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Crevice Corrosion

CREVICE Crevice corrosion may occur in restricted
o regions due to transport limitations,
2 T— followed by a build-up of a highly corrosive

chemistry, capable of dissolving the metal.
r% - = e The dissolution rate is potential-dependent.

Anode Cathode
Critical Crevice Electrochemical and o Diffusion out of crevice
Chemistry (low pH, Mass Transfer Effects Cl:gl\?ifei:l?; '”g_ of soluble Corrosion
high [CI])¢ > Metal (potential and SO.2 N.Cg)- 2 ’ SPFI?dUCtdS lge-éa- Mztal
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Critical Solution Chemistry within a Crevice

IR drop increases

pH decreases
Active [CI] increases

Corrosion Site X =10*G_. 100*G Critical Distance ® ACtlve COrrOSI_Qn

- & = »| (initiation of corrosion) starts at a “critical’
| ' A !/0 distance within the
-T- crevice
Ga

e Anodic current
E +ve produced by this
min. Bulk Solution electrode length (X)

(least aggressive) is small

e Maijority of current
along X is produced
at the corroding site

pH decreases
[Cl] increases
(more aggressive
chemistry)

A |_q) (i)

= Critical Crevice Chemistry
max.
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OBJECTIVES

Model the OHMIC (IR) effects on current & potential distributions

ies (protrusions) and metal roughness
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Changes in solution chemistry
not considered in this work.
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Constriction Factor Accounting for Roughness

Model of the Crevice Former Equivalent System

92IA319)

Crevice former

g > , »
7\ | 17\ RVA 1 T
/ ﬁ___p/ A & > ~

a (based on constriction effects)

yinow

Anode
Constriction Factor* (7)
s > e accounts for cross sectional variations

I h;}: I o determined from the geometry
m) |3 Sh %‘ _

— 1=<8>x<1/S> and g&=<S8>/)?
% <S> = mean cross sectional area over a unit length, A
H2) Hz+A) g€ = porosity

*Lanzi and Landau, J. Electrochem. Soc. 137, 585 (1990)

p(z+A)-4(2) _($)2+A)={¢)(2) | Az | _|__ 4
" - " | kWG .¢ kWG *,

where

| Modified Crevice Gap (G,') is a function of the

G' =G xZ
a™— Ya porosity (&) and the constriction factor (7).

T

5/ Department of Energy » Office of Civilian Radioactive Waste Management
® A.S. Agarwal_ECS_210 Meeting_10/01/06.ppt



Decoupled Anode Model

Electrolyte (k) Crevice former with uniform
/ distribution of grooves

- o

< 09
0o | 3E
oF%Z v éhI | J 85
Zk W Ga 8 =]
<Z O
E 'it % Scg2
= <
"E 2 o Passive Dissolution Kinetics 'E g
>0 (no current produced here) > Q_-,

=3 I X >

where

r=(1+&)(1-&+£7)

and

G'a=Ga><£
r

2
e=(1-
Electrolyte (k) (1-¢7) =

-

< \ 09
QO \ Smooth Crevice former 0B
28 y £22

il 11 ’ wo
2 IG a - > Il
EE% Scg2
o -
‘; % O Passive Dissolution kinetics ‘E g
> O (no current produced here) > g;

e I X >
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Virtual ANODE
(CONSTANT TOTAL
CURRENT)

Virtual ANODE
(CONSTANT TOTAL
CURRENT)

Sample Calculations

Electro\lyte (k) Crevice former with uniform 1 -2E+00

distribution of grooves E .
% 1 Ity (@node) = 1 mA % difference ~ 5 -
§ue L~y G,=10 um, X=100 ym {59
— 2 2 10EH00 | Lo s/em (~ 1 M[CIY) °
o curren >a —
1’4
. c < 8.0E-01 _
G’ =Cax— o Numerical
(o) . .
Electrolyte (k) —
) .2 =  6.0E-01 Simulation
\ , Srr;ooth Crevice fon"mer E%s D \A
3 G’ gﬁﬁ —
Anode with very slow :inetics g EZ .t;U 4-0E-01
(nocurent procuced e o >& [ ' —
5 5 o G, =f(e,)
£ porosity (g) T o s
0 1 1 0.
0.3 0.91 1027 0.0E+00 . :
05 0.75 1125
0.7 051 1343 0.2 0.4 0.6 0.5 L
0.9 019 | 1.729 ¢ (constriction)

Critical Parameters Evaluated:

AW N

Effect of constriction ({)

Length, X = 10*G,, 100*G,  Constriction factor analysis adequately

Total anodic current accounts for roughness effects

onductivity

/' Department of Energy « Office of Civilian Radioactive Waste Management
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Another Sample Calculation

—_ (]
Q- ' ' S <
& Q% m 2]\ /] £5
G|a=GaX_ §§ Eh/2 §g
4 EE 2l g2
where > — >
£? 0.01
r=(1-2)((1-¢)-In(1-£))
and 0.008 |
£=(1- ﬁ) < s Numerical
2 = Simulation
g porosity ()| =T = e
0 1 1 % difference ~ 10 -15%
0.3 0.96 1.01 00021 const. Potential Drop =1V
2 R , | Ga=1um, X =10 ym « = 0.1 Sfem
09 0.60 1.43 0.2 0.4 0.6 0.8 1

¢ (constriction)

Constriction factor (t) analysis adequately accounts for
roughness effects

Y/ Department of Energy = Office of Civilian Radioactive Waste Management
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Other Complex Systems can be Analyzed

(}W\AJ

Electrode

Crevice Former

Electrode

Crevice Former

Electrode

Crevice Former

Electrode
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OBJECTIVES

Model the OHMIC (IR) effects on current & potential distributions:

1. Crevice former irreqularities (protrusions) and metal roughness

CREVICE FORMER

CREVICE FORMER

Effective
Conductivity

2. Effect of particles under crevice former

e
i
5
&

Active External
Anode Cathode

Site

3. Particulates accumulation
(corrosion products)

corrosion products
(particulates)

.
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Effect of Particles Under Crevice Former

Effective 1
Conductivity
0.1
keﬁ
kbﬂfk 0.01
External
Anode Cathode 0.001 ™
Slte 0 0.2 0.4 0.6 0.8 1
3 Volume fraction of particles (@)
Bruggeman’s Equation: K_; =K, (1-9..4)° _
(q\]
. 0.20 £ 0.05
il Kt Kpulk jz" Ket/Kpulk
zZ 1 —, 0.04 1
> 0.15 >
E\ '(7) 003 1
O 0.10 - qC> 0.02
'_.: 5
© 0.1 o 0.1
>
"'c=> 0.05 GCJ 0.01
© —  _0.01 - 0.01
~ 0.00 . ; . > 0.00 ' ' '
= 95 100 105 110 115 o. 95 100 105 110 115
@

X, anode length [um] X, anode length [um]

Increase in vol. fraction of particles decreases k., which increases the
ohmic resistance and lowers the anode current =
E

- Department of Energy » Office of Civilian Radioactive Waste Management 13
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Conductivity Adjustment Accounting for
Particles Under Crevice Former

Spherical Particles Cubical Particles

. Effective
Effective "
T ..
o /. Conductivity o — Conductivity
< - Const. |
< \Const. | < .
Cathode
< > h )
Potential drop (V) Cathode Potential drop (V)
1.0E-06 1.0E-06
— @ H — 0-64
Pparticies™ 0-52 No particles particles
8.0E-07 - P 8.0E-07 -
No particles
Z 6.0E07 - Numerical Z 6.0E-07 -
— Simulation — Numerical
S 40E07 (w particles) g 4.0E-07 Simulation
— — (w particles)
2.0E-07 Bruggeman’s 2.0E-07 ,
Correction Bruggeman’s
0.0E+00 . . ‘ 0.0E+00 , _ _Correction
0 0.2 1.2 0 0.2 1.2

0.4 0.6 0.8 1 0.4 0.6 0.8 1
Potential drop (V) Potential drop (V)

Equivalent conductivity reasonably accounts for particulates.

2 Department of Energy = Office of Civilian Radioactive Waste Management WA serwim. doe.gov
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OBJECTIVES

Model the OHMIC (IR) effects on current & potential distributions:

1. Crevice former irregularities (protrusions) and metal roughness

CREVICE FORME |

ELECTROLYTE - CREVIGE FORMER ELECTROLYTEI

Effective
Conductivity

R . CREVICE FORMER = __Je=™
2. Effect of particles under crevice former s i riimmmrrei canmm -

) p [T L
IS NPESEDDRY .

Active External
Anode Cathode
Site

!, 3 ‘l' t, f "'
' CREVICE FORMER

3. Particulates accumulation
(corrosion products) :

corrosion products

(particulates)
# -
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Effect of Particulates (Corrosion Products)

SEM Image: Corrosion Products of

Corrosion products (crevice corrosion tests): Ao
o Fine particulates (~microns) e el
o Loosely attached to base metal

o Consist of metal oxides (inert)

| - Loy
AV Spot Magn  Det WD F———— 200pm B

160kKVE0 260x SE 163

] ] Schematic: Probable Anode Evolution
Probable effects of solid corrosion products: with Solid Corrosion Products

e |ncrease ohmic resistance to corrosion of
underlying metal

o Affect the corrosion evolution profile

e Form a tighter crevice gap

Increase in Corrosion
Products would further

increase the ohmic drop
. -
Department of Energy » Office of Civilian Radicactive Waste Management ORI 16
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Conductivity Adjustment to Account for Particles in
Corroding Site

o Particulates at corroding site increase
. . (o)
the ohmic resistance (reduce k) I 80%. ..
) . keﬁ’
Bruggeman’s Equation
3 kbulk e e e e e e e e el e e Taaey

— 2

Keff T K(l B ¢sand) D PP PPPTPPPPPPI, £ (74

0 0.2 0.4 0.6 0.8 1
Volume fraction of particles (d)

++++++++++++++++++++++++++++++++++
+++++++++++++++++++++++++++++++++++++

Insulator Initial Size =10 um Ll i Virtual Cathode
(Scully’s Kinetics: Ni- PARTICULATES (E..=0.05V,,.)
22Cr-3Mo, pH=1, Room P NHE
. Temp.)

Assumptions:

e ~50% of the corroded metal forms insoluble inert metal oxide particles

e Density of the corrosion product ~ half of the alloy - twice the volume

[ J

The particles are uniformly distributed in the solution within the corroding pit
_e Solution conductivity within the pit is calculated using Bruggeman'’s Equation

J Department of Energy « Office of Civilian Radioactive Waste Management W serwim.doe.gov
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Simulation: Anode Profile Evolution

Crevice Former

]

Metal / Alloy Crevice Mouth

Initial Anode length [10 um] time = 0 min

__ 5.0E-02
=
‘= 0.1
O 4.0E-02 | S
— &) —_—
< - : = Kefil Kpuik = 1
> ____/"J ° e — 0
£’ 3.0E-02 I - () S = 0%
[ ____/_j . % . particles
(] ¢ -
T 2.0E-02 | —“/J : =
5 ———'/J =
= 1.0E-02 | : S
-] 3 ©
© / S 0.001 . . . .
.- 5.0E-05 masssssss ‘ ‘ O 0 5 10 15 20 25
130 120 110 100 90 80 70 time [min]

| E
' 2 Department of Energy = Office of Civilian Radioactive Waste Management WAL BEMWITL D08, o
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Simulation: Anode Profile Evolution

Crevice Former

/V

Metal / Alloy Crevice Mouth

Initial Anode length [10 um] time = 1.1 min

__ 5.0E-02
j=
‘= 0.1
O 4.0E-02 S
L O —
< | 5 Keff/Kpuik = 0-26
> | ) : — — 0
g S0E02 — . 2 (Dparticles =39%
o _/J . ¢ 0.01
T 2.0E-02 | —“/J : 2
= 1.0E-02 | : S
) 3 ©
© J/ S 0.001 . . . .
.- 5.0E-05 ‘ msssssssa ‘ ‘ O 0 5 10 15 20 25
130 120 110 100 90 80 70 time [min]

Anode length [um *
VWAL DE AT IJH.uDv -

19
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Simulation: Anode Profile Evolution

Crevice Former

/V

Metal / Alloy Crevice Mouth

Initial Anode length [10 um] time = 3.6 min

5.0E-02

0.1

D

o

m

o

N
|

4» current density [A/cm?]
o
m
o
| .
k\_&\\- t |
Conductivity, k4 [S/cm]

Kesi Kpyik = 0-11
(Dparticles =T77%

2.0E-02 | J :

1.0E-02

5.0E-05 ‘ masssssss '—'/ ; 0 5 10 15 20 25

130 120 110 100 90 80 70 time [min]

Anode length [um *
VWAL DE AT IJH.uDv -
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Simulation: Anode Profile Evolution

¢ : ~ Crevice Former : F
Metal / Alloy Crevice Mouth

Initial Anode length [10 um] time = 7.9 min

__ 5.0E-02
(o]
5 40502 £ o
.02 | , £ _
i — | a Keﬂ:/Kbulk 0-064
> — . — —
3 S0E-02 ""/_JJ . 2 (Dparticles = 84%
— V2
5 _/ ‘ ~ 0.01
T 2.0E-02 | ) >
5 ——'/J =
= 1.0E-02 - : S
-] 3 ©
© J/ S 0.001 . . . .
.- 5.0E-05 ‘ msssssssa ‘ ‘ O 0 5 10 15 20 25
130 120 110 100 90 80 70 time [min]

Anode length [um *
VWAL DE AT IJH.uDv -
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Simulation: Anode Profile Evolution

¢ : ~ Crevice Former : F
Metal / Alloy Crevice Mouth

time = 14.5 min

__ 5.0E-02

(o]

5 40502 £ o

- - ] b O =

< — : 7 KefflKpuik = 0.036
.__-/‘ ° [

£ 3.0802 — . 2 Dparticles = 89%

c _/J * 0ot °

[ ¢ ~ 0.

O 2.0E-02 - — | . 2

= 1.0E-02 | : S

) 3 ©

© J/ S 0.001 . . . .

.- 5.0E-05 ‘ msssssssa ‘ ‘ O 0 5 10 15 20 25

130 120 110 100 90 80 70 time [min]

Anode length [um

Department of Energy = Office of Civilian Radioactive Waste Management
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Simulation: Anode Profile Evolution

' : ~ Crevice Former : ;
Metal / Alloy Crevice Mouth

Initial Anode length [10 um] time = 19.4 min

__ 5.0E-02

(q\]

S ‘= 0.1

S 4.0E-02 | | £ _

< — 5 Keff/Kpuik = 0-028
_.2‘ | ____/"J . b — 0

g) 3.0E-02 —j_j . ;azJ (Dparticles — 91 /0
o | . ~ 0.01

o 2.0E-02 | — | . 2

£ 1.0E-02 | : S

S , o)

© / § 0.001 . . . .

.- 5.0E-05 ‘ msssssssa ‘ ‘ O 0 5 10 15 20 25

130 120 110 100 90 80 70 time [min]

Anode length [um *
VWAL DE AT OH.q]Dv -
23
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Simulation: Anode Profile Evolution

Crevice Former

/V

Metal / Alloy Crevice Mouth

__ 5.0E-02

(q\]

= 'g' 0.1

© 4.0E-02 - O —

< %) KefflKpuik = 0.01

> 02 | = 0.01 - 0

% 3.0E-02 5 cI)pa Hicles 959,

[ >

E 2.0E-02 - S 001 -

5 B e

= 1.0E-02 - .g

> =

) S 0.0001 W 2

. 5.0E-05 O 0 20 At longer times ———»

130 120 110 100 90 80 70 " .
Anode length [um 'me [mln]~.

Department of Energy = Office of Civilian Radioactive Waste Management WAL DE MWL D08, oV e
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Simulation: Anode Profile Evolution

Crevice Former
Metal / Alloy Crevice Mouth
Initial Anode length [10 um]
__5.0E-02
(q\]
e E‘ 0.1
Q 4.0E-02 - . O —
< — .- % KefflKpuik = 0.005
--—/-l N el
% 3.0B-02 - ___/:’ . - s D articles = 97%
0 ____/J o ¢ p
S 2,002 | ——/J o =
— o . > 0.001
S ——'/J o B ‘
= 1.0E-02 - o ° 3 : i
> o c
O ".?...I.... / S 0.0001 W L
._® 5.0E-05 ‘ m— ‘ ‘ @ 0 20 At longer times ——»
130 120 110 100 90 80 70 f .
Anode length [um ime [min]
Department of Energy = Office of Civilian Radioactive Waste Management WLoErNI oY 5-
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Effect of Increasing Corrosion Product Volume (k)

Substantial decrease in
Ko With increase in solid
product volume causes:

e A tear-shaped
corroded region

revice
Mouth

e Corrosion propagates
preferentially towards
the crevice mouth

. 5 Initial Anode length [10 um]
0.1 4.5E-02 \

g % — Ket/Kpulk
D Ker dE€Creases < — 1
e : — 35E-02 - |

= as corrosion > j;

. proceeds B Siimeasi e

-~ 0.01 C  25E-02 - —?
= o o
E 8 .
5 T 15E02 MJ

S o 0.02
© = —_—
S o.001 . . . . 3 50E03 | .
O 0 5 10 15 20 25 & 120 110 100 90 80
time [min] Anode length [um]

* E
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Comparison: With and Without Particulates

Without Particles: No Conductivity Variations ~ With Particles: Conductivity Varies
(K = constant) (Keff =f (q)particles))

Initial Anode length [10 um]

— 4.5E-02
14.5 mi :

5 Gument (no particles) | In absence of particles (no
< 35E.02 - profile at p b
= 3 t=0 19.4min conductivity effects)
= (no particles) ] ]
2 5 EE.07 - e The corroding site
o “v :
S . propagates symmetrically
S 15602 | lin ® Current density distribution
5 icles)  is highly uniform, unlike the
© 19.4 min case with particulates
.— 5.0E-03 | (w particles)

120 110 100 90 80

Anode length [um] #
E
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Effect of Corrosion Products on Crevice Damage
Evolution

Applying lower values of
Ko Pertaining to longer
time of corrosion:
Crevice!| e Substantial corrosion

Mouth occurs towards the
crevice mouth

Initial Anoie‘length [10 um]

r— .1 |
e L 5.0E-02
L g Kett/Kpuik
= < 4.0E-02 1
£ 001 decrease —
P significantly Pl | :
> at later times %
> - 2.0E-02 P
= 0.001 ©
g .-""'--L C J_.-‘
-O G) 1 OE'OZ B r‘_x‘
8 0.0001 H . : e 3 5.0E.05 : [m—— .~ 0.001
¢ 20 Atlonger times > & 130 120 110 100 90 80 70
time [min] Anode length [um]

b * E
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Wagner No. Analysis of the Evolving Shape
based on Conductivity Effects

R ﬁ7a _ RT_ (Tafel) Act!vation
a | di| aFi Resistance
: Ra T
R; :‘% _L Ohmic Crevic:
Q - i
ol | « Resistance Mouth
R
Wa = - (Ohmic & Activation) — 1250
Q ]
. . Q1000 (I)particles
« Wa >1 2R, dominant - symmetrical :E, -
ropagation S,
Propag @ 500 080 95 99
« Wa <1 - R, dominant - tear-shape, = 4 %‘ °
towards Crevice Mouth N A

4

As corrosion proceeds: 1 0.1 0.01 0.001
P Kest/ Kpuik

e Wagner No. decreases with k4 due to more corrosion product formation

e Shift from symmetrical to non- symmetrical propagation of corroding site
__towards crevice mouth

e _;,..-' Department of Energy « Office of Civilian Radioactive Waste Management
’ A. S. Agarwal_ECS_210 Meeting_10/01/06.ppt



Evidence for Presence of Solid Oxides

Preliminary AnaIyS|s EDS of C-22 corrosion product

Cr (at%)|Mo (at%)| W (at%o) | Fe (at%0) | O (at%o) | Ni (at%o)
A 19.9 7.7 1.3 4.2 227 44.4

| B 7.9 20.8 3.3 0 67.2 0.8 |
C 2138 7.4 0.8 5 12.7 524
D 233 7.8 1 o 52 8.5 54.3
c-22| 26.1 8.3 33 n/a 58.7

4M NaCl, 100°C, anodlctﬂolarlzatlon @ E=-0.15volts vs.

i o " & SCE, wetspemmens with test solution before assemblies

’ ‘ -w-*—d-'-«w.-j\ bt tlghtened

A050 2 o’clock

2 -1 0 1 2 3 4 5 B 7 B8 9 10 1l 12 13 14 15 16 2 -1 0 | 2 3 & 5 6 7 8 9 10 1 12 13 14 15 16 2 -1 0 1 2 3 4 5 B 7 8 9 10 1l 12 13 14 15 16
2.2 —= T T T T T T T T T T T T T T T 2. 2.2 — T T T T v - - - 2.2 2 T T T T T T T—T T T T T T T T 2.2
EW,| |2 EW| L L Lo 5 B, b 12
w8l permelybdates 7 lis wal lis wl. fty(’-ﬂ: ;t: |j 118
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Fici. 1. Potential-pH equilibin diagram for the system molybdenum-water, at 25°C. Fi. 2. Potential-pH equilibrium diagram for the system chromium-water, at 25'C.

Fi. 1. Potential pH equilibrium diagram lor the system ungsten-water, al 25°C. In solutions not containing chloride.
[Figure established considering Cr(OH),.]

Mo & W have stable oxides
under more acidic conditions
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SUMMARY

OHMIC (IR) effects on current & potential distributions were modeled.

1.Roughness elements accounted for in equivalent system >
Constriction Factor (7) Analysis

CREVIC

Effective
Conductivity

2. Particles under crevice former could be
accounted for based on volume fraction of
particles 2

Conductivity correction using External
’ . Anode Cathode
Bruggeman’s equation. Site
3. Solid corrosion products at corroding | s anodet=oy 1 mm———

site decreases effective conductivity > | | fﬁfTo
= revice

Conductivity effects shown to Mouth

propagate corroding site towards
crevice mouth
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