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Including:

e TheJavaruntime environment (JRE) from Sun. This oftwareisthe ‘virtual CPU’ of Java, and
must be installed before any Java goplicaions can be run. It is also avail able freefor download
from http://java.sun.com.

* Thefile'Odinjar’. Thisis an exeautablefile and can berun just like a .exe, by double-clicking
or invoking from a command prompt. If you have any software installed that recognizes/ opens
Jar files (e.g. WinRar), you may need to de-associate it from the .jar extension beforeit can be
run.

e Thismanual.

System requirements

This RE isfor Windows 95/98/2000/XP. However, the ODIN program is platform independent and may
berun wing any JRE, for example, that built i nto MacOS X. Recommended machine spedfications depend
completely upon the complexity of the simulation you wish to run and how patient you are. As arough
guide, the program was developed on a 900MHz Win98 system with 128MB RAM, without problems.
However, for large grids, as much memory and speed as you can lay your hands on are reacommended. Y ou
may find that making agrid larger has a disproportionate €fed uponrunning time; thisis usually because
Windows has siddenly dedded to start using virtual memory (i.e., the hard drive) instead of the main
RAM, which is much faster. The JRE install occupies ©me 15Mb of disk space by contrast, ‘Odin.jar’ is
about 31K.

Installation
Simply run thefile ‘jrel.3.1.exé andfollow theinstructions to install the JRE. ‘ Odin.jar’ may be kept and
run from wherever is most convenient, or referenced via ashortcut.

Overview
Mode assumptions
a)  Only one solute forms oxide
b) Theoxideisformed externally in a dense alherent layer
c) Theoxidedoesnat spall or cradk during exposure
d) Theoxide/metal interfaceremains at the location of the original metal surface i.e. interface
recesson does not occur
€) The dloy isahomogenous snge-phase material with no composition dscontinuities, i.e.
multiphase systems, coatings or diffusion couples are not considered
f)  Diffusion coefficients are independent of locd composition
0g) The sample geometry is assumed to be infinitein the third dmension

A typicd usage g/cle of the model might be & follows:
1) Seled aloy system and composition
2)  Specify diffusion coefficients
3)  Specify oxidation kinetics
4)  Specify geometry required
5) Seled output options
6) Runmodel



7) Start over

Main window

The main window isthe top level of the gplication. It contains the most fundamental input fields, defining
the cmposition d the material to be modeled, and four buttons which provide accssto the diffusion,
kinetics, geometry and output dialogs respedively. Below theseis stuated the messages window which is
used for displaying any errors that may arise in the input parameters, and the simulation progress Below
the messages window are afurther four buttons. The left-hand two buttons alow the arrent state of the
inpu fields to be saved or loaded to/from adatafile. This datafileis aso areadable text file, and may be
examined using any standard text editor or document processor. The right-hand buttons control the
simulation. Once started, the model may be paused/resumed by using the same button as prompted. When
paused, the aurrent elapsed time of the simulationis displayed in the messages window. The other button is
areset button, and terminates the current simulation.

C, and C; concentration

These fields are used for specifying the initial concentration d the oxidising solute (C,) and the secondary
solute (C,). The units can be @ther atomic percent (at%) or masspercent (wt%), seleded via the ‘units
pull-down menu kelow.

Alloy system

This pull-down menu defines the dloy system under examination. For FeCrAl, NiCrAl and CoNiCrAl, Al
istaken as Cy, Cr as C,, and the matrix as the balance (Co and Ni are split in the latter case). For the
FeCrNi system, Cr istaken as C; and Ni as C,.

Oxide method

Thismenuisincluded for completenessand permits the dhoiceof two different oxide asumptions,
spedficdly, whether to use avalue of the Pilling-Bedworth ratio cdculated from the molar masses of the
alloy components, or avaue mrrespording to oxide formation on a pure substrate. It is reaommended that
the former option is used; it has been foundto give good agreament with experimental results, whereas the
latter does not.

Initial Dt and Max Dt

These fields are for fine-tuning the time increment At during the simulation, and for most scenarios the
default values shoud be adequate. Although the stability of the finite-difference equationsis controll ed
automaticdly by the program, the interfadal solute flux at very short times can be extremely high. In order
to ensure acarracy, the time step is ramped from a very small value (specified in Initial Dt) to the
maximum permitted. Thisis either dedded by theinternal stability criterion a the Max Dt field, whichever
is snaller. The default Max Dt value of 120 seandsisfairly arbitrary — for some materials (e.g. ferritic
chromia-formers) diffusion speeds can be small enough that values of At upto severa hours may be
permitted, so increasing this can minimizethe simulation time.

Diffusion coefficients

Thisdialog all ows the seledion o diffusion coefficients, in units of cm’s™: either asingle value for the
oxidising solute or ternary crossterms which control both solute spedes. In most cases asingle valueis
sufficient, and in any caseis usually easier to come by than ternary crossterms, which are scarce It should
be noted that the model does not acount individually for grain baundary or lattice diffusion mechanisms; if
the mefficients pedfied here are obtained experimentally (asis usualy the cae) then they will be
effedive wefficients comprising contributions from both mechanisms. The dfedive wefficient can also be
cdculated using

Dei = 6ng + (1-9)Diatice @

where Dy, and Darice are the grain baundary and lattice diffusion coefficients and dis the volume fradion
occupied by grain boundries.

Oxidation kinetics

The oxidation kinetics dial og all ows the spedficaion o the oxidation growth rate law. All the simulation
need consider isthe solute removal at the metal/oxide interface & afunction d time, so the oxidation rate
ismodelled using simple enpiricd equations. There are two options: firstly, apower law of the form



AVA = ki 2

where AnVA is the specific mass gain in mg cmhr?, k is the rate constant in mg” cm™ hr” and n is the rate
exponent. For the case of parabolic oxidation, n = 0.5 and k = k. In such cases, care should be taken when
entering arate constant, since equation 2 is often expressed in the form

(AMVA) = ko[ (©)
in which case k = k,>® in equation 2.
The second option is a hyperbolic equation of the form

Am at ct
_ = 4+ (4)
A b+t d+t

where a, b, cand d are empiricd fit constants. This equation is useful for modelling transitional oxidation
rates at short times which cannot be described by a power law. It should be remembered that the mnstants
a-d shoud befit to values of mass gain against timein seands, not hous; therate mnstant in equation 2is
converted to s" whereas these aenat.

Grid geometries

All grids employed by the model are @mntained within aredangular area extending from the origin (0, 0) in
the top-left corner to (Xmax, -Ymax) iN the bottom-right corner. All grid shapes are redilinea in nature,
composed of aredangular array of nodes bounded by either oxidising surfaces or zero flux planes. Briefly,
a zao flux plane is defined as a plane acrosswhich thereis no ret solute flux; i.e., matter flows away from
it equally in bah drections. Thiswill occur at any plane of symmetry within a sample (e.g., the mid-plane
of afoil), making a zeo flux plane adiffusional ‘mirror’ and providing a methodfor minimizing the
number of nodesin agrid.

Since @nstruction of arbitrary grid geometriesis both complicated to implement for the programmer and
potentially arduous for the user, a seledion of predefined shapes have been suppied which can be given the
dimensions required by the user and constructed automaticaly by the program. These geometries are listed
below and illustrated by simple diagrams: the region within the blad redangle represents the model grid,
and the dfedive geometry thus smulated is shown in the paler shades.

Plane surface

This geometry isaredangular region bounded by a single oxidising surface ad three zeo flux planes. It
defines the aosssedion of aplanar shed or foil with infinite in-plane extent, oxidising on both sides.

Corner




This geometry is a rectangular region bounded by two oxidising surfaces and two zero flux planes. It
defines a quarter cross-section of arectangular rod of infinite length.

Double corner

This geometry is arectangular region bounded by three oxidising surfaces and one zero flux plane. It
defines half a cross-section of arectangular rod of infinite length.

Rectangular section

This geometry is arectangular region bounded by four oxidising surfaces. It defines the compl ete cross-
section of arectangular rod of infinite length. (The last three grids actually describe the same scenario, but
it can be useful to ook at a complete grid in some cases).

Interior corner

This geometry is an L-shaped region bounded by two oxidising surfaces on the concave sides and four zero
flux planes. It defines an array of rectangular holes repeating in both directions, like an air-brick.

Rib

This geometry is a T-shaped region bounded by six oxidising surfaces on the upright, the underside and
topside of the cross-piece, and two zero flux planes, at each end of the cross-piece. It defines an infinite
planar sheet with parallel rows of rectangular ribs on one side.

Note: these geometries were created to model suitable sample geometries during testing. Thelist is neither
exhaustive nor final, and may be added to with relative ease. If any geometries are required which cannot
be treated using the above grids, please contact the author (see below).

Width and depth

These fields define the width and depth of the rectangular grid region in microns.

Xand Y nodes

These fields define the number of nodes in the x and y directions. The node spacings Ax and Ay in each
direction are then cal culated using Ax = width/(nodes,-1).

Feature width and depth

These fields are used to provide the additional dimensional information (in microns) needed for the interior
corner and rib shapes (and have no effect on the others). For the interior corner, they define the size of the
empty space in the top-left corner. For the rib, they define the size of the rectangular rib protuberance. It



should be noted that afeaure will not line up with the grid exadly if the cdculated node spadngisnot also
afactor of the feaure size In such cases, the program will truncate the feaure to the neaest gridlines.

Output options

The program writes out four separate types of datafile. The files are given the extension .dat because they
are datafiles, but all values are written as text so they can aso be opened using any text editor. Columns of
values are white-spaceseparated, and can easily be imported by spreadsheds or graphing software such as
Microsoft Excd or SigmaPlot. The fil es are written in the same diredory asthefile *Odin.jar’; if the
program is quit and run again, previous output files with the same filenames will be overwritten.

First of al, when the simulation starts it generates the file ‘Log.dat’, which contains arecord of the input
parameters used for the simulation. Secondy, the file * Continuous.dat’ is written at regular intervals
throughout the murse of the simulation. ‘ Continuous.dat’ contains alist of timevaluesin hous, along with
correspording values for the time increment At in seconds, the net massgain in mg cm?, the solute fluxin
mg cm?s?, theinterface oncentration, and finally the interpolated concentration at a user-defined location
within the grid. For the latter two values, the mncentration urits (at% or wt%) can also be spedfied by the
user. The interface oncentration will vary aaossthe surfacedepending on the geometry under
consideration, so the value adually written isthat of the top-left-most interface node. For the plane surface
geometry thisisthe same as any other interfacenode; for the crner, double crner and closed redangul ar
geometries thisis the arner node; for the interior corner geometry this will be theinterfacenode furthest
from the ausp (at the top o the‘L’); for therib geometry thiswill be the top-left corner of the rectangular
rib.

The datafiles ‘Profile.dat’ and‘Map.dat’, are the most important, and contain detailed snapshots of the
sample mmposition at the user-spedfied times. Each data set is written to its own file, so if threeoutput
times are spedfied there will be three eah of ‘Profile.dat’ and ‘Map.dat’ with the output time (in hours)
appended to the filenames. For example, if output is gpedfied after 1.5 haursand 5 hous, files
‘Profile00001_50.dat’ and ‘ Profile00005.dat’ are output (and similar for ‘Map.dat’) . ‘ Profile.dat’ isan
interpolated 1D line profile such as might be obtained experimentally from a aosssedioned spedmen
using EDX analysis, and consists of 200 pants acel equally along a line between two user-defined
locations within the grid. At each point, the distance x (in microns) along the line is written along with the
concentrations of al three dl oy comporentsin either at% or wt% (as gedfied). Also output, before the
profile values, are the arrent e apsed time, the airrent time increment At and the number of iterations
performed. The final file, ‘Map.dat’, is a 3D surfacedescribing the compasition acrossthe entire grid. The
surfacetakes the form of two coordinate wlumnsin x andy (in microns), and the mncentrations of all three
alloy componentsin either at% or wt% (as spedfied). Aswith the line profil es, the time, time step and
iteration number are written just before the map data. It should be noted that ‘ Map.dat’ can end up
extremely large if using asmall grid spadng and withou the ‘restrict ared option (seebelow); several Mb
or moreis quite mmmon. It is recommended that the Odin program be exited before the output files are
opened in other applicaionsto prevent access conflicts.

Mesh

If thisisticked, ‘Map.dat’ fileswill be creaed. The units of concentration can be seleded using the drop-
down menu.

Separate rows

If thisisticked, blank lines will be inserted in the ‘Map.dat’ fil es between ead row of mesh points. This
dataformat isrequired by certain plotting programs, e.g. Gnuplot, but is unsuitable for, e.g., SigmaPlot,
which requires continuous data.

Restrict area

This ®dion can be used to restrict the areaoutput in the ‘Map.dat’ files. If the grid is necessarily large but
only asmall areais of interest, aredangular region can be spedfied by top-left and bdtom-right
coordinates, in microns. It shoud be remembered that the grid extends from the origin in the positive x-
diredion bu the negative y-diredion, with (0, 0) in the top-left corner.

Line profile

If thisisticked, ‘Profile.dat’ fileswill be aeaed. The units of concentration can be seleded using the drop-
down menu. The two fields below this gedfy the start and end coordinates of the line in microns.



Output times

Thisfield isfor spedfying alist of output times for map and profil e data. Times shoud be givenin haurs,
separated with commas and without spaces. At ead output time, a message will appea in the messages
box to inform the user. Oncethe final time has been readed, the simulation will terminate. If neither Mesh
nor Profileisticked, no ouput fileswill be written although the times will still be reported.

Continuous output options

Here the output units (at% or wt%) can be chosen for the interface ad user-defined pant concentrations
written to Continuous.dat. In addition, the aordinates of the point are spedfied in microns.

Note: whilethe programwill attempt to trap errors arising frominvalid coordinate inputs, problems may
still occur in certain circumstances. To ensure smooth operation, all coordinates should be kept within the
rectangle defined by the width and depth fields, i.e. within the range (0, 0) to (width, -depth).

Important: fatal errors

The program has been tested fairly thoroughly, and will trap and report simple errors like invalid input or
files. However, it is posdble that for certain geometry configurations, the grid may be built incorredly (i.e.
missing node links). If this happens, the simulation will crash and terminate. Unfortunately, the main
window will remain open and resporsive —the error will be invisible to the user. Although the JRE will
attempt to report the eror, withou a ansole open the report will not read the screen.

Thereisaway to deted such errors. If the simulationis paused (see dove), the arrent simulation time will
be printed in the messages window. Resuming and then pausing the simulation again will of course produce
adlightly later simulation time. However, if the sscondsimulationtime isidenticd to thefirst, this means
that the simulation was not resumed and hes therefore aashed.

It istherefore important to olserve the simulation asit runs. Always provide & least one short-term output
time (i.e., 1 hou) to make sure the simulation is running properly — most errors of this type will occur
immediately when the simulation is darted. If you susped afatal crash, try pausing and resuming the
simulationto seehow far it is getting. If you ceted a aash, please contad the author with the exaa
geometry parameters  that the eror may be investigated and corrected.

Contact details
For support, bug reports or geometry requests, the aithor can be mntaded thus:

Dr Bill Pragnell

Department of Metallurgy ad Materials
University of Birmingham

Edgbaston

Birmingham

B15 2TT

UK

+44 (0)121 414 3268

Email : w.m.pragnell @bham.ac.uk



