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Iritroclietior

@ Corrosion is a primary determinant of waste package
performance at the proposed Yucca Mountain
Repository

> The most likely degradation process

> Controls the delay time for radionuclide transport from the
waste package

> Determines when packages will be penetrated and the
shape size and distribution of those penetrations

@ In this presentation, the proposed Yucca Mountain
Repository is viewed from a corrosion perspective
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The PropoesedhacecanViountain Repository

Repository Reference Design Concept
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The ProposedRNaceanV ountaintRepository

@ About 300 m below the surface
and 300 m above the water table

® In the unsaturated zone, i.e.
fractures and pores in rock are
partially filled with water

@ Desert area with about 5 cm of
rain per year

@ Most of water runs off or
evaporates; however, some
infiltrates to rock and moves
through the mountain to the
water table

@ Repository is at atmospheric
pressure

@ Relative Humidity ranges from
low to high; limited dripping

@ Ambient waters are dilute and
near neutral pH

—— Repository

= e @ Highly concentrated waters can
form under repository
conditions
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ProposediEmplacement Drift

5.5m Ejan{ater \
Emplacement Drift
N, b \

.,

Friction #<.
Rock Bolts

Drip Shield

Waste Package
Emplacement Pallet

Waste Package
{Typical)

Stiffener Bracket
(Typical)

Gantry Rail (135 Ib/yd)
and Runway Beam
{Cap Plate Not Shown for Clarity)

Ground Control
Bernold Type
Perforated Sheet

Transverse Support Beam
@1500 mm Maximum Spacing

(Typical)
OMTTPR_D11 o

Longitudinal Support Beam
{Typical for 3 Across) Invert Ballast
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Whisia Peieiczicja PDasie)q)

Trunnion Collar (17-4 PH, UNS S1740)

Ouber Lid (Alloy 22, UNS NOBO2Z)

Innar \assel Lid
(Modified Stainless Stesl Type 316 UNS S31600)

Trunnion Sheeve (ABoy 22, UNS NOBDZ2)

Ni-Gd Alloy (NS NDB454)

Structural Guide (Carbon Steed, LINS KO2700)

Spread Ri
(Modified Stainless ﬁ
Type 316 UNS S31600)
Outer Corresion Barrier
(Alloy 22, UNS NOBO22)

Onrter Lid (Alloy 22, UNS NOB022) . "
ar Vassel (modified Stainless Stesl
‘I'yDe 316, UNS 5318001)

{Aluminum, LINS ADB0E1 T4)

Fuel Basket Tube
(Carbon Steel. NS KOZT00)

Cover Plate with Purge Port Demay Wot To Seale
DG2450C _LA_007Bem

Inner Vessel Lid
{Modified Stainbess Stesl Type 316 UNS S31800)

Middie Lid (Alloy 22, UNS NDBO22)

Trunnion Cellar (17-4 PH, UNS 51740)
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BackgroundienNi=Gr=No Alloys

e Alloy 22 belongs to a family of Ni-Cr-Mo alloys

— Earlier alloys include C-276 and C-4 and later alloys include: Inconel 686,
Alloy 59, Hastelloy C-2000 and MAT-21

— Alloy 22 (N06022) is a solid solution of Ni, Cr, Mo and W as the main
alloying elements

—  Cr-Mo-W in Alloy 22 act synergistically to provide resistance to localized
corrosion such as crevice corrosion

e Large Industrial equipment in service for many years
in harsh environments without corrosion

— Alloy 22 has great toughness and over 50% elongation before failure

— Can be hot or cold formed and is weldable by many methods

— Can be fabricated into large structures and components




IndustialilEXE e ENCENIHaNSHERVITonNMeEnts

Pulp and Paper Bleach Washer

° Fabricated in 1987 using C-22
material

) Went into service for International
Paper plant in Texarkana

® Operation in highly oxidizing wet
chlorine and chlorine dioxide
solutions

Agitator in Bleach Plant
C-22 Agitator installed in 1985

Environment with Chlorine and Chlorine
Dioxide, up to 5000 ppm Chloride,
temperature up to 60°C

Other alloys such as 904L, 317L SS and
254SMO comroded rapidly

Mixed Waste Incinerator at Los Alamos

Alloy Selected by Waste Management Group of the
Department of Energy (DOE)

Gaseous Effluents from Incinerator are treated in a
Spray Quench Tower, a venturi scrubber and a
packed absorber tower

Tests were carried out in “worst case scenario” to
replace previous fiberglass reinforced polyester
(FRP)

3 M NaCl + 0.1MFeCl; + 0.1 M NaF adjusted to pH 1
with 10 M HCI11 M H280, at 75°C for 39 days
Best combination: C-22 welded with C-22




CorrosiomiesistanceysiGriucialito

VWasterPackadgerrernonnance

@ Radionuclides are fully isolated if
there are no penetrations
> Even penetrated package can
limit radionuclide movement

@ Corrosion rate of passive metals are
extremely low

> Realistic rates are less than 1 uym/yr
(a millionth of a meter per year)
and much less

> Alloy 22 layer is 2-cm thick
(a stack of 12 U.S. Quarters)

@ Analysis of the potential for damage b¥‘
corrosion is crucial and a major effort has

16,000 to 160,000 years to
been undertaken penetrate the thickness of one U.S.
? gg:‘sf;‘;“swe environments form and Quarter for a corrosion rate of 0.1 to

Will localized corrosion start and persist 0.01 um/yr .
What damage would result

Corrosion rates of approximately
0.01 um/year are measured in
exposures of over 5-years at LLNL
Long Term Test Facility.
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orrosiorn =il Matarizls Pariorizisies

5.5m Diameter
Emplacement Drift

Friction #* O\ S

Rock Bolts

Waste Package
Emplacement Pallet

Stiffener Bracket ~ Waste Package
(Typical) (Typical)

Gantry Rail (135 Ib/yd)
Ground Control and Runway Beam )
Bernold Type - (Cap Plate Not Shown for Clarity)
Perforated Sheet

Transverse Support Beam
@1500 mm Maximum Spacing
(Typical)

owTIPR 01w
Longitudinal Support Beam
(Typical for 3 Across) Invert Ballast

Alloy C-4 Alloy C-22 TiGr-12
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AttributesioRthelRroposedhuccalViountain

REPOSILOTY,

iy @ One long, slow cycle of heating to modest temperature
NYEA and cooling to ambient

Seepage

B (ot rmal Barrior) @  Waste packages sit in air on support pallets

/— Deliquescence @ No imposed loads; no internal pressure and no
moving parts

@ No rapid thermal expansion and contraction
> Low heat fluxes
> Slow heating and cooling
> Modest thermal gradients

@ Heat and radiation from waste decrease

with time
220 110
ol oo > Radiation effects at waste package surface
e negligible after a few hundred years
180 920
o Tor £ e w0 > Packages cool to ambient over several
_ 4_;. /f > g thousands of years
(ORLE: 17" 2 .. .
2 12 0 2 o Limited amount of water moving through
2 Tow €
. I, = the rock
g100 50 g
5 w0l o 3 @ Limited salts and minerals carried into drifts by
o w T incoming water and dust
40 + ﬁ\_“// \ T20
20 10
Medium Temperature Waste Package
0 + + 0

10 100 1000 10000 100000
Time (yr)
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Predicted Tevae Humidity for
MedigmmemperaturenyvastesPackage
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180 | + 90
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40 - T 20
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+ Medium Temperature Waste Package
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Time (yr)




Temperatire) BRI auyes NidiLyAcIaZ0000 Years

@ Relevant Periods regards

Corrosion:
> | - Emplacement of waste =
packages e
and preclosure : .
: J S
Il - Heat Up after closure g -
III B C-OOI d-ownIThermaI Medium Temperature Waste Package
Barrier éd rift wall above -
boiling temperature) Time )
> IV - Cool Down/Dripping and o .
Seepage Possible =
y- . & g
>V -Waste Packages below Critical e 7 " g
Temp for Corrosion [l o’
e [
Periods are determined by e I .
(a) Temp-RH over time, Medim Temperoure Wase Pockoge
(b) Time when drift wall reaches 96°C and Time (y7)

(c) Critical Corrosion Temp for Alloy 22
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SOEWA CHfics of Saence and Technolooy aond Internotions]




Relevant IimelRenousiRegards Corrosion

220 [ I ] I I 110
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Medlqrrl Temperature Wpste Package

o

=0
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Time Ter)

I II III
For Condltlons Below

Temp-Relative Humidity behavior as shown

Waste Package at 101°C when Drift Wall
cooled to 96°C

Critical Corrosion Temp 90°C
@) OST:l
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Qo

Qo

Qo

I-Preclosure
> Start to Year 50

lI-Heat Up
> Year 50 to ~65

lll-Thermal Barrier
> Year ~65 to 750

IV-Cool Down Post-
Thermal Barrier
> Year 750 to 1375

V-Packages below
Critical Corrosion Temp

>  Year 1375 and beyond
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@ When drift wall Eelow boiling For drift wall at boiling at year 750;
temperature (96°C) Dripping and Critical Corr Temp 90°C year 1375
Seepage can occur - | -
@ Dripping onto waste package can - : 100
|
I
|TwP

> Where both capillary barrier and drip
shield are inoperative

> And dripping location is in alignment
@ When these conditions are met

> If waste package temperature above
critical corrosion temperature

> Then, follow local corrosion logic/fault 60 ]
tree for damage evolution -

I
I
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40

Relative Humidity (%)

i

20
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I

- Medium Temperature Wlpsle Plpckage
Drift wall boiling at year 750; Waste 0 R S AL
Package at 101°C: Relative humidity 65% 10 100 1000 10000 100000

Time (yr)
Waste Package at 90°C at year 1375:
Relative Humidity 84%

40 ]

20 10
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Temperature (C)

Temperature (C)

220 110
Twe

200 r"’, + 100

180 90
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2 i f‘! High Temperature Waste Package 10

0 : : : 0
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Low Temperature Waste Package
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Relative Humidity (%)

Relative Humidity (%)

220 110
200 100
180 + t 90
Twe RHwp
160 80 =
O 140 f\ f 70 ;
E 120 + - 60 2
2 Tow £
é 100 50 E
2 sf - 40 E
60 + t 30
40 pW 20
20 § r10
Medium Temperature Waste Package
° 10 100 1000 10000 100030
Time (yr)
Drift Wall Year Waste Package Relative Waste Package
96°C Temp °C Humidity at 90°C
Mid WP 700 101 65 1325
Hot WP 1850 99 56 3000
Cool WP 62 102 72 125




ChemicalibDividesProcessesibetermine the

Categories ot Waters

Q
Evaporative [ Na, Ca, Mg, HCO,, SO,, CI |
Concentration T
CaCoO, precipitates
[ Na, Ca, Mg, SO,, CI | l Na, Mg, CO,, SO,, CI ‘
CaSO, precipitates Mg silicate precipitates
/N A" o
Na, Ca, Mg, CI | Na, Mg, SO,, m‘ Na, Mg, SO,, c:|| Na, CO,, SO,, m‘
Dilute Water
(=] S 7 Q
o
- [ - \ y \
E} Na,K,Mg, [ Sulfate Carbonate |
";j E " CaCLNO3 . Brines Brines Qo
- B2 - = = :
= =- < .
HE ! ~
s T
S %E Ca,Mg,CLNO3 | NaKCLNOs
- - - ' y
‘2' 4 i - =
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Ambient Waters:
> Dilute solutions

> Na-Ca-Mg-HCO,-CO,-CI-
NO,-SO,

> Near neutral pH
Waters can be concentrated
> Modified during movement

> Thermal-chemical
processes

Modifications on waste
package surface

Chemical and electrochemical
processes




Soltiiorn Criamisiry Prinelolas

100
20
80 -
>
é 70
2
S 60T Inaccessible region
g
T 50
g |
2 40 i
5 Maximum Relative Humidity
&’ 30 ¢ Allowable pressure constraints the
20 1 Relative Humidity above the local AN
boiling point of water
10+
il T RS
0 50 100 150 200
Temperature (C)
80 ‘
Temperature = 100°C
75 § . .
*
3’470 \ MER SN . Aqueous Phase
o Deliquescence point e .
E of pure NaCl ‘e R
565 N
I - ) .
60 Deliquescence point
.E Two Phase Region ¢ |ofpure NaNO3
© Solid + Aqueous d
—55 *
[ o**
4 e *
3250
Deliquescence point
45 of binary mixture
Aqueous Phase
40 |
0.00 0.20 0.40 0.60 0.80 1.00
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Mole Fraction (NaNO3 / (NaCl+NaNO3)

2 OST:l

100 BEe———— ] Kk2sos4 \ «—K2504 (BP)
90 \\\ KNO3 *—- Na2s04 (BP)
80 Kel KCI (BP)
£ ——A Y
= 70 NaCl NaCl (BP)
= 1  KNO3(BP)
T 60 - NaNO3 |
£ 1 NaNO3 (BP)
S sl MgNO3 g ‘
) ] Max RH
(4 Boiling Point
40 g
2 ] Kacos e
1] I ———
- 30 Ca(NO3)2 (BP)
) MgCI2
(42 2 1 I g e
KF Max RH 4 CaCi2 (BP)
7 Boiling Point \
10 \ KOH 96°C
0 . . ] NaOH L ‘
0 50 100 150
100 :
90 { SO4 minerals soluble: \
S0,:Cl 1:1
T~ "Nosci<os
B <
pos:;ible : NO4:Cl 0.5:1
= 70 4
S =
2 601 NO3:.Cl > 0.5 \ Inaccesssible
D \ T-RH Region
E 50 - \
L
o ¥ 4
._é 401 Deliquescence RH
@ KNO; + NaCl
)
o 30
20 Dry Salts
10 e S
~— |
0 1 1 L 1 1 L 1 1 L L 1 | L 1 1 1 1 1
50 100 150 200

Temperature (°C)




ConstramtsSienNyateREomMpPosItiGNS Tor;

SodigmrandrEotrassiutmrsailts

100

90 { SO4 minerals soluble
S0,:C1'%:1

N0301<05

possible NO,:Cl 0.5:1

NO3:Cl > 0.5 Inaccesssible

T-RH Region

Relative humidity (%)

50 A
401 Delequescence RH /
KNO3 + NaCl

30 A

20 - Dry Salts

10

—)
0 1 | l l l l | l 1 | l | l | | | | 1
50 100 150 200

Temperature (°C)
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Water GChemisSyasrenanusioaVastierPackage

@ T-RH Profiles Related to Brine Solution Compositions for
Sodium and Potassium Base Salts

100
90 - SO, minerais* Repository profiles
soluble Cool down after peak temperature
B0
NO3:Cl < 0.5 T(dw) 96°C @ 62 yrs

3 70- possible ‘{!r/T(dw) 96°C @ 700 yrs
S &
2 604 Yo T(dw) 96°C @ 1900 yrs
-g A ('}-\0 b
5 50 2
=
® / Inaccesssible
'+2.- 401 Delequescence RH \ T-RH Region
% KNOj3 + NaCl
o 30 -

20 - Dry Salts

104

0 1 1 | 1 | 1 | 1 1 1 1 1 L 1 L 1 l 1
50 100 150 200

Temperature (°C)
%\ OSTal
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Period VAR VSISIOTa RS ESHIhoRNcomposition

100

220 l I I | T 110
e : : : l 100 90 1 S04 minerals Repository profiles
| | | [ M 1 soluble Cool down after peak temperature
180 T T ] 90 g0 l—-——————
i I | e | f RHwe i NO3:Cl < 0.5 { T(dw) 96°C @ 62 yrs
- T i - i
] I f+\ W ;—’ g = 70 possible X " T(dw)96°C @ 700 yrs
DR T |“"'l I 0 > - I \
[ | 3 P A, | T(dw) 96°C @ 1850 yrs
S T Fow [ o E 5 60 o W XT Gl
g 1 L | Z E 20
é_m . i i = | o g 50 2
2 80t P ; 0 = o / \ Inaccesssible
1 | ‘ I /K ! | T 2 401 Delequescence RH \ T-RH Region
60 4 i i 30 © KNO; + NaCl \
LA R $ o) |
40 At i f 20 \
G | p— N
20 —— +—— 10 20 1 Zaang
| ium Temperature Whste Package
0 EERSE AT PR TP = ot N RPN \“‘-\
10 100 1000 10000 100000 10 1
Time (yr) e
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
50 100 150 200
Temperature (°C)

The Temp-RH at any time fixes the
possible waters. Can follow the
trajectory with time

Drift wall 96°C at 750 years;
Waste Package at 101°C;
Relative Humidity 65% Number of non-corrosive solutions;

Sodium chloride with low nitrate

solutions can be corrosive

Critical Corrosion Temp 90°C
at year 1375; Relative Humidity 85%

f@i OST:l
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Decision=Tree Analysis

@ A decision-tree for localized corrosion

> Are environments and crevices present to induce
localized corrosion

»> Consider conditions in moist layers of particulate and
deposits

> If localized corrosion initiates, will it persist

»> Consider stifling and arrest processes as the
corrosion proceeds

> What amount of metal penetration occurs

> What is the size and distribution of corrosion sites




DECISTONEINEEYAVIEIVSIS

@ A decision-tree for localized corrosion

drips
o o o S on WP L%w Plitrate Wc';a‘tflt;ls
Thermal »| Capillary > Drip > eepage | drips - Sulfate > CAN
Barrier Barrier Shield on WP on WP - Na, K, CI, NOy Initiate
- Na, K, Mg,Cl, NOs Crevice Corrosion
yes yes yes l
Dilute Waters
Carbonates Ecorr positive enough
Moderate Nitrate
- Sulfate .
“Na K, Cl. NO | Severe crevices are
-Na, K, Mg,Cl, NO, present

lyes

Evaluate initiation,
no propagation, stifling

No Localized Corrosion <— | and arrest

'

Determine evolution
of corrosion damage

Y Y Y
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OverviewohosidNV ateaisEenonance ihrust

@ Organized to address important topics:
> Long-term behavior of protective, passive films

> Composition and properties of moisture in contact with
metal surfaces

> Rate of penetration and extent of corrosion damage over
extremely long times

@ Three multi-investigator, coordinated projects

> Corrosion of metal surfaces under particulate and
deposits

> Evolution of corrosion damage by localized corrosion

> Evolution of environment on metal surfaces




DOE/OST&I Corrosion Cooperative

University-based research program (5-years started in June 2004)

. Funded by Office of Science and Technology and International;
U.S. Dept of Energy; Office of Civilian Radioactive Waste
Management

. Multi-University Investigators

. Coordinated with projects at National Laboratories: ANL, LBNL,
LLNL, ORNL and with AECL in Canada

Lead PI: Joe H. Payer, Case Western Reserve Univ. Chung-Chiun Liu, Case Western Reserve
Rudy G. Buchheit, Ohio State University Digby D. Macdonald, Penn State University
Thomas M. Devine, UCal - Berkeley Mirna Urquidi-Macdonald, Penn State Univ.
Gerald S. Frankel, Ohio State University Roger C. Newman, University of Toronto
Dominic Gervasio, Arizona State John R. Scully, University of Virginia
Robert G. Kelly, University of Virginia David W. Shoesmith, University W Ontario
Uziel Landau, Case Western Reserve William H. Smyrl, University of Minnesota

Task is to increase understanding (underlying science),
develop enhanced process models and develop advanced
technologies related to corrosion issues in Yucca Mountain




Scope: Majorliechnical Thrusts

To enhance the understanding of materials corrosion performance
and to explore technical enhancements

Corrosion processes metal surfaces covered with particulate and
deposits

> Effects of moisture on corrosion performance of metals
Evolution of corrosion damage by localized corrosion

> Initiation, propagation, and arrest phenomena particularly for
crevice corrosion of metals

Evolution of the environment on metal surfaces

> Moisture content, distribution, and chemical composition on
metal surfaces

Bayer=NWTRBInformal Factiinding:VMeeting 08/09/0 be gy y -y S 1 1 119 =



CorrosioniintmmEayersiofiParticulate

Dust H-O (humidity) Air (O

ﬂ II ﬂ HO+%O +2e” = 200H)

Ni — NiZ* +2e

e e Vet

<> dust + salt [ solution

«  Dust deposited

= Degree of wethess

=  Soluble salts

« Gas composition and property, T, RH

= Particulate layer properties, such as conductivity, temperature,
pH, degree of wethess etc.

. Localized environment on the surface
. Anode: Ni — Ni2* + 2e-
« Cathode: H,O0 + 1/20, + 2e- > 20H-

R T TR e S T S & S0 E 50th Infernational Sumnoecium on the Sciantific Bacie for Nuclear Waete Manaaement Ghent Belaium Sant 121675008



Specialized Gapapilitiesrand/ Eacilities

1. Kelvin Probe and Scanning Kelvin Probe

2. Laser-directed powder deposition for graded Ni-Cr-Mo
compositions

3. Experimental apparatus for thin-layer electrochemical

studies of stability of corrosion sites
4 X-ray Photo-Electron Spectrometry
5 200KV Transmission Electron Microscope
6. Salt Particle Deposition System
7 Scanning Electrochemical Microscope
8 Thermogravimetric Analysis System at LLNL
9 Electrochemical Quartz Crystal Microbalance
10. Microelectrode Array

R T TR e S T S & S0 E 50th Infernational Sumnoecium on the Sciantific Bacie for Nuclear Waete Manaaement Ghent Belaium Sant 121675008



Coupled CrevicerExperiment

Pressure (

Vessel — —
\, _

Zero Resistance

Ammeter
Artificially Creviced
Counter Electrode
Electrode Voltmeter
Reference
Electrode Planar
electrode




MultiFElectroueNsesecaledierevice

« Each individual wire electrode in MEA is Crevice Former Line Crevice Former Holder
individually addressable for current or Multi-Electrode Array s« Fits over the end of a

potential measurement. 4__’(MEA) MEA holding crevice

T T T TTTTTT7T 1T former firmly against
HEEEEE

the specimen

ENENE EEE *AlSI 316 SS in 0.25 M Fe,Cl
HEEEEEEEEE BN




Crevice Corrosionbamage Evolution

316 SS at 47 °C, IM NaCl, 1 hrat OV vs. SCE, 1 hr at 0.05V vs. SCE and 1 hr
at 0.1 Vvs. SCE, aerated. SCE is a Saturated Calomel Reference Electrode.

OmV vs. SCE

movie ak 0, 50 100mY . awvi

5 Fa e [ r— ooy rsotionol
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Potentiall andi@urrentimapin a Crevice
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Corrosion Perspectives

@ Corrosion resistance of the waste package outer canister
@ A framework for the analysis of localized corrosion processes
> Corrosion Conditions at Key Time Periods in Repository

> Corrosion Analysis during Period IV-Cool Down/Dripping and
Seepage

> A Decision-Tree Analysis for corrosion damage evolution
@ Overview of the OST&I Materials Performance Thrust

> To further enhance the understanding of the role of engineered
barriers in waste isolation

> Office of Science and Technology and International, U.S.
Department of Energy, Office of Civilian Radioactive Waste
Management
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