CREVICER Simulator
- Installation and Getting Started

Hongwei Wang
Francisco J. Presuel-Moreno
and Robert G. Kelly

The Center for Electrochemical Science and Engineering
Department of Materials Science and Engineering
University of Virginia
July 1, 2002
This documentation was written for CREVICER version 1.0



Contents
Preface

Part I: Installation

1 Want to have a free crevice corrosion simulator?
1.1 To whom this guide is addressed and how it is organized
1.2 Yet another crevice corrosion simulator?
1.3 Copyright claim
1.4 System requirements
1.5 Which version should I use?
1.6 Crevice models

2 Building the crevice corrosion system: Compiling the program
2.1 Getting a development environment under Windows
2.2 Download the CREVICER source code
2.3 Compiling CREVICER under Windows
2.4 Running the CREVICERGUI or CREVICERSOLVER

3 Installing CREVICER

3.1 Installing the binary distribution on a Windows system
3.2 Installing documentation

Part II: Playing with CREVICER

4 Crevice corrosion parameters and menus
4.1 Starting the GUI
4.2 Implementation of functions of GUI
4.3 Case study
5 Future improvements to the CREVICER
5.1 Kevin’s wish (1994-1999)
5.2 DeJong’s wish (1997-1999)
5.3 Lee’s wish (1999-2001)
5.4 Wang’ wish for new developments (2001-2003)

6 Reference

Part III: Appendices

A Missed approach: If anything refuses to work
A.1 CREVICER problem reports
A.2 General problems
A.3 Potential problems under Windows

B Finishing: Some further thoughts before leaving the crevice
B.1 A not so short history of CREVICER
B.2 Those, who did the work



B.3 What remains to be done
B.4 Acknowledgements

C GNU General Public License
C.1 GNU general public license
C.2 How to apply these terms to your new programs



Preface

CREVICER is a free crevice corrosion simulator developed initially by Professor R. G.
Kelly at University of Virginia. It was released on July 1, 2002 with the aim of
developing improved versions through collaboration over the Internet. This “Installation
and Getting Started” is meant to be a guide for beginners in getting CREVICER up and
running. It is not intended to provide complete documentation of all the features and add-
ons of CREVICER but, instead, focuses on those aspects necessary to get into the
CREVICER.

This guide is split into three parts. The first part describes how to install the program, the
second part details on how to actually play with CREVICER while the third part records
the background information. The chapters concentrate on the following aspects:

Part I: Installation

Chapter 1, Want to have a free corrosion testing? Take CREVICER, introduces the
concept, describes the system requirements, and classifies the different versions
available.

Chapter 2, Building the crevice: Compiling the program, explains how to build (compile
and link) the simulator. Depending on your platform this may or may not be required.
Generally, there will be executable programs (binaries) available for several platforms.
Those on such systems who want to use immediately, without going through the
potentially troublesome process of compiling, may skip this chapter.

Chapter 3, Installing CREVICER, you will find instructions for installing the binaries in
case you did not build them yourself as specified in the previous chapter. You will need
to other support files collected in the base package.

Part II: Playing with CREVICER

Chapter 4, Crevice corrosion parameters and menus, describes how to operate the
program, i.e., how to actually play with CREVICER shown by a case study.

Chapter 5, Future improvements to the CREVICER, discusses the future improvements
to the CREVICER.

Chapter 6, Reference, you can find major publication or links used for the writing of this
manual.

Part III: Appendices



In Appendix A, Missed approach: If anything refuses to work, we will try to help you
work through some common problems faced when using CREVICER.

In the Appendix B, Finishing: Some further thoughts before leaving the crevice, we
would like to give credit to those who deserve it, sketch an overview on the development
of CREVICER, and point out what remains to be done.

In the Appendix C, GNU general public license, something can be learned from the usage

of this open source CREVICER software and how to implement its philosophy into your
new programs.

Accordingly, we suggest reading the chapters as follows:

Installation

Users of binary distributions (under Windows): 1,3
Operation

Program start (all users): 4
Troubleshooting

General issues: A
Optionally (for developer) 2,B,C,5

While this introductory guide is meant to be self-contained, we strongly suggest having a
look into further documentation at

http://www.virginia.edu/%7Ecese/research/crevicer/designdocumentation.html

Finally, we know, most people hate reading manuals. If you are using one of the
following operating systems:

Windows 95/98/ME/NT/2000/XP

you can possibly skip at least Part I of this manual and exploit the pre-compiled binaries.
These as well as instructions on how to set them up, can be found at Chapter 4.

Note: There is no guarantee for this approach to work. If it doesn’t, don’t give up! Have
a closer look through this guide notably appendix A.



Part 1

Installation



Chapter 1
Want to have a free crevice corrosion testing?

1.1 To whom this guide is addressed and how it is organized

There is little, if any, material in this guide that is presented here exclusively. You
could even say with Montaigne that we “merely gathered here a big bunch of other men’s
flowers, having furnished nothing of my own but the strip to hold them together.”
However, a neatly printed manual is arguably preferable over loosely scattered readme
files by some people, and those people may acknowledge the effort.

This CREVICER Simulator — Installation and Getting Started is intended to be a
first step towards a more complete CREVICER documentation (with the other parts,
hopefully, to be written by others). The target audience is the end-user who is not familiar
to the CREVICER in general. It is our hope, that someday there will be an accompanying
CREVICER Programmer’s Guide.

We kindly ask you to help us refine this document by submitting corrections,
improvements, and more. We will be more than happy to include those into future
versions of this manual, of course not without giving credit to the authors.

While we intend to continuously update this document at least for the foreseeable
future, supposedly we will not be able to produce a new one for any single release of
CREVICER. While we are watching the mailing lists, it would help if developers adding
new functionality would send us a short note.

1.2 Yet another Crevice Corrosion Simulator?

Did you ever want to look at the inside of crevice corrosion and see the current,
potential, and chemical distributions? Do you want to compare the numerical predictions
with the your experimental results of crevice corrosion in the laboratory? Do you want to
learn about how to implement finite element method into the corrosion computational
modeling? Or do you just want to have fun with the C"" code for corrosion science and
learn the Object Oriented Design (OOD)? If any of these questions applies, this
CREVICER simulator is just for you.

CREVICER aims to be an open, user-supported, user-extensible platform.
Open: The project is not restricted to a given cadre of developers. Anyone who

feels he or she is able to contribute is most welcome. The code (including documentation)
is copyrighted under the terms of the GPL (GNU Public License).



The GPL is often misunderstood. In simple terms it states that you can copy and
freely distribute the program(s) so licensed. You can modify them if you like. You are
even allowed to charge as much money for the distribution of the modified or original
program as you want. However, you must distribute it complete with the entire source
code and it must retain the original copyrights. In short:

“You can do anything with the software except make it non-free.”

The full text of the GNU Public License (GPL) can be obtained from
http://www.gnu.org/copyleft/gpl.html.

CREVICER is user accessible and documented from the beginning. It is our goal
to build a basic engine to which new functionalities, e.g. corrosion inhibitor release from
coating, cladding cathodic protection, and etc. can be added.

1.3 Copyright claim
CREVICER 1.0 Copyright (C) 2002 Robert G. Kelly, University of Virginia

This program is free software; you can redistribute it and/or modify it under the terms of
the GNU General Public License Version 2 as published by the Free Software
Foundation.

This program is distributed in the hope that it will be useful, but WITHOUT ANY
WARRANTY; without even the implied warranty of MERCHANTABILITY or
FITNESS FOR A PARTICULAR PURPOSE. See the GNU General Public License for
more details.

You should have received a copy of the GNU General Public License at the Appendix C;
or, if not, write to the Free Software Foundation, Inc., 59 Temple Place, Suite 330,
Boston, MA 02111-1307 USA.

Contact information:

Robert G. Kelly

Associate Professor

Center for Electrochemical Science and Engineering
Department of Materials Science and Engineering
University of Virginia

116 Engineer’s Way

Charlottesville, VA 22904

Phone: 434.982.5783

Fax: 434.982.5799

Email: rgkelly@vriginia.edu

Website: http://www.virginia.edu/%7Ecese/people/kelly.html



http://www.gnu.org/copyleft/gpl.html
http://www.virginia.edu/%7Ecese/people/kelly.html

1.4 System requirements

The system requirements for CREVICER are not extravagant. A decent PIII/800
or something in that range will be sufficient; given you have a proper computational
speed. On the other hand, any modern UNIX-type workstation will handle CREVICER as
well.

To install the executable code and support files, you will need around 2.0 MB of
free disk space. In case you want/have to compile the program yourself you will need
additional about 20 MB for the source code and for temporary files created during
compilation. This does not yet include the development environment, which possibly
may have to be installed under Windows yet, and which amounts to additional around
150 MB, depending on the installed packages.

1.5 Which version should I use?

When we decided to open the CREVICER source code in 2002, a new version
numbering was applied starting from version CREVICER 1.0. If you happen to read the
CREVICER 1.0 and 2.0 mentioned in these dissertation and theses by Kevin Stewart,
Lisa DeJong, and Jason Lee, please be alert to the difference and these are the old version
numbering before this official release version.

This version has included most of the work from 1994 to 2001, including the
work by Kevin Stewart, Lisa DeJong, Jason Lee, and Changqing Lin. Francisco J.
Presuel-Moreno added the gap size in the GUI in 2002, which was also included in this
release.

Concerning the CREVICER source code there exist two branches, a stable one
and a developmental branch. Even version numbers like 1.6, 1.8, and 1.0 refer to stable
releases, while odd numbers like 1.7, 1.9, and so on refer to developmental releases. The
policy is to only do bug fixes in the even versions, while new features are generally
added to odd-numbered versions which, after all things have stabilized, will become the
next stable release with a version number calculated by adding 0.1.

Note that the stable version is usually somewhat outdated, in that it does not
reflect the state of development CREVICER has reached. Given that the recent
developmental versions on the other hands may contain bugs (e.g. undocumented
features), we recommend using the “latest official (stable) release” for the average user.
This is the latest version named at

http://www.virginia.edu/%7Ecese/research/crevicer/newsandevents.html.

Usually this is also the version which the binary distributions available at

http://www.virginia.edu/%7Ecese/research/crevicer/download.html


http://www.virginia.edu/%7Ecese/research/crevicer/newsandevents.html
http://www.virginia.edu/%7Ecese/research/crevicer/download.html

are based on. If not otherwise stated, all procedures in this “Installation and Getting
Started” will be based on these packages with version 1.0.

1.6 CREVICER models

From Kevin Stewart, one of the goals was to develop a general, adaptable model
that could represent the two processes that are common to all forms of crevice corrosion:
generation and transport. By performing the modeling in this fashion, which stresses the
commonalities among different systems of crevice corrosion, it is possible to greatly
shorten the development time of models that are specific to a particular system.

The following sections on CREVICER models were extracted from the Ph.D.
dissertation of Kevin Stewart, Intermediate Attack in Crevice Corrosion by Cathodic
Focusing, University of Virginia (1999).

General Aspects of Crevice Corrosion

In order to make a code which is suitable to model crevice corrosion for a wide
variety of material/environment systems it is necessary to examine the factors which all
instances of crevice corrosion have in common. At the broadest level, each instance of
crevice corrosion is governed by generation and transport. The reaction rate at any
interface is determined by the local conditions. The local chemistry, the sum of all the
quantities of all the species present (C;,...,C;), the local electrochemical potential, E, and
the temperature and absolute pressure (T and P) are sufficient to determine the reaction
rate on any given interface. Understanding crevice corrosion is a matter of predicting
how the local conditions, principally chemistry and potential, evolve in space and time
and thus change the corrosion rate.

At steady state, the generation of chemical species and electrical charge at an
interface is exactly balanced by their transport away from the interface. There are two
methods of transporting chemical species, flux due to a gradient in electrochemical
potential and flux due to physical flow of solution. The former is often broken into
diffusion, flux due to an activity gradient, and migration, flux due to the interaction of
charged ions with an electrical field. Flux due to the physical flow of solution is called
convection. Electrical flux is always carried by ions in aqueous solution. It can be
visualized by treating the charge flow as current through a medium of varying electrical
resistivity.

In an occluded region, the crevice former retards transport and allows the reaction
products from the interface to accumulate. The former acts by creating a long, thin path
over which species and charge must move. For the transport of a fixed quantity of ions, a
reduction in the cross-sectional area available for transport increases the required flux
proportionately. Additionally, because the fluxes of both chemical species and electrical
charge are determined by the gradients of the appropriate field variables, activity and
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electrostatic potential, an increase in path length causes a proportionately larger total
change between one end of the path and the other. Another retarding effect of a crevice
on transport is that drag from the crevice walls dramatically reduces convective flow as
the crevice narrows.

These change in local conditions caused by the retarding effect of the crevice
former on transport affect the reaction rate, and if the entire process spirals out of control,
crevice corrosion occurs. The general description of the preceding two paragraphs holds
for all types of crevice corrosion. It is only the specific parameters such as the transport
coefficients diffusivity and mobility (D; and u;), reaction rate as a function of chemistry
and potential and any homogeneous chemical reactions such as hydrolysis or
precipitation that make any material/environment combination unique.

A general model for crevice corrosion needs to solve the following two equations
at every point inside the crevice:

7‘: -V -J.(C...C,,T,P)+ R(E,C,...C;,T,P) (1)
P _
5 =-V-J,(C..C,,T,P)+ R,(E,C,...C,,T,P) ()

Solution of these equations gives the concentration and electrostatic potential
fields from which the electrochemical reaction rates can be generated. The generality for
such a model comes from its ability to use different functional dependencies for the
fluxes, (Ji, Je1), and generation rates, (R;, Re), for different materials. For example, the
passive films on stainless steels are relatively unaffected by high levels of caustic
whereas aluminum alloys begin to dissolve rapidly in extremely alkaline environments.

All types of crevice corrosion share the need to solve equations 1 and 2 and only
differ in the exact effects of chemistry, potential, temperature and pressure on corrosion
rate, homogeneous chemical reactions, and transport. The problem is one of how to
represent the underlying equations and data in a fashion that allows the specifics to be
readily changed without affecting the rest of the code. One approach for programming
such a model is Object Oriented Design (OOD).

Object Oriented Design

One goal of Stewart’s initial work was to create a model that was flexible enough
to handle the variety of conditions that must be expressed in simulating crevice corrosion
and was extendable to include future modeling efforts. To accomplish this, it was decided
to use Object Oriented Design (OOD). OOD is a programming methodology, which is
characterized by two main attributes: encapsulation and inheritance.

An object is piece of code meant to represent a physical entity or idea. It includes
all of the data and all of the methods that operate on that data. An example, shown in
Figure 1.1(a) would be an object representing a child’s ball. ‘Mass’ and ‘velocity’ might
be data properties of the object. ‘Accelerate’ would be a method property, included in
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the ‘ball’ object, which uses the ‘mass’ property and the ‘force’ and ‘time’ inputs to
change the ‘velocity’ property.

Encapsulation is accomplished by hiding the internal functionality of the object
away from other objects or code. Objects interact with each other only in defined ways,
and the necessary information is passed overtly through formal calls rather than accessed
directly from one object to another. This approach allows individual objects to be
modified without causing unforeseen errors in other parts of the program. Continuing the
‘ball’ example, the initial form of the ‘ball’ object might use Newton’s First Law to
calculate velocity changes in the ‘accelerate’ method. If the object is properly
encapsulated, rewriting the ‘accelerate’ method to account for relativistic effects will
correctly and uniformly affect the entire program. Figure 1.1(b) shows this more clearly.
The encapsulated code can be changed and verified quickly and with little chance of
introducing errors, while the non-encapsulated code is more difficult to modify and runs
significant risks of introducing new errors elsewhere in the code when it is changed.

Inheritance allows an object to inherit the properties of a parent class. Additional
properties can be added or inherited ones overridden. This characteristic is useful because
it allows the reuse of code. An example drawn from the dissertation is the TASpecies
class and its children classes, such as TClm as shown in Figure 1.1(c). For any chemical
species, we are interested in the same types of properties. Physical properties such as
charge number, z, and transport properties such as mobility, u, and diffusivity, D must be
defined for all chemical species. Inheritance allows a derived property, such as D, to be
easily and accurately applied to all child classes derived from TASpecies. Figure 1.1(c)
shows the default behavior of TASpecies as using the Nernst-Einstein equation to
calculate D from u and temperature, T. A child class, such as TClm, must give new
values for identifying physical traits such as z and u, but automatically inherits the
method of calculating D from u. This property saves code, but more importantly
inheritance makes it easier to debug the overall code, since the method of calculating D
must only be verified at one point rather than many. It should be pointed out that this
inheritance in no way limits the ability of a child class to redefine any inherited property.
If it were desirable to redefine D for a particular child class it could be done.

Encapsulation and inheritance allow the type of model to be created. Figurel.1 (d)
is a high level representation of the code developed in this project for the modeling of
crevice systems. Conceptually, there are four areas that have to be addressed. By
encapsulating them, each can be modified or improved without affecting the others. The
central elements are the forms of the equations governing the accumulation of electrical
charge and chemical species given in section above. Two separate types of information,
specific to each crevice system, are required to produce the coefficients for those
equations. The first is the physical geometry and construction of the crevice. This
information defines how deep and narrow the modeled crevice is as well as the metal it is
constructed of and the electrolyte which fills it. The second type of information concerns
how materials and chemical species act under different conditions. Corrosion rates at
different potentials and the effects of ionic strength on diffusion coefficients are
examples. Finally, the last important conceptual area is the mathematical method, which
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solves the specific equations for the chemical and electrical fields inside the crevice. In
the program CREVICER which was developed for this dissertation the finite element
method (FEM) was used for these calculations and a short discussion of the method is
included in the next section.

Finite Element Method

Many possible methods can be used to solve differential equations. The most
accurate techniques are analytical ones. They produce a solution in the form of an
equation, which can be solved at every point inside the parameter space to give the exact
solution. Unfortunately, analytic solutions are only available for a very limited number
of geometries and boundary conditions. Typically the cases for which they are available
are very simple and not representative of “real-world” crevices, though experimental
cases have been constructed to fit the available analytic solutions. Numerical approaches
are more general and can be applied to any well-defined geometry. Numerical solutions
use computer algorithms to produce results that are approximately correct at a finite
number of points. However, for many types of problems, numerical solutions are the
only possible ones and they dominate in the fields of fluid flow, heat transfer, and stress
analysis.

There are numerous methodologies for arriving at numerical solutions to
differential equations as was discussed. Three principal ones are Finite Difference (FD),
the Boundary Element Method (BEM) and the Finite Element Method (FEM). Each has
advantages and disadvantages. FD is easy to code, but is computationally inefficient.
BEM and FEM are both more complicated to code initially, but use computational
resources more efficiently once implemented. BEM is more suited to solving differential
equations over areas that have a low surface to volume ratio, while FEM better applied to
volumes with large surface to volume ratios. For this thesis, FEM was the mathematical
technique used to solve the differential equations governing the transfer of chemical and
electrical flux. The method allows the grid to be adapted to maximize the resolution in
areas of high gradients. The basic reference text used was Allaire.

Another important issue in solving the relevant differential equations is the
dimensionality of the mathematical solution. The physical situation being modeled has
three spatial dimensions and also varies in time. Limitations on the amount of
computational power available constrain the number of dimensions that can be practically
modeled, since all numerical methods depend on solving matrices of equations. The size
of these matrices varies linearly with number of points or nodes where the equation is
solved. The number of computations, and thus the time, required to solves the matrix
varies as the square of the number of nodes - in O notation solving matrices is O(n”). The
number of nodes depends on r, the resolution desired along an axis, and the
dimensionality. In one-dimensional problems the resolution directly determines the
number of nodes. If the equation is to be solved with a resolution of ten points along an
axis, then only ten nodes are required. For two- and three- dimensional problems,
however, the number of nodes required scales as the square and cube respectively of the
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resolution. The amount of time required to solve a matrix for a fixed resolution varies as
* for one-dimension, t* for two dimensions, and 1° for three dimensions. For his thesis,
the solution is performed for two independent spatial dimensions and the temporal
dimension and allowances are made to account for the effect of charges in a dependent
third spatial dimension. This compromise choice of dimensionality provides a good
match to the physical shapes of crevices, which are by definition much larger in two
dimensions than they are in the third and also allows a higher r to be solved in the
available time than if three independent spatial dimensions were used. The method used
for reflecting dependent changes in the third dimension allows CREVICER to reflect
gross changes in that dimension, such as an opening crack, but does not permit the effects
of surface roughness to be included.

The following subsections address the implementation of FEM for the spatial and
temporal dimensions and the limitations of the method for both.

Typically, CREVICER is run in Crank-Nicolson mode which is a combination of
the explicit and implicit techniques. This reduces some of the problems with stability that
are discussed in the next section.

Applications of FEM to Crevice Corrosion

CREVICER uses FEM to model both electrical potential and chemical
concentration fields. Each case can be represented in the canonical form by using the
relation that the time rate of change is the negative of the divergence of the appropriate
flux plus the rate of generation. This is done first for electrical charge. The electrical flux
is equal to the conductivity times the gradient of electrostatic potential, as shown in

Jy =KV ¢ 3)
Equation below.
Where:
Jel is the electrical flux [C/m’-s]
K is the conductivity [(Q-m)™']
V¢ is the gradient of electrostatic potential in solution [V/m]

The rate of accumulation of charge at each point is found by taking the divergence
of this flux and adding the rate of generation of electrical charge. Since charge is only
generated at electrochemical interfaces, the rate of generation is the product of the
reacting area and the rate divided by the volume of interest.

P, 2 J, A(x,y)
== —k(x, )V Pt — 4)
a h(x,y)A(x,y)
Where:
Ael is the charge density [C/m3]
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h(x,y) is height at point (x,y) [m]
A is area [m’]

By canceling terms and multiplying through by h, the Equation above is placed in

the proper form for solution by FEM. Table 1.1 shows the correspondence between the
terms for FEM and the physical parameters of the crevice.

M) S = R, )V T, (5,9) ©

Table 1.1 The coefficients for use in FEM can be related to physical parameters for
use in calculating electrostatic potential fields.

FEM Coefficient Physical Parameters
K h(x,y)

K, =K, - kK(x,y) h(x,y)

M, =M, 0

P 0

Q Ja(x,y)

A similar analysis can be performed for the case of chemical concentration fields. The
starting point is the flux equation using the gradient of concentration for diffusivity and
ignoring convection for the reasons discussed in section 2.3.1 (Refer to Stewart
Dissertation).

J; = _Divci - ZiFuqu¢

The rate of accumulation of chemical species at each point is found by taking the
divergence of this flux and adding the rate of generation of chemical species. Because
charge is only generated at electrochemical interfaces, the rate of generation is the
product of the reacting area and the rate divided by the volume of interest.

J(x,)A(x,y)
A(x,y)h(x,y)

5 >
— = D VIC+ 2 Fu(x, )V G+

By canceling terms and multiplying through by h, Equation above is placed in the proper
form for solution by FEM.
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e,
hx,y)—="= h(x, ) D,(x, )V '+ h(x, )z, Fu,(x, )V ¢V C, + J (x,)

Table 1.2 shows the correspondence between the terms for FEM and the physical
parameters of the crevice.

Table 1.2 The coefficients for use in FEM can be related to physical parameters for
use in calculating chemical concentration fields.

FEM Coefficient Physical Parameters

K H

K=K, h(x,y)Di(x,y)

M,=M, h(x,y)ziFui(x,y) grad tilde phi
P 0

Q Ji(x,y)

Program Structure and Simplifications used in CREVICER

CREVICER is a two-dimensional FEM code for the solution of time-varying
partial differential equations used in modeling the chemical concentration and potential
fields of occluded regions. This section will address the basic structure of the program
and the simplifications used within it. Any text marked (Bold) refers to a data structure or
procedure in CREVICER and is included to more directly tie this subsection to the actual
code. Any item with a “T” prefix is an object.

Program structure

Figure 1.2(a) shows the major information flows within CREVICER. The
diagram is complemented by Figure 1.2(b) which illustrates the objects and their inter-
relationships. The Setup procedure uses the input node and element files to create the
two data structures needed to define a crevice: the nodes and elements arrays. The nodes
array contains all of the nodes in the crevice. Each node (Nodelnfo) consists of an x, y, z
position for the node, the conditions at the current time step (chem) and the conditions at
the previous time step (oldchem). The z coordinate is not used by CREVICER, but is
included for future functionality. The elements array stores all of the elements that form
the crevice. Each element (TSolutionVolume) lists the i, j and k nodes that define the
element, the height (h) of the element, and the material of which it is constructed (mat),
and the materials along each of the edges if needed (ijmat, ikmat, jkmat).
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The program then consists of two loops: one for activities that happen within a
time period, and another for the series of time periods being modeled. The inner loop
includes an additional iterative step of variable length that is used to find the potential
field.

The inner loop finds the chemical concentration or electrical field at the next time
period for each field variable (concentration or potential) in turn. In order to find m field
variables at n nodes the loops solves an n by n matrix m times. This approach is faster
than solving an mn by mn matrix once by a factor of 1/m. The conditions of charge
neutrality and chemical equilibrium are enforced after the transport of all the species for
each time period.

The matrix of equations is developed using the FEM equations. The mode of the
solver, steady-state vs explicit, implicit or mixed is controlled by K, 0 (theta) and At
(time). The matrix is constructed element-by-element. Three equations are generated by
each element, one for each node. The entries into the matrix depend on the x, y positions
of the nodes, the values of the field variable (in oldchem), and h.

Equations for chemical species also depend on z;, D;, and u;. These parameters are
encapsulated in TAllSpecies, a container class for all possible species (refer to Figure 1.2
b). This object in turn accesses the values for a particular species through the particular
TASpecies which defines it. The heterogeneous reaction rates are queried from the
element’s mat (which is a TMaterial). A material sums the reaction rates from the
various TReaction’s that are included in it. At a minimum a TMaterial should have one
anodic and one cathodic TReaction. This separation of the reactions on a surface into
different groups not only provides better fidelity to the physical situation, it also allows
chemical fluxes even when the electrical flux is small or zero. This ability is vital if the
crevice will be depolarized to Ecyy. Information on E, C,,...,C;, T and P is passed to each
of the objects when a request is made for any parameter. The end of this subsection lists
which of the parameters are used, the unused parameters are passed for future use.

The procedure for electrical transport is similar. The transport parameters are
replaced by k (kappa) which is calculated based on the local chem. Generation rates are
found from the appropriate TMaterial which in turn uses the TReaction. One difference
is that because electrical processes equilibrate much more rapidly than chemical ones an
additional loop is performed only on the electrical parameter to find the proper potential
distribution for each time step.

Chemical and charge equilibria are enforced once all the transport steps have
occurred. These routines are hard-coded as procedures into TAllspecies. Once
equilibrium is restored output occurs and the new chem for each node becomes its new
oldchem and the process restarts.

Figure 1.2(b) is a view of the code that emphasizes objects. The Main() routine

initializes the Elements and the Nodes with the geometry (Elements and Nodes) as well
as the boundary and initial conditions. Elements is an array of TSolutionVolume. Nodes
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is an array of Nodelnfos. Each Nodeinfo contain two TChemistrys one for the current
and one for the next time period. The Main() procedure also controls the use of Solve().
Solve() operates on each species in turn. It builds an array of simultaneous equations and
solves it to find the value of the field variables at the next time step.

Solve() requests from each TSolutionVolume in Elements the values of the
coefficients in the canonical equation (Kx, Ky, Mx, My, P and Q). These parameters are
generated from the appropriate transport coefficients and generation rates.

TAllSpecies is a container class for TASpecies. It passes through information on
conditions such as E, C; ... Cj, T and P to the correct TASpecies and receives and returns
the appropriate parameter, such as D, u or z.

Each TMaterial performs a similar function for the TReactions it contains. The
local conditions are passed to each TReaction and the resulting fluxes of chemical
species and electrical current (J; and Jg) are summed and returned.

More information about the structure of the code can be obtained by reading the
comments in the program itself. The individual files are listed in Appendices A - S. As a
further aid the next subsection will address all the simplifications used in the code.

Simplifications in CREVICER

Several types of simplifications have been made in CREVICER. The physical
geometry of a crevice is approximated, the governing equations are simplified and
several of the terms ignore the full functional dependency on the local conditions. The
format used in this subsection is name of the concept or term being simplified, the
relevant sections of Stewart dissertation where the problem is discussed and the approach
taken towards to problem in CREVICER.

Governing Equations

Convection:
Relevant Sections: 2.3.1.1.1 (Refer to Stewart dissertation)
Approach Used: CREVICER ignores convection. Small crevice gaps are
unlikely to experience much flow unless a driving mechanism like crack
pumping in corrosion fatigue is present.

Diffusion:
Relevant Sections: 2.3.1.1.2,2.3.2.1
Approach Used: CREVICER calculates diffusion based on the gradient of
concentration rather than the gradient of activity. This is a wvalid
assumption if the gradient of the activity coefficient with respect to
chemistry is zero. D is determined separately for each element according
to the method described in 3.5.2.2.

Migration:
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Relevant Sections: 2.3.1.1.3

Approach Used: Migration is calculated based on ¢, the potential in solution. It
ignores the diffusion potential. u is determined separately for each element
according to the method described in 3.5.2.2.

Potential:
Relevant Sections: 2.3.1.4,2.3.1.5,2.3.1.6,2.3.2.4
Approach Used: The potential field is found from Ohm’s law. It ignores the
diffusion potential. k is determined separately for each element according
to the method described in 3.5.2.2.

Terms

Relevant Sections: None
Approach Used: z is a constant for each chemical species and is stored in the
appropriate TASpecies. This is not an approximation.

Relevant Sections: 2.3.2.2,2.3.3.2.1

Approach Used: The mobility for each species used in CREVICER is a constant
stored in the appropriate TASpecies. E, C;,...,C;, T and P are passed when
u is called but no accounting is made for the effects of those variables or
the derived effects of viscosity and tortuosity.

Relevant Sections: 2.3.2.2,2.3.3.2.1

Approach Used: The diffusivity for each species used in CREVICER is
calculated from the Nernst-Einstein equation. D is proportionate to the
absolute temperature. No accounting is made for the effects of P the
chemistry or the derived effects of viscosity and tortuosity.

Relevant Sections: 2.1.2.1,2.3.1.1.2,2.3.2.1

Approach Used: The single ion activity is not used in CREVICER. In the future
it could be used for diffusive flux or to modify the transport coefficients. It
is here that concentrated solution effects should eventually be accounted
for. The function call passes E, C;,...,C;, T and P.

Relevant Sections: 2.3.3.1.1

Approach Used: Temperature is only used in CREVICER in calculating D from
u according to the Nernst-Einstein relationship. It is consistently
exchanged between objects to allow for future functionality.

Relevant Sections: 2.3.3.1.2
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Approach Used: Pressure is not used in CREVICER. It is consistently exchanged
between objects to allow for future functionality.

Heterogeneous and Homogeneous Reactions

Je12

Relevant Sections: 2.1.2,2.1.3,2.1.4.2.3.3.2.3,2.3.3.3.4

Approach Used: Electrical flux is determined in CREVICER by summing the
electrical fluxes from each of the component reactions on a TMaterial.
This summation is done with the convention that anodic currents are
positive and cathodic ones negative. The function call passes E, C;,...,Cj, T
and P. Some reactions in CREVICER use C; to adjust the polarization
curve. The polarization curve itself can be programmed in any functional
format. CREVICER has employed constant, Tafel and polynomial
representations for the polarization curve.

Relevant Sections: 2.1.2,2.1.3,2.1.4,2.3.2.3.1,2.3.3.34

Approach Used: Chemical flux is determined in CREVICER by summing the
fluxes from each of the component reactions on a TMaterial. This
summation is done with the convention that dissolution reactions are
positive and plating ones negative. The function call passes E, C;,...,C;, T
and P. Some reactions in CREVICER use C; to adjust the polarization
curve. The polarization curve itself can be programmed in any functional
format. CREVICER has employed constant, Tafel and polynomial
representations for the polarization curve.

Homogeneous Chemical Reactions:
Relevant Sections: 2.3.2.3.2,2.3.3.2.4
Approach Used: Homogeneous chemical reactions including hydrolysis can be
programmed into CREVICER. Chromium hydrolysis is already
implemented. It uses only the mononuclear species and assumes that
hydrolysis is fast compared to transport.

Derived Parameters

pH:
Relevant Sections: None
Approach Used: CREVICER reports the pH of a chemistry for use in chemically
sensitive polarization curves or for output purposes. The code assumes the
dilute solution approximation and returns the negative of the log of the H"
concentration.
I:

Relevant Sections: 2.3.2.3.2.1
Approach Used: CREVICER reports the ionic strength of a chemistry for use in
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chemically sensitive polarization curves or for output purposes. The code
uses Equation 83 given in 2.3.2.3.2.1.

n:
Relevant Sections: 2.3.2.2.2
Approach Used: Viscosity is not used in CREVICER, nor is it even a defined
parameter. If a general method of calculating the viscosity were developed
it would have to be implemented as a new object.
Tortuosity:

Relevant Sections: 2.3.2.2.3

Approach Used: Tortuosity caused by precipitation is not used in CREVICER,
nor is it even a defined parameter. If a general method of calculating the
porosity were developed it would have to be implemented as a new object.
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Ball Object

Data properties:
mass; // Mass in grams
velocity; //'1-D velocity in m/s

Method properties:
Accelerate(Force, time)
{velocity = velocity + (Force/mass)*time;

}

Figure 1.1(a) An object is a logical grouping of data elements and methods that
reflect a physical item or idea. In this case a ball is represented by its 'mass' and
'velocity'. The 'accelerate' method uses the inputs of 'force' and 'time' to change the
velocity based on the mass.

Encansulated Not Encansulated
ThrowToFirst(Force, time) ThrowToFirst(Force, time)
{ball->accelerate(Force,time); {speed =(Force /
speed = ball->velocity; (ball->mass/sqrt(1-(speed/c)*2)) * time;
H H
ThrowToSecond(Force, time) ThrowToSecond(Force, time)
{ball->accelerate(Force,time); {speed =(Force / ball->mass) * time;
speed = ball->velocity; }
H

Figure 1.1(b) Encapsulation hides the functionality of an object. In the code on the
left the 'ball' object is properly encapsulated. If the programmer wishes to treat the
ball in relativistic rather than a Newtonian fashion, only the 'accelerate' parameter
of the ball object need be changed. Procedures which depend on the speed of the ball
will automatically and properly reflect the change. In the code on the right
however, each procedure must be individually modified and this leaves significant
room for errors to occur. "ThrowFirst' now reflects the Lorentz transformation,
but 'ThrowToSecond' does not. Not only might a procedure be missed, but each
must be debugged and verified, instead of verifying only the 'accelerate' method.
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Class TASpecies

Data properties:
z; // charge number
u; // mobility

Method properties:
D(T, P, chemistry)
{return (R * T * u);

Child class

Class TClm: public TASpecies
TClm()

{z=-1;

u=2_8.197e-13;

t

Figure 1.1(c) Inheritance allows code to be reused very efficiently. A parent class,
such as TASpecies, can be written once to provide generic functionality needed by
all of its children classes. In this case, one such method shared by all chemical
species is how diffusivity, D, is calculated from mobility, temperature and the gas
constant. A child class need only define its unique properties, such as the relevant
mobility. The method of calculating D is inherited from TASpecies. In addition to
saving code, inheritance increases accuracy, since methods like D need only be
defined once, at the top level in TASpecies rather than individually in each child
class.
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Crevice Properties Material/Chemical Properties

Geometry Material Behavior
Material Corrosion rate
Chemistry present Species Behavior
Temperature, Pressure Transport properties

Governing Equations

Electrical Transport
Chemical Transport

Mathematical Solution

Potential field
Concentration field

Figure 1.1(d) CREVICER consists of four main conceptual areas which are
encapsulated by OOD. The governing equations are central and common to all
possible crevices. The coefficients in these equations are determined by the crevice-
specific geometry and the material-specific behavior. Finally, the solution of the
governing equations for the crevice's concentration and electrical fields is
accomplished separately. This approach allows any area to be refined independently
of the others.
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Setup

l I

v

Nodes: Elements:
X,y¥,z coordinates i,j,k nodes
current chemistry h
previous chemistry edges

material
v E,C, ... C,

Loop through time periods

J?

TP

Input Node File
Input Element File

» |Chemical Species

Information
KAt | z,D,u,
EC,..C,T,P ¢Tzi,oi,ui
Loop thrf"ugh a'l. Individual Species
| species for one time Information
period.
Kt,e,At+
Create Matrix from
Governing Eqs
\ E.C,..C,T,P
Solve Matrix > [Material Behavior
+ Jida Information

Equilibrate Chemically
Equilibrate Electrically

\4
Output Data

x,y,C,...C,E

EC,..C,T,P ¢fzi,oi,ui

Reaction
Information

Figure 1.2 (a) Information in CREVICER flows according to the arrows. Labels on
individual arrows list the major information exchanged. The node and elements files
are used by the Setup procedure to create the node and element arrays. The code
than performs two loops. The inner loop iterates through the potential and
individual species creating and solving the appropriate matrices. Information on the
behavior of individual chemical species and material is used to create the matrices.
K¢ and 0 are used to set the method (explicit/implicit/Crack-Nicolson) for the
temporal step. At also is used in the matrices. The outer loop enforces charge and
chemical equilibria and performs output for each time step.
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i,j,k nodes

materials

X,y,Z coords
Solve() initial conds

Kx!Ky!Mx’My’P! E CuTP
llllﬂllll

E.C, TP

i,j,k nodes

E,C,T.P
Nodelnfo
\ E,C,T,P

E.C,TP
TReactlon
JaudJ,

Figure 1.2 (b) Object dependencies and handshaking for the various objects in
CREVICER. Circled items are objects and the labeled arrows represent the
information flows.

TMaterial

This section has covered the general structure needed by code that models crevice
corrosion, the suitability of OOD for use in such a code, the basis and limitations of FEM
for solving such a model and presented how the physical parameters are translated into
the form needed for solution by FEM. It concludes by presenting the structure and
approximations of the CREVICER code.
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Chapter 2
Building the crevice: Compiling the program

This central chapter describes how to build CREVICER on Windows systems.
You may not want to go through that potentially troublesome process, but skip this
chapter instead and straightly go to the next one in which how to use the executable is
described. However, there may be good reason for at least trying to build the simulator:

Compiling CREVICER is not a task for novice users. Thus, if you’re a beginner
(we all were once) on a platform which binaries are available for, we recommend
postponing this task and just starting with the binary distribution (executable file) to get

you playing.
In this chapter, we describe compiling for one operating systems only, Windows,

and for only one compiler, the Miscrosoft Visual C"" 6.0 compiler. It is expandable to
Linux system which is left to the interested developers.

2.1 Getting a development environment under Windows

Contrary to Linux/Unix systems, Windows usually comes without any
development tools. Thus, you first have to install a development environment. On
Windows, in a sense, before building the crevice you will have to build the plant for
building crevices. You need have a Microsoft Visual Studio including the C™ 6.0 or
higher version installed in your Windows system.
2.2 Download the CREVICER source code

The following supposes you are on a Windows (95/98/Me/NT/2000/XP) system.
To begin with, the CREVICER build process is based on three packages that you have to
downloaded from

http://www.virginia.edu/%7Ecese/research/crevicer/download.html

as follows:

e SourceCrevicerBase.zip

e SourceCrevicerGui.zip

e SourceCrevicerSolver.zip

to a drive of your choice. Windows XP includes a program for unpacking *.zip files. If
you are working under an older version of Windows, we suggest getting
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Winzip from
http://www.winzip.com/.

For a free alternative, you may consider unzip from Info-ZIP,
http://www.info-zip.org/pub/infozip/

Extract the files named above.

After unzipping these three packages, you will find a new folder
/usr/code/, including three new folders
CREVICERBASE
CREVICERGUI
CREVICERSOLVER

Now you can check the file information in each folder.

1) CREVICERBASE folder:
This package includes the following files,
Parameters.txt, includes the initial value of input parameters
ELVARS350, includes the element information
NOVAR350, includes the node information

2) CREVICERSOLVER folder
Open the C™" project in /usr/local/code/CREVICERSOLVER/ folder. If you see
the above files as shown in Figure 2.1, go to next step.

3) CREVICERGUI folder
Open the C'" project in /ust/local/code/CREVICERGUI/ folder. If you see the
above files as shown in Figure 2.2, you already have a correct download.

2.3 Compiling CREVICER under Windows

Open the C project Allin.dsw in /usr/code/CREVICERSOLVER/, compiling will
generate the ALLin.exe in the /usr/code/CREVICERSOLVER/debug directory. Copy it
exe file to /usr/code/CREVICERBASE.

Open the C™ project ALV2GUILin.dsw in /usr/code/CREVICERGUI/, compiling will

generate the ALV2GUILin.exe in the /ust/code/CREVICERGUI/debug directory. Copy it
exe file to /usr/code/CREVICERBASE.

2.4 Running the CREVICERGUI or CREVICERSOLVER
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Now you should find CREVICERSOLVER executable file (Allin.exe), CREVICERGUI

executable file (ALV2GUILin.exe), and initial data file under
CREVICERBASE. You can run the CREVICERGUI to start the simulation.

*., ALLin - Microsoft Yisual C++ - [Tm - 10| x|

[ File Edit Yiew Insert Project Build Tools Window

|| e =18 ]
|8 cE@ | 2o mEE
2| =

Wiorkzpace 'BLLIn" 1 projectiz)
- E3 ALLin files

=<3 Source Files
------ E Chemtest.cpp
------ 3 Consgtant.cpp
------ E Fem.cpp
...... 3 Salver.cpp
------ E Tallzpec. cpp
...... #] Taspecie.cpp
------ E Tharelm. cpp
...... 3 Tchem.cpp
...... £ Tmateria.cpp
...... #] Treactio.cpp
=143 Header Files
------ % Consgtant.h
...... % Fem.h
------ % Solver.h
...... £ Tallzpec.h
...... % T aspecie.h
------ % Tharmelm b
------ % Tchem.h
------ % Trateria b
------ % Treactio.h
...... (L] Resource Files

B3 Classiiew | [Z] FileWiew

EJI_I' PR I Wl Wit~ N T -
Ready LnE13, 4

Figure 2.1 File directory of CREVICESOLER

/usr/code/
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*. ALY2GUILin - Microsoft YWisual C+ -10| x|

File Edit “iew Insert Project Build Tools ‘Window

|| elp =181x]
B sdHa@ b el - mEE

| Ml

Wworkspace 'SLV2GUILIN" 1 project(s]

=SBEE ALV2GUILin files
=14 Source Files

...... ] ALY2GUILIn cpp

...... ] ALY2GUILin e

...... #] ALY2GUILINDoe. cpp

[ #] ALV2GUILiriew.cpp

------ 3 CarrazionProperty. cpp

%] MainFrm.cpp

------ 3 taterialDla. cpp

------ 3 ModeElementDig.cpp

...... ] OperationParallg. cop

------ ¥ SpeciesDla.cpp

...... ¥ Stddfecpp

=9 Header Files

...... E] ALY2GUILInh

...... ] ALV2GUILINDoe b

...... S ALY2GUILiniew.k

% CarrosionProperty. b

% airFrm.h

% MaterialDlg.h

------ % MadeE lermentDlg. b

------ % OperationParallg. b

------ % Rezaurce.h

------ ] SpeciesDlgh

...... ] Stddfeh

=43 Reszource Files

...... E] ALV2GUILIn o

...... ] ALV2GUILinc2

...... ] ALY2GUILINDoe ico

------ % T oolbar.brip

Readie. tut

(-7 Extemal Dependencies
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Figure 2.2 File directory of CREVICERGUI



Chapter 3
Installing CREVICER

You can skip this section if you built CREVICER along the lines described in the
previous Chapter. If you did not and you’re jumping in here, your first step will consist in
installing the binaries. At present, there are pre-compiled binaries available for
Windows system.

3.1 Installing the binary distribution on a Windows system

The following supposes you are on a Windows (95/98/Me/NT/2000/XP) system.
Installing the binaries is quite simple. Go to

http://www.virginia.edu/%7Ecese/research/crevicer/download.html

and download one package: BinaryCrevicer.zip

to a drive of your choice. Windows XP includes a program for unpacking *.zip files. If
you are working under an older version of Windows, we suggest getting Winzip from

http://www.winzip.com/.
For a free alternative, you may consider unzip from Info-ZIP,
http://www.info-zip.org/pub/infozip/

Extract the files named above.

3.2 Installing documentation

Most of the packages named above include the complete CREVICER documentation
including a .pdf version of the CREVICER Simulator - Installation and Getting Started
using Adobe’s Acrobat Reader being available from http://www.adobe.com/acrobat and
other design documentation.
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Part 11

Playing with CREVICER
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Chapter 4
Crevice corrosion parameters and menus

4.1 Starting the GUI

Here is an overall procedure on how to use the GUI.
1). Execute the ALV2GUILin.exe in the /node/CREVICERBASE directory.
2). First click the Setting button to select node and element files, materials, species, and
operation conditions. The settings command will read the last used simulation parameters
(parameters.txt), offer users a dialog to select the new simulation parameters, and
generate a new parameters.xt file.
3). Click the Run button to run CREVICERSOLVER. This command will call the
ALLin.exe, which reads the new parameters.txt file, to run simulation. After simulation,
a message box appears. Click OK.
4). After Simulation, several result files will be written to the directory (e.g. elements.txt,
Potentiall.txt, H+ 1.txt, etc.). More information about every step is given in the case
study at section 4.3.3.

4.2 Implementation of functions of GUI

The function writes the user-selected parameters to a text file named
paratmers.txt, which has the following format:

parameters.ixt

Node and Element:

5

novar350 IFile name for nodes, 5 for novar350

5

elvar350 IFile name for elements, 5 for elvar350
10

395

1

1

Nickel 'Material name for crevice corrosion substrate
Operation Conditions:

-0.2 !Potential at tip (volt)

0 'Variable

0.6 'Potential at mouth

298 'Temperature at tip (K)

1 'Fixed

298 'Temperature at mouth (k)

100000 !Pressure at tip (Pa)

1 'Fixed
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100000 'Pressure at mouth (Pa)

Add Species:

:Species 1

11

H+ !Species 1 name

428 !Concentration for species 1, (mol/m3)
0 'Fixed or variable, O-variable, 1-fixed
428 'BC for species 1

1 'BC is fixed

:Species 2

15

Ni++ !Species 2 name

0 !Concentration for species 1, (mol/m3)
0 'Fixed or variable, O-variable, 1-fixed
0 'BC for species 2

1 'BC is fixed-1, variable-0

:Species 3

17

02 !Species 4 name

0.6 !Concentration for species 1, (mol/m3)
0 'Fixed or variable, 0-variable, 1-fixed
0.44 'BC for species 4

1 'BC is fixed-1, variable-0

:Species 4

19

SO4-- !Species 3 name

428 !Concentration for species 1, (mol/m3)
0 'Fixed or variable, 0-variable, 1-fixed
214 'BC for species 3

1 'BC is fixed-1, variable-0

&

When the user clicks the Setting button, GUI will read the parameters.txt file used in last
simulation. After the user selects the new parameters and clicks the OK button, a new
parameters.txt file will be written by the GUI and then read by the CREVICERSOLVER
in the exact same format and sequence.

The Setting dialog contains a PropertySheet control, which includes four tabs
(PropertyPage control): Node and Element, Select Material, Add Species, and Operation

Conditions.

Node and Element Tab:
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When the Node and Element tab is clicked, two combo boxes offer filenames for node
and elements. It offers 6 options for element files:

ELVAR350
EL500
EL2X300
EL3X400
ELROD
ELRODS500

It also offers 6 corresponding options for node files:

NOVAR350
NO500
NO2X300
NO2X400
NOROD
NORODS500

For the program to run correctly, the selected node file and element file need to be in the
project directory. Now only the ELVAR350 and NOVAR350 are included in the open
source code.

In addition, it also includes several options for the crevice gap size.

Select Material Tab: (um)
5
14
25
35
50
75
93
106
130
153
395

When the Select Material tab is clicked, the combo box offers users to select from 7 kinds
of materials:

Ag
Nickel
Gold
304Mat
SAF2205
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FOOMaterial
LisaMat

These seven materials have been defined in the CREVICERSOLVER. When new
material types are defined in the CREVICER, they can also be added to the GUI.
Currently only Nickel is open to the public.

Add Species Tab:

It offers users four combo boxes to add four species. Future public releases will allow
users to add any number of species they want. For each species, the user can specify if
the concentration is fixed or variable, the initial concentration, the boundary condition
(i.e., the concentration at the crevice mouth), and if the boundary condition is fixed or
variable.

Operation Conditions Tab:
It lets users specify the operation conditions: potential, temperature, pressure, and their
boundary conditions.

4.3 Case study

4.3.1. Physical phenomena —crevice corrosion

Why crevice corrosion?

One of the materials scientist’s interests is the corrosion that occurs to a material, e.g.
steel or alloy, surface beneath a faster. The crevice corrosion is related to the size of
the micro-scale gap that exists between the two objects.

What challenge do we have to study crevice corrosion?

In order to confirm computer simulations we developed, we needed a test model with
rigorously define, micron-scale geometry. DeJong, Lee, and Kelly produced the
practical size crevice by nickel with microfabrication technique available in
semiconductor industry. They uncovered new relationships that shape corrosion. It
set the stage for analyzing the process itself. Now we can trace the mechanisms as
well as the magnitude of crevice corrosion under clearly controlled circumstances.

Figure 1 shows the schematic of a crevice formed by a former and substrate. The
critical parameters of crevice include the gap of crevice (g), and the length of crevice

().

The gap of crevice in Lee’s experiments ranges from 10 um to 600 um. The length is
7 mm. The crevice substrate is nickel 200.
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Figure 4.1 A schematic of a crevice formed by a former and substrate.

4.3.2. Crevice corrosion experiments

The following sections on CREVICER models were extracted from the M.S.
thesis of Jason Lee, Investigation of Crevice Corrosion Using Computational Modeling
and Microfabrication Techniques, University of Virginia (2001).

4.3.2.1 Crevice assembly

Patterned silicon and Ni200 substrates were affixed to a 3 x 3 inch piece of
Plexiglas using Dow Corning vacuum grease. The grease held the substrate in place and
electrical