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US Naval Research Laboratory

THOMAS A. EDISON

“GOVERNMENT SHOULD MAINTAIN
A GREAT RESEARCH LABORATORY TO e Secretary Josephus Daniels Established Naval Consulting
DEVELOP GUNS, NEW EXPLOSIVES AND Board with Thomas Edison as Chair: October 7, 1915.
ALL THE TECHNIQUE OF MILITARY AND
NAVAL PROGRESSION WITHOUT ANY
VAST EXPENSE.” e Delayed by WW-1, Assistant Secretary of the Navy, Theodore

THE NEW YORK TIMES MAGAZINE Roosevelt, Jr. commissions the lab on July 2, 1923.
SUNDAY, MAY 30, 1915
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e Idea followed the sinking of the Lusitania in 1915.

e August 29, 1916 Congress appropriates funds.
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Objective & Context

Pitting in Saline environment

Intact material
(cathode)

CI rich environment

Uniform
corrosion

Surface opening Use the Force with Wisdom

Grain boundary
interaction

e Comsol is a high-level problem solving tool:
not your traditional finite element kernel
(so 90’s)

e With its easy modularity and universal
options, its optimal use requires that one:

o Knows both one’s math and physics - Be
the master of most multiphysics problems
(PDE’s, ODE’s)

e To be one with the Force, always perform:

Inclusions

Pit Corrosion and
Microstructure Undercutting
Pit

Stress

5 Concentrators
Precepitates

Cutout View

Note: Inclusions and precipitates are not shown on the free surfaces for clarity.

o Benchmarking/Verification

o Validation
Objective: Determine the effect of

microstructure, specifically
crystallographic orientation, on stable pit
growth by incorporating actual 3D
microstructure in computational models.
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e Advice: Go from simple to complex!




Corrosion is Everyone’s Problem

National Research Council, National Academy of Sciences Report
Research Opportunities in Corrosion Science and Engineering (2010)

“Lack of a fundamental knowledge about corrosion and its application to practice is directly
reflected in the high societal cost of corrosion (2-4 percent of the U.S. gross national product).”

Corrosion Fatigue Pitting Corrosion

Incident: Aloha Airlines 243 (1988) Incident: Prestige Tanker Oil Spill (2002) Incident: Guadalajara Sewer Explosion (1992)

Credit: Associated Press library photo. Credit: dpa-info.com Credit: José M. Malo, Electrical Research
Institute, Mexico

Corrosion Research Grand Challenges (CRGC):

Credit: Paul Natishan, Center for Corrosion Science & Engineering (NRL)
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Corrosion: NAVY’s #1
Maintenance Problem

Fuselage and Wing )
Turbine Panels él rframe Stress
orrosion

Components

Landing
Gear

M Aviation o / [ \

Pumps and d - ShIpS
Valves Topside LS ' .
Systems o _ M Ground Vehicles
o M Facilities

Tanks and
Values shown

in billion

8 Hull 7 i 1.
Corrosion ; Piping System ;
Fouling ks .

g—

Underwater Hull Fouling Coati |
Credit: Center for Corrosion Science & Engineering (NRL) oatings Failures
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Pitting: What Does It Look Like?

Examples of Pitting in Stainless Steel* Variations in Pit Shapes Due to Metallurgical
- - - : - and Environmental Conditions*

- 2 ; oy

Narrow, deep Eliptical Wide, shallow
N \ \
§\ N &\
Subsurface Undercutting
~
N \
\ N
Horizontal Vertical
P Intergranular Growth
' *Source: D. A. Jones, Principles and Prevention

of Corrosion, Macmillan Publishing Company,

3D Microstructural New York, NY, 1992.

Rendering of a
Stainless Steel

101
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Microstructural Influences
In-situ Experimental Evaluation is not Easy

Micro-Pit Density Variation with Crystal Intergranular and Pitting Corrosion in AA5083 due to
Orientation in 316LVM Steel b-Phase at Grain Boundaries and Grain Aspect Ratio

Crystallographic Micro-pit
Orientation Distribution

Source: A. Shahryari, et al., Corrosion Science, 51, 677-682, 20009. Source: S. Jain et al., Corrosion Science, 59, 136-147, 2012.

Metastable and Stable Pitting at MnS
Inclusion in 304 SS Features of Interest

Crystallographic orientation

Grain shape (aspect ratio)
Molar concentration variations:

0 Constituent migrations (precipitates)
0 Secondary particles or phases

Grain boundaries

Source: T. Suter, et al., Journal of the
Electrochemical Society, 148(5), B174-B185, 2001.
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The Physics and Math
of Pitting Corrosion

Dissolution and Diffusion in the Stable Pit: The Fully Coupled Phenomenon

Air e Electrochemical reactions at the corrosion front and
oo chemical reactions throughout the pit.
"
Na products e Species available for reactions are being transported
Passive throughout the pit.
film Corrosion front moving outward due to dissolution of metal.
Mechanical loading takes place concurrently to pitting.
. ac,
Balance of Species: a—=—V-Ji +R,
t
. Di
lonic Flux: J,=D,Vc, +z EF (cVe)+cyv
Stainless Steel Transport: diffusion electro- convection
— migration
f’z:::let??’:lﬁi:(pFe2+,FeOH+, Cr3+, CrOH2+, OFf 17, O Rt SpeCieS Generation: Ri = _kif Creactants + kibcproducts
Charge Neutrality: cz, =0
NOTE: There is no diffusion in the solid!
Interface Condition: (i = lie;llviy-N = 0
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Research Approach
Take Baby Steps!

e Material: 316 Stainless steel.

e Incorporate actual microstructure from Orientation Image Microscopy data.
e Use Comsol to simulate and analyze stable pitting at the microstructural scale: Multiphysics capability.
e Track corrosion front movement through advanced ALE meshing technique.

COMSOL Multiphysics€|

Laplace equation

Moving mesh (ALE)

ELECTRICAL MECHANICAL FLUID CHEMICAL MULTIPURPOSE INTERFACING
—————————————— ;
AC/DC Heat Transfer CFD Chemical Reaction Optimization | LiveLink™ I LiveLink™
Module Module Module Engineering Module Module forMATLAB® forExcel®
\
RF Structural Microfluidics Barteries & Marerial CAD Import ECAD ImEort
Module Mechanics Module Module Fuel Cells Module Library Module Modul
N——
——————————————
Wave Optics Nonlinear Structural Subsurface Flow Electrodeposition Particle Tracing LiveLink™ LiveLink™
Module Materials Module Module Module Module forsolidWorls™ laim*
D L T e r——— <
H 1
MEMS Geomechanics Pipe Flow : Corrosion : LiveLink™ LiveLink ™
Module ul Module : ul 1 farinventor® forAutoCAD®
Ve ;
——————————————
Transport
Plasi Fati Malecular Flor Electrochemi: : LiveLink™ LiveLink™
Module Module e lr:;duzmw of Dilute forCreo ™ Parametric .ﬁ)ri'm]Eh:leEER’
e Solutions
EIeCtrOChem ICaI_maSS transport’ Semiconductor Multibodnyenamiﬁ LiveLink™ File Import
ule Modul forSolid Edge® forCATIA® Vs
Electrochemical-mass-transport-mechanical
Acoustics
3 D f) ' Module
In use
————— Future use
Substitute
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Galvanic Corrosion (Laplace EQ.):
Benchmarking ALE Meshing

e Reduced physics = Solve for potential distribution in the electrolyte: - -
Simpler problem from the literature
£=—V-(D.Vc. PP IS (c.V¢)+c.v)+ R sy qu) =0 (based on COMSOL) to gain confidence
ot 0 'RT ' ' and verify the implementation of ALE
e Corrosion front velocity (~dissolution rate) is obtained through meshing technique.
Faraday s Law: vV =lV¢)-n Source: Deshpande KB. Corrosion Science 2010;52:3514.
" zFp

Electric Potential Distribution with Deformed Mesh

Electrolyte (seavfater)
p=0V
Discontinuity

Metal 2 (Anode) Metal 1 (Cathode)
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Pit Growth in the Microstructure:
Boundary Conditions and Constraints

OIM Reconstructed Microstructure
[111]

101

(0011’

VU,
Zmetal I:Cmetal
7, =Vapp _Vcorr —Q

. ZF +
1 (na) = zFAjiss eXp|: Ncgr T aﬂa):|
g

Zero Flux

Computational Model
Grounded

e Pitfront velocity isa
function of
corrosion potential.

e Corrosion potential
is a function of
crystal orientation.

e Pitinitialized with a
semi circular geometry.

e Only anode required.

Unrealistic pit growth

due to relatively high
potential at the corners!

e Buffer zone--vertical
segment near vertex.

e Mesh relaxation
conditions horizontally.

e Thereis no active
physics in the solid!

XN|,] 0107
°

What is Needed at the
Moving Pit Front

Corrosion potential value at
each nodal point.

Crystal orientation at each
nodal point.
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Microstructure-Sensitive
Corrosion Potential

Polarization Behavior of Al Single Crystal
Oriented in Principal Directions

i (Vcorr ’ ¢) = AO'C eXp [_b (Vapp _chrr = (0)] Air

Assumption 1: The corrosion
behavior of 316 SS is similar to that
of 304 SS in 1M NaCl solution.

Corrosion
products

0.60 -

Passive
film

-160 |

180k

1E-9 1E-8 1E-7 1E-6 1E-§

Current /A cm™

Source: G. Treacy & C. Breslin, Electrochimica, 43(12-13), 1715-1720, 1998.

Variation of Pitting Corrosion for Aluminum

o (111) potential of FCC 316 SS varies the
& 100 0 (110) same way as that of FCC Aluminum.
= + (100)
R = -1.20
Corrosion = e Poly
Potential E 140 Stainless Stecl

Assumption 2: Corrosion

Corrosion Potential Variation w.r.t Orientations

Viw =V (0,0, 9)
v, =-024V

5% Variation

i

[riri]

10% Variation

Epil
Material  Orientation pH mVgeg o, mV
Al {001{ 6.5 —1700 16
Al {011 6.5 724 6 4 foo
Al {111} 65 -739 15 o1 o1 o1

L N ey
Source: M. Yasuda et al., J. Electrochem. Soc., 137(12), 3708-3715, 1990. o e o s o
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Incorporation of Microstructure
Not as Straightforward

2D OIM-Based Reconstruction of 316 e Direct Method (Solid Mesh):
Stainless Steel (383 um x 286 um)

0 TIFF (raster format) - DXF (vector format)
o0 Import DXF into COMSOL
o Domain identification for properties?
e Indirect Method I (Functional Form):
o0 Image - Grain identifier data on grid (Matlab)
0 COMSOL interpolates on the grid

0 Subsequent operations for corrosion
potential determination made it costly

e Indirect Method Il (Matlab):
0 COMSOL-Matlab integration

0 Single Matlab function to determine corrosion
potential at pit location

0 Successful and fast!
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Effect of Microstructure
on Evolution of Pit

Potential Distribution and Shape of the Pit

Growth in Microstructure
Growth in Homogeneous Medium

Time=44 Surface: Dependent varable u (V)

Electrolyte (V)

0.018

.02

(um)

Grown pit Initial pit

316 S8 t=180s

T oum)
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Pit Shapes

Tma=180 Surfsce: Dependent varisble u (vl Tima=180 Surfsce: Depandent varisbls u (v
xio® Aoamn xio® A00162
Location 1 Location 2 sots
13 Bl 0.016 15k Gl
0.014
10 0.014 wl

0.012
0012

0.008
0.008

004 0.004

0.002 0.002

Tma=180 Surfsce: Dependent varisble u (vl Tma=180 Surfsce: Dependent varisble u (vl

=lo AD0O171 =lo A D.0182

Location 3 Location 4

0.018
0.014

0.012

0.01

0.004

0.002

o
x10* wo
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Progress Toward Validation
Modeling Driving Experiments

Selective Masking by Photolithography (SMP)

e Polish Specimen down to 0.05 colloidal silica for EBSD
characterization

e Laser-machine grid on specimen surface

e Characterize surface microstructure of individual cells using EBSD
e Use Photo-Resist coating to cover specimen

e Use laser lithography techniques to expose specific cells

e Cure photo-resist to isolate individual cells during electro-chemical

testing
In-situ Material Dissolution Video

Grain Interiors
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Decoupled Stress-Corrosion Analysis

Goal: Link pitting to mechanical performance based on bounds on maximum stress around the pit and identify

the characteristics length scale for nonlocal effects.
—— ‘:’; Maximum stress
- Separate ’ depends upon :
Ir_1|t|al Extend
pit

: e shape of the pit
Grown pit Extrude e Grain network

(nonlocal effect).

316 Stainless Steel
(Microstructure not shown)

A}
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

What Did We Learn?

N,
S

.
__________
_____________________

1 um in-plane %

resolution T
fine mesh

Coarse
mesh




Use tortuosity measures to quantify the
irregularity of pit shapes.

Investigate the correlation between tortuosity
measures and bounds of maximum stress.

°7
T, :ﬂzc(s)‘ds,
wom - T . _f
7, p : P Jsds,

Simulation

Edge Detection
and Perimeter

Domain
Assignment
and Area

Tortuosity Values at Random Locations

K

Total Curvature. 7.

A

T.

Total Curvature,

8

T T T T T T T T T T
[ VeorrVariation=10% e T .
L Veorr=-024V B g o
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i P
B & 9

' l
i N . |

| r .. N
- —/—/—"""""1
I T,
[ ety St it Sesbeienl et ek shesbesie nienbenl S -

2 3456 -7 8910
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Diffusion-Controlled Homogeneous Growth Diffusion-Controlled Growth with Porous Coating
Time=3900 Surface: Concentration (mol,’ma) Time=1000 Surface: Concentration (mol,’ma)
*107 ] A 5100 x107° T ; T
8
5000
6
4 4500
i 4000 T{me=186008urface: Concentration (malfm?)
A 5100
-2 3500
-4 5000
-6 3000 4500
© 2500 4000
-10 3500
12 | 2000 3000
-14
o Previous ["°% .
3 -60 . .
o Result 1 4™~ | Adaptive Meshing
. . | 500 1000
2 Automatic Remeshing a a0 ) =0 (Wrong Result) o
-20 -15 -10 -5 ] 5 10 15 x107° W 0 -80 -60 -40 -20 o] 20 40 60 — '00
Growth in Microstructure T T il Porous Cover Il
Time=1000 Surface: Dependent variable u (V)
%107 A 0.0273 | A 5100
40 E
5000
30 1 Wo.ozs
4500
20
4000
10 1 0.02
3500
0
-10 Previous 1 |jo.015 :ZZ
20 Result
. v e e 2000
0l ALE mesh 1500
- 0.005 1000
o} Assembly Mode N
-60 -40 -20 o] 2Dx : 4‘10‘ T xlD' v OD o] 5 10 15 xlO" v 00
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Capabilities, Accomplishments
and Directions

e Microstructure-sensitive corrosion growth modeling capability
0 Actual or synthetic microstructure can be incorporated,
o Corrosion front movement is explicitly tracked with ALE meshing,

o No limit on type of corrosion phenomena or multiphysics coupling.

e Demonstrated strong effect of the crystallographic orientation on pit shapes
and growth.

o Small variation in corrosion potential > complex shape evolution,

o Tortuous shapes - stress concentrations.

e Simulated diffusion- and activation-controlled mechanisms.

e Performed decoupled stress-corrosion simulations.

A work in progress ... with evolving objectives.

Microscale experimental data and verification is needed.
Coupled electrochemical-mass transport formulation is under way.
3D fully-coupled predictive capability is the ultimate goal!
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About the Force

e COMSOL is a very powerful, evolving tool:

Modelers should gradually move from simpler to complex
problems leading to the target problem,

They should benchmark their results with existing (analogous)
examples from the literature along the way,

Should they learn both their Math and Physics then voila!

Use COMSOL support resources: community portal, Q&A, case
studies, and technical staff,

With power comes responsibility (of V&V), use the tool

wisely!
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