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Research Background

m The narrow region in a crevice makes exchange of solution between the interior and the bulk
difficult, so changes in composition of the solution in a crevice occur much more quickly than

that outside the crevice.
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Research Background

m |t is known that during crevice corrosion, metal dissolves at a large current density associated

with the electrochemical reaction, which causes the solution composition, pH, and dissolved
oxygen concentration to exceedingly vary.
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Potecial - Vs, SHE) In this paper, a model research on change of chemical species

with progress of crevice corrosion is performed.
Ref.: K. Matsuoka, etc. : 65t Symposium of Materials and
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Electrochemical modeling of corrosion
Electrolyte Transport

» Nernst—Planck equation is a conservation of mass equation used to describe the motion of a charged
chemical species in a fluid medium .

. Nernst-Planck transport Cof:centration Flow velocity E/lhak:.gli
Diffusivity |_\l/ obility
acl _ 1/ \|, \|;
+V-N; =k, N, =-D,V¢ +cu— ZmFCVﬂﬁ

J lonic potential
Faraday’s constant

» Current density
= N. V-j=
] FZZ'N' =0 Current Distribution Types

I Assuming electroneutrality,
" sum of charges = 0 ¢ Primary: Only assuming Ohmic potential drops
j=F [Z_Zi DVC — V4 Z(Zi )2 m Fci] ¢ Secondary: Adding effects of activation
i ‘ i overpotential (Butler-Volmer kinetics or similar)
¢ Tertiary: Adding mass transport effects
(FZ “mFe, J ¢ (concentration overpotential)

x = conductivity
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Electrochemical modeling of corrosion

Chemical and electrochemical reactions
» Chemical reactions in solution
* Equilibrium reactions  e.g, Fe?*+H,0 S Fe(OH)* + H* Fe?* 4+ CI~ 5 FeCl*t
Fe(OH)* 4+ H,0 S Fe(OH), + H*  FeCl* + CI~ s FeCl,

H* + OH™ S H,0
Tertiary Current Distribution
» Electrochemical reactions on electrodes ¢ Supporting electrolyte assumption

e Metal dissolution reaction -+ If conductivity is not affected by reactions
& Nernst-Planck (with electroneutrality)

e.g., Fe » Fe2t 4+ 2¢~
If mass transport = charge transport

¢ Nernst-Planck-Poisson
 Cathodic reduction reactions - If local charge neutrality cannot be satisfied

e.g., 0, +2H,0+4e~ - 40H™ ¢ Concentrated electrolyte theory
When the charged species interact in the solution
+ - :
2H™ +2e” - H; ¢ Electroanalysis

Excess electrolyte and small current densities




Electrochemical modeling of corrosion

Electrochemical reactions: Butler—Volmer equation

Anodic current
i>0

[ =1,+I
i = ioeanFn/RT a ¢
0=

~ T T overpotentiaal
n< 0 e - | n= 0

4 Equilibrium potential

ic _ioe—(l—a)nFn/RT
i<0

Cathodic current

» Secondary current distribution
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o acF
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Exchange Current Density j\

* Proportional to the forward and backward reaction rates at the
equilibrium potential

» Tertiary current distribution
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COMSOL Corrosion module

4 :':,: Chemical Species Transport
;[i* Transport of Diluted Species (tds)
;*E* Chemistry (chem)

%] Mernst-Planck-Poissen Equations
@ Transport of Diluted Species in Porous Media (tds)
:_:- Electrophoretic Transport (el)
I» #= Reacting Flow
'|@ Surface Reacticns (sr)
Eﬂ' Transport of Diluted Species in Fractures (dsf)
4 || [ Electrochemistry
P U Primary and Secondary Current Distribution
4 4] Tertiary Current Distribution, Nernst-Planck
& Tertiary, Electroneutrality (tcd)
1] Tertiary, Water-Based with Electroneutrality (tcd)
J1&] Tertiary, Supporting Electrolyte (tcd)
E Electroanalysis (tcd)
g__ Electrode, Shell (els)
4 = Corrosion, Deformed Geometry

> Corrosion, Primary

‘_:;_' Corrosion, Secondary

1Ei Corrosion, Tertiary with Electroneutrality

1Ei Corrosion, Tertiary with Supperting Electrolyte
i b [ Electrodeposition, Deformed Geometry

4 == Fluid Flow
4 == Single-Phase Flow
= Creeping Flow (spf)
== Laminar Flow (spf)
4 u Porous Media and Subsurface Flow
Brinkman Equations (br)
B8 Darcy's Law (dl)
@ Free and Porous Media Flow (fp)
4 == Nonisothermal Flow
== Laminar Flow
4 || Heat Transfer
Bl Heat Transfer in Solids (hi)
\== Heat Transfer in Fluids (ht)
ﬁ‘i Heat Transfer in Solids and Fluids (ht)
I |- Conjugate Heat Transfer
[* %) Electromagnetic Heating
¥4 Heat Transfer in Porous Media (k)
I E=2 Structural Mechanics
[ Ao Mathematics

In this paper, the Chemistry interface is coupled with the
Tertiary Current Distribution, Nernst-Planck interface.
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Computational model of crevice corrosion

Specimen configuration of crevice corrosion and computational model

Electrolyte potential {bulk):-0.2V vs. SHE

Electrode potential : 0 vs. SHE Chemical Species In solution:

25°C Cl }nglﬁ:almd/dms Fe2+l Ni2+l Cr3+l H+I OH_; FeOH+;
i o imm CrOH2*, FeCl*, CrCI*, CrCIOH®, Na*,
e s SUS304 Cl, O,, H,, H,0
5US304 0.5mm
4 mm
. 4 mm
) Axis 10 um ol . . . .
Equilibrium reactions in solution
Electrochemical reactions on SUS304 H,0 < OH™ + H*
Fe — Fe?* + 2e~ Cr3* + H, 0 & CrOH?* + H*
Cr > Cr3* + 3e™ Polarization curves for Cr3*t4Cl- o Crel2*
Ni > Ni2* 4 20~ SUS304 ,
1= N7 + e CrCl2* + H, O & CrCIOH* + H*
Oz + 2H0 + 4e™ = 40H Fe2* + H, 0 & FeOH* + H*
+ —
ZH™ +2e” - H, Fe?t+Cl~ & FeClt
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In calculation, the three reactions of metal

Computational model of crevice corrosion

Polarization curves for SUS304

ectrode Reaction

dissolution are replaced by the dissolution of ~ Stoichiometric Coefficients

Single metal atom M Murmber of participating electrons:

n 2.2 1
M - Mn+ +ne » Stoichiometric coefficients:

T T | Veoz 0 1
Ler —— Passive X1000 /_ Vete ° 1
Lary ... Active, interior of crevice X3 | Veohm 0 L
121 Active, entrance of crevice 7 Verezp -0.716 1
7 Venizp -0.087 1
_ Vecrap -0.197 1

Current density (A/m?)

g The contents of elements in SUS304 are 0.716,
i 0.197 and 0.087 for Fe, Cr, and Ni, respectively.

0.2 0.4 0.6 Fe?* ) Cre R {} J N

Potential (V vs. SHE)

n=2x0.716 +3 x0.197 + 2 X 0.087 = 2.2.
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Computational results

Benchmark study of equilibrium reactions

» The calculation is performed for a solution involving FeCl,-4H,0, CrCl;-6H,0 and NiCl,-6H,0 in a 2D
area of 2 cm X 2cm, which is consistent with the experimental set-up.

» The simulation time considered in this work is set to 10 hours so that a complete equilibrium state can

be reached.

4
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0.5

pH

T pH* is the modified pH by activity coefficient
log¥yy = logYrec, + 10gY¥erc1, + loglyicl,
] pH"= —log(cy+Yan)

. where Ygecl,, Ycrci,,and Yyic, denote the
increasing ratios of activity coefficient of H*

0 _

0.5 ¢ Measured pH |
_'1 LI L L Ll L Ll

1074 1072 10°

Total Cr concentration (mol[dm3]

TN with FeCl,, CrCl;, NiCl, species, respectively,
and Y, is their sum.

Ref.: Y. Fukaya and T. Shinohara : 66" Symposium of Materials and Environments in Japan, B-107 (2019) [in Japanese].
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Computational results

Simulation of change of chemical species with progress of corrosion

Distributions of concentrations of chemical species after 100 hours of corrosion

Surface: Electrolyte Potential (V)
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Computational results

Simulation of change of chemical species with progress of corrosion

pH and pH" after 100 hours of corrosion

Surface: pH Surface: pH"
T T

0.5
0.4
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0.2
0.1

w = U0 o

HNWROO

Eeq0,= 1.228 — 0.059 x pH
Eequ, = —0.059 x pH"*

2

ilOC = _iO X 107I/Ac

77=V_¢0_Eeq,se|

O, or H,

—%— pH |
) iy pH decreases from the initial value
EL - of 6 to 2.5 and the modified value
5 , % pH" by activity coefficient decreases
i S ]
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Computational results

Simulation of change of chemical species with progress of corrosion

Distributions of concentrations of various ions, O,, and H, in the middle of a crevice

200l | ] 10 F ‘ — ] 4000 T
@ 180F o 1 10— — . o 3500f | —¥-cCr _
c | * | £ - N . E O CrePt
= 160 T 0.\ ] S 3000 1
g 40T . £ - BN il £ —0— FeCI*
= - Fe?* - s i — 2500 B
c l20r ¢ 1 c 10 N c CrCIOH*
o L Q _ =]
S 100 @ NP | 2 ) ® S 2000} _
4 3+ g 107 | ¥ H' N 7 o
£ sor mant=il 5 IS SOty B T ‘
g 60 - ; 1 g 1W07r N\ ] S 1000 .
g 40 ~ : — g 10'11 _o_ 02 \Q g
; — i ] 8 I |
(] s0l- 5 _—o——* — | (§) i H, \\ i 500 Od/ S
-13 | i _ o |
O—r*—"-"""b/ I | = 10 ! ! N Op—— i !
0 2 4 0 2 4 0 2 4
Axis (mm) Axis (mm) Axis (mm)

The evolved hydrogen concentration appears a quasi-uniform distribution inside the crevice, but the
oxygen concentration has a dramatic decrease in the crevice, which is lower than 1 X 10~ 3mol/m3
in the interior area of crevice.
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Computational results

Simulation of change of chemical species with progress of corrosion

* Reaction Formula

Time variation of concentrations of CI™ ion and O,

Formula:
H20<=>Hp+0OHm Apply
Reaction type:
3500 - =0.16 Reversible -
Ea 10.14 =1
c 3000 c R =vir
= -10.12 = -
] B o * Reaction Rate
e 2500 —_ los £
= cr ' = Automati -
c L c utomatic
2 20000 b -10.-08 2 f H v H v
o — o r-=k" c¥ig- k" iy
[ 1500 . [ ] i i i i
t —_— 02 0.06 c i E react i € prod
& 1000+ {004 8
S S Rate Constants
O 500 1002 O I
Specify equilibriurm constant
0 I I 0 [] Use Arrhenius expressicns
0 20 ) 40 Forward rate constant:
Time (h) K 1e-12 s
k" zkf.l"KEqn
{} ~ Equilibrium Settings
Equilibrium constant:
Equilibrium Reaction (tcd) => Chemistry (chem) User defined -
Equilibrium constant:
Keqo KegH20 1
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Conclusions

* This paper presents a simulation research based on a two-dimensional model of crevice corrosion of
stainless steel SUS304 in NaCl solution.

* The concentration distributions of various ions, oxygen, and hydrogen in the crevice are obtained and the
pH value in the crevice is presented and evaluated.

 The reversible reactions specifying equilibrium constants in the Chemistry interface of COMSOL
Multiphysics® are used to solve the equilibrium reactions occurred in the solution, which are coupled with
the Tertiary Current Distribution, Nernst-Planck interface.

* A benchmark simulation for the equilibrium reactions occurred in solution is performed. The effect of
activity coefficient of H* on pH is verified and the calculated modified pH, i.e., pH* is consistent with the
experimental data.

* It is found that it is necessary to solve the temporal change of the chemical reactions in solution for
crevice corrosion until an equilibrium state is reached, which is directly related to computational
convergence.

* The approach proposed in this work could be applied to further elucidate actual complex corrosion
phenomena that involve various chemical reactions of solution in near future.
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Thank You

For Your Attention
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