internally heated (heat transfer) specimen. A more detalled view of the
neat-transfer specimen is iliustrated in Figure 4.2. Each of the specimens was wet-abraded to
600 grit SIC, cleaned, measured. degreased, and weighed prior to testing. The heat-transfer
specimen was inserted through the bottom of the electrochemical cell and sealed with heat-shrink
tubing. The isothermal specimen was inserted through a port in the top of the cell. The test cell
was filled with the electrolyte so that both specimens were entirely exposed to the solution to
prevent vapor-phase attack from altering the results. The desired atmosphere was introduced
into the test cell and the electrolyte was slowly heated to 80°C. The heat-transter specimen was
internally heated to 90°C by a cartridge heater

The potential of each specimen was measured with respect to a saturated calome! electrode
(SCE) and both specimens were electrically coupled through a ZRA. After approximately 24
hours of exposure, the temperature of the electrolyte was lowered 10°C. The temperature of the
electrolyte continued to be lowered by 10°C every one to two days until a final temperature of
50°C to 55°C was reached. The heat-transfer specimen was maintained at 90°C during this time
The galvanic current density as a function of temperature differential was measured continuously
by & strip-chart recorder or a data acquisition system
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Figure 4.1 Electrochemical Cell Used For Thermogalvanic Couples Experiments.
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During the experiment, the coupled current flow was measured continuously. Each day, the
coupled potential was measured with respect to a calomel electrode. Periodically, the two
specimens were uncoupled, and the corrosion potential of each specimen was measured with
respect 10 a calomel electrode.

Atter one week of axposure, daily additions of 200 ppm hydrogen peroxide (H,0,) were begun and
the changes in potential were monitored. Near the end of the tests, the specimens were
uncoupled and the polarization resistance (PR) of each specimen was measured both before and
after the addition of H,0,. In the actual PR measurements, the specimen potential was scanned
between -20 mV (SCE) and +20 mV (SCE) of the free-corrosion potential and the ensuing current
was monitored. The tangent to the E-i plot at the free-corrosion potential is the PR value. The
PR value was corrected for ohmic potential drop in the solution between the tip of the Luggin
probe and the specimen by means of an AC measurement technique.

The polarization resistance values were converted to corrosion rates using the Stern-Geary
Equation;

| 8, B, 1
@ 33 B.+6,) PA (4-1)

and Faraday's Law The constants B, and B, are th¢ anodic and cathodic Tafel slopes,
respectively, which ar. linear portions of the potentiodynamic polarization curve. Since few
polarization curves exhibit good Tafel behavior, our standard procedure is to obtain the Tafel
constants by drawing tangents to the polarization curve at over-potentials of +75 and -75 mV from
the free-corrosion potential. A typical analysis is shown in Figure 4.3. The poiarization curves
used were obtained from the Task 2 CPP studies.

At the conclusion of the experiments, gravimetric measurements and optical examinations were
performed on both specimens. Weight losses on the specimens were measured using the
interval weight-loss procedure described in ASTM G-1. This technique involved the alternate
descaling of the specimens in an inhibited acid and weighing until the visible corrosion products
were removed. The weight losses were then converted to corrosion rates, in pym/yr, by dividing
the weight loss by the density, the specimen surface area and the test time and converting the
units. The se results were compared with the corrosion rates calculated from PR measurements
and those as a result of galvanic coupling.

The coupled current provides a measure of the accelerated corrosion due to coupling and
provides a measure of the total corrosion rate, depending on the amount of polarization provided
by the couple. Typically, if the more negative specimen is polarized 50 mV or more in the
positive direction due to coupling, the coupled current approximately equals the total corrosion
rate. The weight-loss measurement provides the average corrosion rate for the entire exposure.
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(Beavers - 1990)




4.1.2_Copper-Base Aloys

A thermogalvanic couples experiment was performed with Alloy COA 102 in simulated J-13 well
water for a total of 380 hours. For e first 170 hours, no K,0, was added 10 the test solution.
During this period, the heal-transter specimen was maintained at about 80°C while the solution
temperature was reduced from 80°C to 55°C 10 Increase the temperature differential. For the
remaining 210 hours, 200 ppm M0, was added to the test vessel dally. The temperature
diterential was maintained at 35°C during this final period of exposure.

A summary of the results of the experiment is given in Figures 4 4 through 4.6 and Table 4.1.
As shown in Figure 4 4, there was a systematic trend of increasing thermogalvanic current with
increasing temperature differential. In this figure, the direction of the current was such that the
corrosion rate of the isothermal spe'imen was being accelerated by the couple (anodic current
from the isothermal specimen). However, the magnitude of the current was very small. The
maximum value medsures, 0.03 yAem’ is less than 0.7 ym/yr of general corrosion.

Figure 4.5 graphically shows the coupled and uncoupled potentials as a function of test time.
These data shows that the heated specimen was consistently more noble than the isothermal
specimen. Prior to the additions of H,0,, both the coupled and the uncoupled potentials were
near 0.00 V (SCE) and the difference In the potentials of the two specinmens was generally small,
less than 10 mV,

With each addition of H,0,, large potential and current transients were produced, as shown in
Figures 4.5 and 4.6, respectively. The first ¥,0, addition produced a r.oble shift of about 200 mV
and subsequent additions produced somewhat smalier shifts, depending upon the magnitude of
the potential decay following the previous addition. Initially, foliowing the M0, addition, the
currents went cathodic for the isothermal specimen, Lut after a few minutes, the currents became
anodic and produced large current transients in excess of 100 (5 pA/em®). These current
transients lasted for about 500 minutes, during which time the H,0, in the cell was probably
decomposing. Figure 4.6 illusirates a typical current transient, in more dotall, as a result of an
addition of H,0,.

Table 4.1 summarizes the polarization resistance (PR) and corrosion rates measured from PR
and weight-loss data for the first thermogalvanic-couples tesi. As described above, the PR
measurements were taken following uncoupling of the specimens and reflect the aeneral
corrosion behavior. The PR data show that, prior to the H,0, additions, the corrosion rav, of the
heat-transfer specimen was higher than that of the isothermal specimen. Following the 1,0,
additions, the same trend was observed, but the corrosion rate of both specimens increased
substantially with a greater increase being experience by the heat-transfer specimen.

Comparison of the electrochemical data with the actual weight-loss data indicated that the
electrochemistry overestimated the general corrosion rate. This behavior has been found to be
typical for PR measurements of the copper-base alloys. This discrepancy may be a consequence
of non-Faradaic (noncorrosion) electrochemical reaciions which contribute a current in the
measuremen;, but are not associated with metal 12ss. However, the discrepancy batween the
corrosion rates calculated from PR data and the final weight-loss data, after H,0, was added, was
not as large as it appears. The weight-loss data were averaged over the entire exposure while
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Figure 46  Thermogaivanic Current As A Function Of Test Time For Specimens Of Allioy CDA
102 in Simuiated J-13 Well Water Showing Effects Of The Fourth Addition of H.O,
After 243 Hours O. Exposure (Test#1).
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the PR data with H,0, represent peak, transient corrosion rates directly following the additions of
H,0,. The PR data did, however, correctly predict the relative corrosion rates of the isothermal
and heat-transfer specimens. In conclusion, although thermogalvanic corrosion may accelerate
the corrasion rate of that portion of the waste container having the lower temperature, the major
eMect is the increase in general corrosion rates with increasing temperature. Additional testing
in other environments is needed to generalize this conclusion,

413 Fe-Cr-NI Aloys

Two thermogalvanic-couples experiments were performed with Alloy 304L; one in simulated J-13
well water and one in Solution Number 7. Solution Number 7 was selected from the experimental
Mmatrix as it was shown to promote pitting of Alloy 304L. The composition of Solution Number 7
Is given in Table 2.5 In both experiments, the heal-transfer specimen was maintained at 90°C
while the solution temperature was lowered to study the effects of temperature differential on
galvanic current. The temperature of the solution was decreased 10°C approximately every two
days until reaching 50°C. Hydrogen peroxide was then added dally to each of the tests while
maintaining the temoerature ditferential at 40°C. For both experiments, a positive current value
Indicated that the isothermal specimen was anodic (corroding) with respect to the heat-transfer
specimen. A negative current value indicated that the heat-transler specimen was anodic with
respect 10 the isothermal specimen.

The results of the experiment performed with Alloy 304L in simulated J-13 well water are
ilustrated in Figures 4.7 through 4.9 and in Table 4.2. Figure 4.7 illustrates the trend in
thermogalvanic current as a function of temperature differential. At temperature differences less
than 25°C, the isothermal specimen was anodic with respect to heat-transfer specimen. At
temperature differences greater than 25°C, the heat-transter specimen became anodic. However,
the magnitude of the change in thermogalvanic current was very 'ow in the absence of H,0,.

Figure 4.8 illustrates the coupled and uncoupled potentiale as a function of test time. For the first
243 hours, no H,0, was added to the simulated .- 13 well water. Prior to the addition of H,0,, the
potentials of both specimens fell between (0.00 mV (SCE) and 50 mV (SCE)), and the difference
between the individual potentials were small, less than 3 mV. During this time, the heated
specimen was actually slightly more noble than the isothermal specimen, but the currents were
insignificantly small in any case.

After 243 hours of exposure, daily additions of 200 ppm H,0, were made to the simulated J-13
well water. The effects of the H,0, additions, made on Mondays, are clearly visible in Figure 4.8
as is shown by the large noble potential shit. A polarity reversal occurrec such that the
Isothermal specimen was more noble. Unlike in the results of the previous experiment with Alloy
CDA 102, the H,0, decomposition was very slow and extended over several days. Daily additions
of H,0, performed throughout the weekdays had no apparent effect on the potentials. However,
when the H,0, additions were not made over the weekends, the decomposition of the H,0, was
evidenced by the drop in potential.

The typical effect of H,0, on the thermogalvanic current in simulated J-13 well water is shown in
greater detail in Figure 4.9. These data shows that 200 ppm additions of H,0, produced small

-73 .
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Table 4.2 Summary Of The Results Of Thermogalvanic - Couples Experiment With
Specimens of Alloy 3041 In Simulated J-13 Well Water; Test #2.

Isothermal 017 No visible attack.
No visible attack. Rings of scale enciron 4 the top of
Heat Transter 308 the specimen due to minor Auctuations in 1. ‘id level.




current transients that lasted over a relatively long period of time; approximately 24 hours. During
each transient, the heat-transfer specimen remained anodic.

After 603 hours of exposure, weight losses were measured for each specimen and converted 1o
corrosion rates. Tahle 4.2 nivis a summary of the corrosion rates calculated from these
measurements and « er Laptions of the specimers following testing. These data show that the
heat-transter specim 3 experienced greater general corrosion than did the isothermal specimen
In simulated J-13 well water. Based on the thermogalvanic current measurements, both
thermogalvanic « fects and accelerated attack, as a result of the higher temperature, contributed
to the corrosion.

The second thermogalvanic-couples experiment with Alloy 304L was performed in Solution
Number 7, a pitting solution. The results of the experiment in Solution Number 7 are illustrated
In Figures 4.10 through 4.12 and in Table 4.3. Galvanic currents were measured as a function
of temperature differantial over the first 309 hours of exposure, as in the previous experiment.
However, in test Solution Number 7, these currents approached the lower detection limit of the
test equipment.

The coupled and uncoupled potentials were measured as a function of test time and are
illustrated in Figure 4.10. No H,0, was added to Solution Number 7 for the first 426 hours of
exposure. During this time, the heated specimen was consistently more noble than the isothermal
specimon. The coupled potentials showed a slight noble trend, which approached the pitting
potential (E,) for this alloy-environment system, prior to the addition of MH,0,; the cydlic-
potentiodynamic-polarization curve for Alloy 304L in Solution Number 7 is shown in Figure 4.13.

After 426 hours of exposure, daily additions of 200 ppm H,0, were made to Solution Number 7.
The large potential spike, corresponding to the initial H,0, addition, is readily apparent in Figure
4.10. The initiation of pits is believed to have caused the potential of the galvanic couple and tr »
heat-transfer specimen to drop 10 extremely low levels, which approached the protection p2tental
(E o) of -120 mV (SCE) for this alloy-environment. Subsequent additions of H,0, appeared to
have less of an effect on the potential, as illustrated in Figure 4.10 by the narrow range of
potential diferences recorded. Pit initiation also may have promoted the very large galvanic
current spike illustrated in Figure 4.11, and the numerous smaller current spikes shown in greater
detal! in Figure 4 12, Subsequent additions of H,0, produced only minor fluctuations in galvenic
current (Figure 4.11) which may Indicate that the pits either passivated or did not continue to

propagate. Rounded areas of rust were visible on the top surface of the heat-transfer specimen
within 24 hours of the H,0, addition.

Table 4.3 is a summary of the Polarization Resistance (PR) measurements, corrosion rates
calculated from PR, and weight-loss data after 763 hours of exposure. A description of the
specimens at the conclusion of the experiment is also included in Table 4.3. All of the PR values
given in this table were measured after H,0, was added to the electrolyte. The PR values
measured prior to the addition of H,0, were above the limitations of the test equipment. These
data show that, in Solution Number 7, the heat-transfer specimen exhibited primarily pitting
corrosion. The isothermal specimen exhibited no visible attack in Solution Number 7.

.78 -
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Figure 4.12



Of The Of Thermogalvanic - Couples Experiment With
Specimens Of Alloy 304L In Solution No. 7; Test #3.

Heat Transfer 234 087 041 with halos of rust-

Note: Polarization resistance (PR) was measured after addition of 200 ppm H,0,. The values
for PR were above limitations of the test equipment prior to the addition of H,0,.
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{ OMPAarnsor of the corrosion rates dculated from y.g-.um oss and PR data indicates that, as i

previous work, the latter overestimates the corrosion rate. The discrepancy between the tw

cOrrosion rate measurement techniques may be attributed to nor Faradaic (noncorrosion)

slectrochamical reactions and 10 time relaled eNects The weight-loss data usen 10 cal iatog

the CcOorrosion rale are averaged over the entire expasure penod, while the PH aata after the
acadition of M. represent ‘u-.” transien! corrosion rates

42 Borehole Liner-Container Interaction Studies

.'.xu.-"t‘.'n' Wnar-oomainar intarachion "I‘I""i"!‘ NS were ictea i Tashk & of the ‘D' i'?]’.j"l The
purpose ol these tests was 10 evaluate the etects of comtact of the borehole Iner w th the
coMainer on the corrosion performance of the container matenal The initial designs for the TuH

Repository proposed Alloy 3041 as the container material and carbon of low alloy steel as the

liner material. Later. at the direction of the NRC, the foous of the testing shifted 10 Alloy 3040 and

Alloy 825 as the liner and container material, respectively. The purpose of these liners is 10

tacilitate retrieval of the waste containers over a 50-year period following their emplacement, For

the current repository design, i i ;»r"lwhll that the linars and containers will be in direct contact

Because the stainless steel container 18 more noble than the low alloy stee! liner, 'hu:‘h! D¢
expected that galvanic contact would be beneficial to the corrosion performance of the container
Howeve!, instances of accelorated attack of the noble member of ferrous alloy couples have been

reported (Keams, 1986) The mechanism of attack involved acigification within the regicn of

contact of the two metals by localized corrosion of the less noble metal, followed by passive Hiim
breakaown on the noble metal This ?)“u i hehavior could occur at reqaions of comtact betweer
the inar and e stamnles staael containat

421 tl‘l' imenta A‘l‘z" Won

The borehole liner-container interact experiments weare pertormed in a PTFE electrochemical

cell similar to the lustration in Figure 4. 14, In each of the experiments, a metal "sandwich” was
prapared with one coupon of liner material, a sheet of PTFE

and one coupon of container
matenal

The initial weight and dimension (2.54 om x 2.54 cm x 0.32 om) of each ot upon were
recorded prior to assembly, Each sandwich was mounted onto Alloy C276 threaded rod and
electrically isolated by PTFE inserts. Copper wire was threaded into a small hole which was
drilled and tapped into the edge of each coupon. Heat-shrink tubing was fited over aach of the
electncal lead wires to prevent comtact with the electrolyte
configuration is shown in Figure 4. 15

e L

A detailed diagram of the specimen

The test cell was filled with the desired electrolyte so that both specimens were fully immersed
in thoe test solution The desired gas wats flowed through the electrolyte for a minimum of 3
minutes at ambient temperature

i

w

IA".Q" ﬂr minutes of Qas fiow, the lest soluthon was h!‘()" 1t

2070 by heal tape connaected 1o a temparature controller
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Figure 4. 14  Electrochemical Cell Used For Borehole Liner - Container Interaction Testing
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The potential of each specimen was measured witt respact 10 a standard calome!l electrode
(SCE) and both specimens were electrically coupled through a ZRA. Each day, the coupled
potential and galvanic current were measured The specimens were then uncoupled 1o
approximately 30 minutes and the potential of each specimen was measured. The coupons were
again recoupled. Folarization resistance (PR) measurenients were performed weekly atter the
specimen had been uncoupled for aboul 30 minutes. As In the previous galvanic-couples
experiment, the PR measurements were performed by means of the two-electrode technique
Specimen potentials were scanned between 20 mv (SCE) and +20 mV (SCE) of the free
corrosion potential and the ensuing current was monitored. Current was plotted as a function of
potential and the PR value was determined graphically as the tangent to the plot at zero current
The PR values were converted 10 corrosion rates using the Stern-Geary Equation and Faraday's
Law

Al the conclusion o! the experiments, gravimetric measurements were performed and the
Specimens were examined optically. Weight losses on the specimens were measured using the
interval weight-loss procedure described in ASTM G-1. This technigue involved the alternate
descaling of the specimens in inhibite acid and weighing until the visible corrosion products were
removed. An unexposed contro!l specimen was included in all (I(-v,(ahng measurements. True
weighl-losses were then convened o corrosion rates. in pm/yr Y'V (Jh“odl'vg the WNQM loss by the
gensity, the specimen surface area, and the test time and converting the units

The coupled current provides a measure of the accelerated corrosion due ¢ coupling and
Provides a measure of the total corrosion rate, depending on the amount of polarization pros ided
by the couple lypically, i the more negative specimen is polarized 50 mV or more in the
posilive direction due 1o coupling, the coupled current approximately equals the total corrosion
rate. The weaight-loss measurement provides the average corrosion rate for the entire eXPOsUre

42 2 Results

Five borehole liner-container interaction tests were performed. The first three experiments were
conducted with C1010 Carbon Steel (C1010) and Alloy 304L as the borehole liner and container
materials, respectively. In two of these lests, the alloys were exposed 1o simulated J-13 well
water at 80°C. In the third test, the alloys were exposed at 90°C to simulated J-13 well water
containing 1000 ppm chioride (Cl) as sodium chionde (NaCl) (Solution Number 38). Later testing
focused on Alloy 304L and AHU', 825 as the borehole liner and comainer materials respectively
in the fourth experiment, these alloys were evaluated In simulated J-13 well water at 90°C. and
in Solution Number 10 at 90°C in the fith experiment. Solution Number 10 was chosen from the
expanmental test matrix because of the corrosion behavior observed for these alloys. For A“U)'

3041, a large hysteresis loop occurred in the CPP curve and optical examination revealed pitting

and crevice attack. However, the CPP curve for Alloy 825 did not exhibit hysteresis and *here
was no evidence of attack following the CPP tests. Appendix E provides the CPP curves for

thase alloy-environment systems




4221 C1010 Carbon SteelAlloy 3041 Galvanic Couples

The first borehole liner-containe! interaction test was pertormed with C1010 and Alloy 3041 for
1303 hours at 90°C In simulated J-13 well water. Corrosion potentials and Qa'v.’-ﬂm Coarent
Mmeasurements oblained throughodut the duration of the exposure are given in Figures 4. 16 and
417, respectively. The sharp downward spike in galvanic current in F Qure 4.17 ocourrcd as a
result of electrical problems with the ZRA. Polarization resistance measurements, and corrosion
rates gelermined from these measurements performed over the duration of the exposure are
summarized in Table 4.4 and exhibited graphically in Figures 4.18 and 4.19, respectively. These
Gala indicate very high corrosion rates for Alloy 304L which suggested that a deleterious
interaction with the carbon steel lingr material had ocourred. However. optical examination of the
specimens and analysis of the w(nght 068 data after 13023 hours of exposure revealed very low
corrosion rates for Al'oy 304L. The weight-loss technique showed Alloy 3041 to have a corrosion
rate of V.61 pm/yr, whereas the corrosion rate of C1010 was 208 ymvyr. Alloy 3041 exhibited a
thin blue fim on the outside of the specimen which moggus!s the formation of a passive fum. The
side of the specimen of Alloy 3041 that faced toward the carbon steel specimen exhibited some
black deposits and slight etching with one pit having a depth of 18 ym. The outside of the carbon
stee! specimen showed more severe attack than the side facing the stainless steel. Examination
of the outer surface of C1010 revealed severe metal loss and deep pitting. The deoapest pit
measured 240 ym. Examination of the surface of C1010 facing the stainless steel coupon also
showed significent metal loss with the deep)st areas measuring 82 ym

The erroneous PR data for Alloy 304L can be attributed 1o two factors: (1) the use of the carbon

sleel specimen as a counter electrode, and (2) a relatively remote reference electrode placed

side of the specimen sandwich. More reliable PR data were obtained for the carbon steel
specimen, in which a remote platinum counter electrode was used. This experimental setup was

sed since It was felt that low PR values for the carbon steel would cause the Alloy 3041
Specimen (used as a counter electrode) 1o experience excessive potential perturbations
However, the experimental setup used for the carbon steel primarily provided information from
the outer exposed surfaces, as opposed to the region between the two specimens. In an effon

'
i\

AcQuire more reliable data, the experimental setup was modified. In the modified procedure
& microcapiilary tube was inserted through the face of cne of the specimens 1o connert the
reference cell to the area between the specimens. This technique was used to ensure accurate
potential measurements. Secondly, all of the PR measurements utilized the other specimen as
the counter electrode, a remote platinum wire was not used. This modified procedure was
followed for all of the remaining borehole liner-container interaction studies

The second experiment was performed with C1010 and Alloy 304L at 90°C in simulated J-13 well
water using the modified experimental procedure. Corrosion potentials and galvanic current
Measurements determined dally throughout the exposure period are given in Figures 4.20 and
4.21, respectively. The sharp decline in galvanic current at 1100 hours of exposure followed by
& somewhat steady negligible current clearly indicated that the electrical connection was
disrupted. Weekly PR measurements, and corrosion rates determined from these measuremaents,
are given in Table 4.5 and are exhibited graphically in F igures 4.22 and 4.23, respectively. The
increase in PR and the decrease in corrosion rate of the specimen of C1010 after 1100 hours
turther indicate that the electrical connection 1o the carbon steel was disrupted
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Table 4 4. Summary Of Results Of Electrochemical Measurements Performed On Sandwich
Sp:gt.mom Of Alioy 304L Ang C1010 Carbon Steel In Simulated J-13 Well Water
Al 90°C; Test #1.

323555
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Table 4.5

Summary Of Results Of Electrochemical Measurements Performed On Sandwich
Specimens Of Alioy 304L And C1010 Carbon Steel In Simulated J-13 Well Water
At 90°C; Test #2.

304L 115 442 493 3N 10.36 -222
304L 287 2460 493 131 1.88 -265
304L 428 1340 493 131 343 -166
304L 573 341 493 131 13.43 -363
304L 742 154.0 493 131 298 170
304L 910 1220 493 131 3.76 -156
304L 1244 646.0 493 131 0.70 - B4
3040 1413 345.0 493 3 133 - 45
304L 1582 725.0 493 131 0.63 - 8
3041 1760 28.50 493 N 0.30 - 83
3041 1924 1520.0 493 131 0.70 - 29
304L 2088 652.0 493 13 1.31 - 60
304L 2252 451.0 493 13 1.01 - 73
C1010 115 465 159 84 §0.37 511
C1010 287 16.00 159 84 17.23 616
C1010 428 6.8 159 84 40.62 -637
C1010 573 ..t 159 84 59.17 -603
Ci010 742 42 159 84 17.75 -566
C1010 910 4,52 159 84 63.85 -548
C1010 1244 445.00 159 84 0.62 245
C1010 1413 156.00 159 84 1.78 -208
C1010 1582 157.00 159 84 1.76 -218
C1010 1750 177.00 159 84 1.56 -285
C1010 1924 87.30 159 84 3.16 -315
C1010 2088 54.30 159 84 5.09 -257
C1010 2252 121.00 159 B4 2.28 237
L T S S ==Sss]
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The second experiment was terminated after 2259 hours of exposure. Optical examination of the
specimens and analysis of the weight-loss data revealed very low corrosion rates for Alloy 304L.
The weight-loss technique showed Alloy 304L to have a corrosion rate of 0.03 pmir, whereas
the corrosion rate of C1010 was 398 um/yr; see Table 4.6. The exterior surtace of the Alloy 3041
specimen was shiny and showed no visible attack. The interior surtace (facing the C1010
coupon) exhibited soms localized black deposits, but showed no visible attack. The specimen
of C1010 exhibited severe metal loss on both the exterior and the interior surtaces. The edge
of the C1010 specimen was severely corroded at the contact for the electrical lead such.
Comparison of the corrosion rates calculated from PR measurements to those from weight-loss
data show that the PR technique overestimated the corrosion rate of Alloy 304L. On the other
hand, the carbon steel had a significantly higher corrosion rate, based on weight loss, than that
which was determined by the PR measurements. This discrepancy between the two corrosion
rates for carbon steel may have been a reflection of the contribution of galvanic corrosion 1o the
aftack.

The third experiment was performed with C1010 and Alioy 304L in 90°C simulated J-13 well water
containing 1000 ppm chloride as sodium chloride (NaCl). Corrosion potentials and galvanic
current measurements measured throughout the exposure period are given in Figures 4.24 and
425, respectively. For comparison, the weekly PR measurements, and corrosion rates
determined from these measurements, are given in Table 4.7 and exhibited graphically in Figures
4.26 and 4.27, respectively.

The third experiment was terminated after 2057 hours of exposure. Optical examinations of the
specimens and analysis of the weight-loss data revealed very low corrosion rates for Alloy 304L.
The weight-loss technique showed Alloy 304L to have a corrosion rate of less than 0.04 pmiyr,
whereas the corrosion rate of C1010 was 414 pmiyr. As in the previous experiment without
added chloride, the exterior surface of the specimen of Alloy 304L was shiny and showed no
visible attack. The interior surface exhibited some localized black deyswusits, but showed no visible
attack. The specimen of C1010 exhibited severe metal loss on both the exteric* and interior
surfaces. Comparison of the corrosion rates calculated from PR measurements to those from
weight-loss data also showed that the PR technique overestimated the corrosion rate of Alioy
304L but underestimatec the corrosion rate of Alloy C1010. Again, the higher corrosion rate of
Alloy 1010 may be due, in part, to the contribution of galvanic corrosion.

4222 Alioy 304L/Alloy 825 Galvanic Couples

The fourth and fifth borehole liner-container interaction experiments were performed with Alloy
304L and Alloy 825 as the liner and container material, respectively. In the fourth experiment,
these alloys were evaluated in simulated J-13 well water at 90°C. Corrosion potantials and
galvanic current measurements obtained throughout the duration of the exposure are shown in
Figures 4.28 and 4.29, respectively. These figures illustrate the similarity in the corrosion
potentials of the two alioys, and as a consequence, the very low galvanic current. Polarization
resistance measurements, and corrosion rates determined from these measurements, performed
over the duration of the exposure are summarized in Table 4.8 and exhibited graphically in
Figures 4.30 and 4.31. These data indicate high polarization resistance which correspond to very
low corrosion rates.



Table 4.6

Summary Of Corrosion Rates Calculated From Gravimetric Measurements Of
Sandwich Specimens Of Alloy 304L And C1010 Carbon Steel In Simulated J-13

Environments At 80°C.
NS Corrusion
oo o
Simulated 1303 3041 0.61 Exterior side covered with thin
J-13 blue oxide film. Interior side

(Test #1) exhibited some black deposits
and slight etching. One pit, 18
pm in depth, was observed on
the interior side.

C1010 208 .34 Exterior side exhibited severe
metal loss and deap pitting. The
deepest pit measured 240 ym.
The interior side showed severe
metal loss with the deepest
areas measuring 82 pym.

Simulated 2259 304L 0.03 Exterior side was shiny with no
J-13 visible attack. Interior side
(Test #2) showed localized black deposits,
but no visible attack.

Ci010 398 .46 Exterior and interior sides

exhibited severe metal loss.
Simulated 2057 304L <0.04 Exterior side was shiny with no
J-13 visible attack. Interior side
+1000 ppm Ci showed localized black deposits,
as NaCl but no visible attack.
(Test #3) i R e S Tt

C1010 414 44 Exterior and interior sides

exhibited severs metal loss.
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Figure 425 Galvanic Current As A Function Of Test Time For Sandwich
Specimens Of Alioy 3041 And C1010 Carbon Steel Tests At
90°C In Simulated J-12 Well Water Containing 1000 ppm
Chioride As Sodium Chioride (Test #3).



Table 4.7 Summary Of Results Of Electrochemical Measurements Performed On Sandwich
Specimens Of Alloy 304L And C1010 Carbon Steel In 90°C Simulated J-13 Well
Water Containing 1000 ppm Chioride As Sodium Chioride; Test #3.

£ERI8E

C1010 1185 0.68 97 193
C1010 1363 0.51 97 193
C1010 1722 0.51 97 163
C1010 1872 0.51 97 193
C1010 | 2034 0.52 97 183
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Table 4 8. Summary Of Results Of Electrochemicval Measurements Performed On Sandwich
Specimens Of Alloy 3041 And Alloy 825 In Simulated J-13 Well Water At 90°C;

Test #4.
304L 1037 6 220 493 13N 0.07 -32
304L 1175 6 950 493 131 0.07 -12
304L 1 367 7220 493 131 0.06 -9
304L 15N 9 000 493 13 0.05 1
304L 1679 11 600 493 131 0.04 24
304L 1 846 8 690 493 131 0.05 -7
304L 2015 8 700 493 131 0.08 -1 f

825 23 800 AR 221 0.50 220
144 3 000 21 221 0.13 - 22
an 4 310 21 221 0.09 -8
485 3780 AR 221 0.1 -22
649 3 480 an 221 19
768 2 680 21 221 +1
936 3 920 21 221 9

1037 3170 21 221

1175 4 350 21 221

1 367 3010 21 221

15 3780 21 221

1679 5120 AR 221

1 846 2220 " 221

2 015 2 350 21 221

S e
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The fourth experiment was terminated after 2019 hours of exposure. Optical examination of the
specimens and analysis of the weight-loss data revealed very low corrosion rates for both alloys.
These rates were comparable to the corrosion rates calculated from the PR measurements shown
in Table 4.8. Neither specimen showed any visible attack and the weight-loss technique indicated
corrosion rates of 0.57 um/yr and 0.24 pym/yr for Alloy 304L and Alloy 825, respectively.

In the fifth experiment, Alioy 304L and Alloy 825 were evaluated in Solution Number 10 at 90°C.
The composition of Solution 10 is given in Table 2.5. Solution Number 10 was chosen from the
experimental test matrix because of the corrosion behavior observed for these alloys in this
environment in previous CPP tests. For Alioy 3041, a large hysteresis loop occurred in the CPP
curve and optical examination revealed pitting and crevice attack. The CPP curve for Alloy 825,
however, did not exhibit hysteresis and there was no evidence of attack following the CPP test.
The CPP curves for these alloys in Solution Number 10 are given in Appendix E.

Corrosion potentials and galvanic current measurements obtained throughout the duration of the
exposure are shown in Figures 4.32 and 4.33, respectively. These figures also show similar
corrosion potentials for both alloys. As in the previous experiment, the similarity of the corrosion
potentials resulted in very low galvanic current. Polarization resistance measurements, and
corrosion rates determined from these measurements, performed over the duration of the
exposure are summarized in Table 4.9. These same data are exhibited graphically in Figures
4.34 and 4.35. These data also show high polarization resistance values, which correspond to
low corrosion rates.

The fifth experiment was terminated atter 2021 hours of exposure. Optical examination of the
specimens and analysis of the weight-loss data revealed very low corrosion rates for both alloys.
As in the previous experiment, corrosion rates calculated from PR measurements (Table 4.9) and
gravimetric measurements were similar for both specimens. Neither specimen showed any visible
attack. The weight-loss technique showed corrosion rates of 1.57 pm/yr and 0.88 pmvyr for Alloy
304L and Alioy 825, respectivoly.

Table 4.10 summarizes the corrosion rates calculated from weight-loss measurements and the
results of the optical examinations following each of the tests discussed above. Thase data show
corrosion rates of less than 1.6 pym/yr with no visible attack. No pitting was observed in Alloy
304L in Solution Number 10, a solution expected t. cause pitting based upon results of previous
CPP testing in this environment. The discrepancy between the corrosion behavior observed for
Alloy 304L in this test (Test No. 5), and after the CPP test can be explained by comparing the
corrosion potentials (Figure 4.32) to the electrochemical parameters, E,, and E o Throughout
the exposure in Test No. 5, the corrosion potentials of Alloy 304L ranged n-150 mV (SCE)
"3 ;g% mV (SCE) which is considerably less than E, (+700 mV (SCE)) and close to E,,, (-120
mV (SCE)).
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Figure 433 Galvanic Current As A Function Of Test Time For Sandwich Alicy
Specimens Of
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