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© 2004 by MatSim GmbH, Switzerland

Welcome to GridMorph! This user’s guide is not like other software manuals be-

cause GridMorph is much easier to use than any other software for scientific com-
puting.

If you follow the first two examples in this tutorial you will be familiar with GridMor -
ph in half a day! You will be able to calculate physical properties of a large variety
of heterogeneous composite materials and to visualize structures of multi-phase
composites.

Start the tutorial now...
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1. Preface

New demanding applications require high-performance materials. Composite
materials that combine the best properties of their homogeneous phases are op-
timal candidates for such applications. Heterogeneous composite materials con-
sisting of several phases provide an unlimited variety of morphologies and
properties. Because the microstructure highly affects the composite properties it
is crucial to find the morphologies with the optimal overall properties.

1. 1. Composite topologies

There are many composite materials with topologically complicated structures:

Particulate topologies can be found in all kind of composites where particles
such as whiskers, platelets or otherwise shaped object are surrounded with a con-
tinuous matrix material. Examples are fiber or otherwise reinforced polymers or
Swiss cheese (where the particles are air hollows) (see also list of literature ref-
erences).

Poly crystalline single phase metals are mechanically heterogeneous due to
the non-isotropic elastic and plastic behavior of crystals with various orientations.
Such granular topologies correspond to a space-filling solution where different
phases are contiguous but none can be seen as containing the other.

Polymer blends, block-copolymer melts, austeno-ferritic steels, metallic foams
or porous silicon often are of bi-percolated topology because the phases are
continuous so that they can be seen as containing each other.

1. 2. The GridMorph approach to calculate composite properties

GridMorph uses a numerical method to determine the overall properties of com-
posites with arbitrary morphologies from the properties of the components based
on small homogeneous grid elements. The morphology is defined by a number of
phases in a periodically continued base cell of cubic or orthorhombic shape where
the phases may consist of any material. The resolution depends solely on the
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number of grid elements used. For each of the grid elements it is possible to spec-
ify the fraction of each phase contained in that particular position.

VA % of material A with property P

vg % of material B with property Pg

V¢ % of material C with property P

While the grid elements are cubic, the number of elements in each direction can

be different in order to adjust the “resolution”. Using a small number of grid ele-
ments (minimum 3) in one or two directions allows also to simulate pseudo-planar
(two-dimensional) and layered (one-dimensional) structures.

By applying a displacement-based finite element method to the volume mesh,

the responses to external deformations are calculated (Gusev 1997). Graphical vi-
sualization of the local properties allow to spot out the “weak points” of the struc-
tures. The computed overall properties of the composite can be used as input to
calculate a new super-composite.

1.

phase 0 (property X) )

phase 1 (property X)
components of ° \ p][operty X
multi-phase . of composite
mater?al with > .’ » obtained from

known properties GridMorph

phase n (property X) _

3. Physical properties that can be calculated

The algorithms implemented in GridMorph allow to easily calculate the follow-

ing physical properties:

elastic constants (stiffness and compliance)
thermal expansion coefficients

thermal conductivity

electrical conductivity

dielectric constants

gas diffusion
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* gas permeability
More properties can be calculated by applying some tricks:
» refraction index
* magnetic moments
» swelling in solvents
¢ liguid diffusion
* liguid permeability
Some practical applications of the calculations of above properties can be
found in the Literature.
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2. My first project

2. 1. Getting started and understanding the user interface

To start GridMorph on your computer simply type Gri dMor ph or double-click
the GridMorph icon. If neither of these is successful you may have to install the
program first.

At start-up the user interface of GridMorph consists of two windows: the viewer,
which shows an empty simulation cell, and the main window with a menu bar, an
information section and a scrollable text box that shows log information of the pro-
gram.

The user interface is written for the X/Motif™ platform and behaves according
to the implicit navigation model as described in the OSF/Motif™ Style Guide. This
means that the mouse must always be somewhere inside the window which you
want to be active. For input fields (where you enter text or numbers) you must first
click with the mouse inside this field. To replace a default value in the input field,
double-click the number and type the new value. To get to the next input field in
the same dialog you can use the TAB key. By pressing Shift + TAB the input focus
goes to the previous field. If you are in the last input field and press TAB again,
the focus will be on the OK button, which can be activated by pressing the Space
bar.

Input fields are generally checked if you click with the mouse pointer in another
field or if you press the TAB key. This allows GridMorph to tell you immediately if
an input value does not make sense and gives you the opportunity to correct it
quickly.

2. 1. 1. Rotating the model

In the viewer window you notice the wire-frame of a cube, which represents the
basic simulation cell. In the center of the cube are coordinate axes x (solid line),
y (dotted line), and z (dashed line). To look at the cube from different sides you
can rotate it by clicking with (or just moving) the mouse pointer in the viewer and
then using the following keys to rotate about the coordinate axes: The up and
down arrows on the cursor keypad rotate the cube clockwise (up) and anti-clock-
wise (down) about the x axis, by looking at the axis from the positive direction. Ar-
rows to the left and right rotate the cube about the y axis in clockwise (right) and
anti-clockwise (left) direction. A rotation about the z axis is possible by pressing
the “<* (anti-clockwise) or “>" (clockwise) keys on the keyboard.

An alternative way of rotating the model is through using the mouse: Assume
that a trackball is installed at the center of the coordinate system and touches the
borders of the viewer window. You can click somewhere on the surface of the
trackball (the position is given by a parallel projection of the mouse pointer’s po-
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sition onto the virtual trackball) and rotate the ball about the coordinate center. To
rotate the model in the plane of the screen you can click in one of the corners of
the viewer (outside the virtual trackball) and move the mouse outside the trackball.

GridMorph Viewer

- -
- ~
- ~
~
~

.
. “virtual trackball N
e

// Ay \
\

\ z ‘ / \ ]

AN rotation about P
~_ coordinate center e
~ s
~ -~ - _ - -
rotation in screen plane 4"/

The trackball itself is not visible, however you can easily find out where it is by
moving the mouse from a corner of the viewer towards the coordinate center. As
soon as the mouse “touches” the trackball the model will rotate out of the screen
plane.

2.1. 2. Zooming the model

To zoom the simulation cell the “Page Up” (zoom in) and “Page Down” (zoom
out) keys are used and to return the cube to its initial orientation and size you can
press “Home”. Zooming the model with the mouse is possible by pressing the right
mouse button and moving the mouse up (zoom in) or down (zoom out).

2. 1. 3. Flying through the model

Additionally to rotating and zooming of the simulation cell there is a flight option
available. If ticked in the View — Options dialog, pressing the middle mouse but-
ton changes the mouse cursor to a little airplane and it allows you to translate the
simulation cell in the plane of the screen in opposite direction of the mouse cursor.
The airplane means that your cursor behaves like a control stick of your plane and
you fly in the direction where you move the cursor. In combination with the right
mouse button (for zooming) you can fly forth and back in any point of the viewer.

If you get lost and nothing can be seen any more, press the Home key on the
keyboard in order to bring the simulation cell back to the center of the viewer. If
flight mode is on the trackball rotation does not work properly any more because
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the rotation and translation are not compatible. In order to switch back to rotation
mode, untick the “flight mode” button in View — Options.

Toggling flight mode can also be done through pressing the F key when the
mouse cursor is inside the viewer. Pressing the middle mouse button shows a
pointer that makes clear whether you are in flight mode or not.

2. 2. Loading a project and understanding the main window

A quick hint before you get started: GridMorph issues two types of messages,
which appear either in an orange or a green window.
* Orange messages are errors that require a repetition of the last step. If the

message itself is not clear enough for you to understand what to do, simply
check the list of errors (in alphabetical order) with additional explanations

» Green messages are warnings that require a decision “yes” or “no”. If you are
not sure about the answer it is advisable to check the list of warnings below.
To work yourself through a simulation project you can intuitively follow the se-

guence of topics in the menu bar. First, place the mouse on the menu bar over the
word Project and hold the left mouse button. A pull-down menu with the options
New, Open, Save, Save As, Import and Quit appears. To start with you might
want to have a look at an already existing project: in the Project pull-down move
the mouse down (always holding the left mouse button) until the word Open is
highlighted. Now release the left mouse button and wait for the file selection box
to pop up.

The file selection box consists of a “Filter” field which is set by default in a way
that all project files (those with filename extension | og) in the current directory
are displayed in the “Files” box. To select a file, click on it with the mouse (it will
then appear in the “Filename” box) and press the OK button on the bottom.

If you want to change the directory you click on the desired line in the “Direc-
tories” box (it will then appear in the “Filter” box) and click the Filter button. To
discard the file selection box you simply click Cancel.

To load the example project you click now in the “Files” box inside the Open
Project dialog on the file name 3Phase. | og and then on the OK button. The
viewer immediately displays a non-cubic grid, made up of 5 x 35 x 20 cubic grid
elements, that looks “from top” (from the direction of the x axis, with the y axis
pointing to the right) as shown in the following figure.

As soon as the project is loaded the main window changes. In the top left field
the states of the project are displayed: the project name is 3Phase and the status
of the configuration is “loaded” (that is why you can see it in the viewer). Analysis
data is not yet available for this project.
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In the top right field of the main window the configuration is briefly described
with the dimension of the grid and the number of grid nodes and mesh elements.
The latter are six times the number of grid nodes.

While loading the project number of phases and the volume fraction of these in
the simulation cell. Below that the current working directory is indicated.

The bottom part of the main window shows the log box with runtime information
of GridMorph as itis also stored in the project file (with the extension| og). Among
other information you can find there the number of phases, their origins (data file)
and the volume fraction of these in the simulation cell. You can display different
parts of the log info by moving up and down the scroll bar on the right side of the
log box with the mouse, or by pressing “Page Up” and “Page Down” with the mouse
pointer positioned in this box.

The next two chapters explain why this project actually simulates a system of
densely packed parallel fibers and why the number of mesh elements is six times
the number of grid points. If you want to have just a quick look at this example you
can skip this section and continue with 2. 5. Viewing the model.

2. 3. Periodic Boundary Conditions

Simulating properties of materials is very different from simulating properties of
a complex-shaped structural part consisting of a homogeneous material. While the
latter has a clearly defined shape here we merely want to avoid any boundaries
by simulating pure material properties. For this reason we consider the simulation
cell as periodically continued, which means that the right face of the cell corre-
sponds exactly to the left, the top face corresponds to the bottom, and the front
face corresponds to the back. With this construction we can attach copies of the
cell to all its faces and we will not notice any interfaces between the cells. This
construction can be continued infinitely in order to get a large bulk of material with-
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out any boundaries. Rather than simulating an “infinite” system, however, it is suf-
ficient to consider just a small part, represented by the basic cell.

The construction of a so called periodic cell with periodic boundary conditions
(PBC) requires that a phase that overlaps the cell borders on one side has to be
continued on the other side of the cell by reentering the cell from the opposite di-
rection.

The above picture shows a two-dimensional projection of a basic simulation cell
(1) in the center with three inclusions representing different phases and the near-
est images of this cell (2-9). All inclusions are overlapping the central cell thus
their images enter the cell from the opposite side.

2. 3. 1. Example: Hexagonal fiber packing

Coming back to our example of parallel fibers of infinite length (in x direction)
in a hexagonal packing, the above picture looks as follows:

DEOED (L
DE DX Z(C
DEQADAC

The central cell is now not rectangular but one side (in y direction) is 312 longer
than the other (in z direction) and the two bold fibers are periodically continued in
all neighboring cells, thus giving a perfect hexagonal packing of circles. In our ex-
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ample the system has a “thickness” of 5 identical layers that are periodically con-
tinued in the x direction. As the layers are identical a minimum of three layers
would be sufficient.

GridMorph calculates with discrete systems based on a regular grid structure.
Therefore it is not possible to perfectly represent the ratio of 312 for the cell di-
mensions. In this simple example the dimensions are 20 x 35. Also the fiber cross
sections are not perfectly round but rather jagged due to the representation by
square boxes. Both “inaccuracies” can be reduced by increasing the total number
of grid elements. GridMorph can handle systems with a few million grid points de-
pending on the computer’s memory, thus allowing a very high precision for the
property calculations.

You will have noticed that in the example on your screen the fibers have a thin
surface layer. This could be a surface coating to improve adhesion between the
fibers and the matrix and is actually the third phase (number 2) of the sample sys-
tem.

2. 4. Tetrahedron mesh of an orthogonal grid

Although GridMorph models are represented as a regular cubic lattice, the solv-
er works on the basis of a space-filling tetrahedral mesh, i.e. without voids. The
mapping of cubic grid elements to a tetrahedral mesh results in six isochoric (of
the same volume) tetrahedrons for each cubic grid element:

E F

A ,:/ B P 4 Tetrahedrons
/ / - ABCE
/ // / = BCDG
| s - BCEG
/ ", - BDFG
/ R - BEFG
/ ¢/ - DFGH

C D

For this reason the program shows that the number of mesh elements is six
times the number of grid nodes, which is equal to the number of grid elements.
There is only one dissection of a cube that results in fewer tetrahedrons, resulting
in four identical elements of the shape ABCE and a regular tetrahedron BCEH of
double volume. Although this would result in a 16 % reduction of mesh elements,
GridMorph uses the above dissection because it is the most simple one that is pe-
riodic, i. e. the sides ACGE and BDHF, ABDC and EFHG, and ABFE and CDHG
can be joined together under periodic boundary conditions.

GridMorph by MatSim GmbH — User’s guide 1.0 September 2004 12



The tetrahedron mesh can be visualized following the instructions in the next
section. By scanning through the mesh with the Cut Plane it is possible to follow
the edges of these tetrahedrons.

2. 5. Viewing the model

2.5. 1. Perspective vs. orthographic mode

You already know how to rotate and zoom the model in the viewer. Now, after
loading a project including geometric configuration and mesh data, you can try the
different visualization options. By default the model is displayed in perspective
view; if you activate the View pull-down you notice before the word “Perspective”
an activated toggle. To switch to an orthographic view you have to select Perspec-
tive. The model appears now in a parallel projection. Try to rotate the cube in a
way that you see it exactly from front.

2. 5. 2. Viewing coordinate axes

To get rid of the coordinate axes in the viewer, deactivate the toggle button be-
fore Coordinate Axes in the View pull-down. To redisplay the axes, make sure
the toggle button in Coordinate Axes is ticked.

2.5. 3. Graphics modes

The configuration can be displayed in nine different graphics modes and for the
cell there are three different options available, which results in a total of 27 differ-
ent views. The following list explains what you should be able to see depending
on the Graphics mode:

* Nodes: Show all mesh nodes; these are the grid points of the regular cubic grid.

The size of the nodes can be adjusted in View - Viewing Options to give a bet-

ter picture. This mode can also be activated by pressing F2 while the focus is
on the viewer window.

* Mesh: Show the full volume mesh by drawing all tetrahedrons (if the mesh is
available). A better mesh visualization is provided by the View - Cut Plane fa-
cility. This mode can also be activated by pressing F3 while the focus is on the
viewer window.

The colors of the nodes or mesh elements depend on the material type of the
corresponding phases. If no materials are defined the phases appear artificially
painted. To modify the colors of different materials you can use the Materials -
Edit Material Properties Dialog for the respective material.

Another graphics mode allows to display plane cuts through the mesh. This Cut
Plane mode is describe in detail in 2. 11. Viewing a cut plane through the volume
mesh.
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2. 6. View Background Color

The View - Background Color dialog allows to change the background color
of the graphics viewer. The color is composed of the three RGB components red,
green and blue given in percent. Use the sliders for each color component or di-
rectly enter the numbers to modify the background color. The Apply button makes
the changes visible in the viewer. Reset brings back the previously stored color
scheme. After applying the Close button the current background color will become
the default color.

The initial GridMorph color is 0 % red, 18.43 % green, 30.59 % blue (Pantone®
309C, the MatSim color).

2. 7. Viewing Options

To emphasize certain elements of the model in the graphics viewer it is possible
to set the sizes for nodes, the line width for volume mesh elements, the line width
of the coordinate axes (can be switched on and off in View - Axes), and the line
width of the simulation cell.

The shape of the points can vary between different OpenGL versions (points
can be squares or circles). In some OpenGL implementations overlapping points
cause interference patterns that make visibility of points difficult. The optimal point
size can be found through playing around with this parameter.

2. 8. Calculating properties of the composite

If your configuration has material properties for all phases defined and as-
signed (this is already the case in the 3Phase example), you can start the Solver
- Composite Properties to calculate the composite properties. The dialog that
pops up hides actually two different solvers: in order to calculate mechanical prop-
erties and thermal expansion coefficients a thermo-elastic solver is used. It ap-
plies six different infinitesimally small deformations to the composite and
minimizes the total strain energy for each of these deformations in order to calcu-
late the elastic composite properties. To calculate thermal expansion of the com-
posite a seventh “deformation” (an increase of temperature by 1 Kelvin) is applied
in order to obtain the linear thermal expansion coefficients (Gusev 2001-1).

For other physical properties such as conductivities, dielectric constants, and
transport properties aLaplace solver is used, that applies a field in the three main
directions to the finite element mesh and minimizes the energy of the composite.
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To calculate some properties of the 3Phase example select the buttons Elastic
constants, Thermal expansion coefficients and Thermal conductivity. As the cal-
culation will be reasonably short you can leave all other parameters as they are.

The time required to minimize the energy for both the thermo-elastic and the
Laplace solver (by means of a conjugate-gradient method) depends on a number
of factors:

* the number of grid elements;

» the number of different phases because the phase properties have to be av-
eraged (see 3. 2. 1. Averaging method) for every grid element;

» the convergence parameter specifies by which factor the initial gradient
should be reduced: if you just want to get a rough estimate of the composite
properties and the properties of the components are not very different, it may
be enough to specify a convergence of 0.001. The maximum number of minimi-
zation steps makes sure that the solver will not run forever even if the required
convergence can not be achieved;

* the maximum number of minimization steps limits the minimization time to a
constant value depending on the number of mesh elements and independent of
the convergence parameter;

The types of deformations applied to the composite in order to calculate ther-
mo-elastic behavior are:
* normal strain in the x-direction
* normal strain in the y-direction
* normal strain in the z-direction
shear in the yz plane
shear in the xz plane
shear in the xy plane
thermal strain corresponding to a small change in temperature.
For each of the Laplace properties a corresponding field is applied in

field direction 1 (corresponding to the x-direction)
field direction 2 (corresponding to the y-direction)
field direction 3 (corresponding to the z-direction)

For each type of deformation, GridMorph reports the total energy and the gra-
dient reduction. The Solver automatically stores these results in the output file
(with extension out ) so that they are available immediately in another session and
therefore do not have to be recomputed for visualization purposes.

2. 8. 1. Store Property Fields

Beside calculating the overall properties of a composite material you can also
store the property fields for postprocessing such as later visualization in View —
Cut Plane.

If the toggle button Store property fields is pressed in the solver dialog (de-
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fault setting), GridMorph stores the following data for each tetrahedron mesh ele-
ment in a separate file. The extensions of these property field files start with the
letter “ f " for “field” or “flux”. A two-letter abbreviation specifies the field type (usu-
ally the property code). The last letter of a 4-letter extension stands for the field
or deformation direction; the last two letters of a 5-letter extension stand for a
shear deformation as listed in the Table in 5. 10. Result Files for Property Fields.

When calculating big systems you may get the “Disk full” error because the
property field files use a lot of memory. In this case it may be helpful to run the
solver for each property separately and store the property fields only for those
properties where you are really interested in the detailed fields.

2. 8. 2. Property field data files

The details about the data stored in the property field files can be found in the
file description. The property codes in the following sections are shown in paren-
theses, these codes are used for the extension of the property field files.

Elastic Constants (cc)

Deformations in x, y, z direction; shear in Xy (gamma), yz (alpha), xz (beta)
plane. For each of the 6 deformation types the local hydrostatic pressures (pr) and
von Mises (vm) stresses are stored. See also 2. 8. 3. Understanding the deforma-
tion data.

The elastic constants are usually specified in GPa.

Thermal Expansion Coefficients (te)

Strain through heating the cell by 1 K. The local hydrostatic pressures (pr) and
von Mises stresses (vm) are stored for this temperature change.

Thermal expansion coefficients are specified in K™L.

Thermal Conductivity (tc)

Heat field in x, y, z direction. For the 3 “deformation” types the local heat fluxes
are stored.

The units of thermal conductivity are Wm™K™1. Since the applied field is in K/m
(kelvin per meter) the heat field is given in W/m? (watt per square meter).

Electric Conductance (ec)
Electric field in x, y, z direction. For the 3 “deformation” types the local electric
fluxes (currents) are stored.

The units of the electric conductance are S/m (Siemens per meter), which is
equivalent to A/(Vm) (ampere per volt-meter). Since the applied field is in V/m the
electric field is given in A/m?.
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Dielectric Constants (dc)

Dielectric field in x, y, z direction. For the 3 “deformation” types the local elec-
tric fields are stored.

Dielectric constants are dimensionless; the applied field is in V/m, therefore the
field induced is also in V/m.

Gas Permeability (gp)

Permeability field in x, y, z direction. For the 3 “deformation” types the local gas
fluxes are stored.

The units of the permeability of gases are barrer (equals to 10716 m3). The ap-
plied field is in c/m (concentration per meter). The units of the permeation field are
therefore 10716 ¢/m2.

Gas Diffusivity (gd)

Diffusivity field in x, y, z direction. For the 3 “deformation” types the local gas
fluxes assuming the same solubility for all phases are stored.

Diffusion constants are givenin cm?/s; the applied field is in ¢/m (concentration
per meter). The units of the flux field are therefore c/s.

2. 8. 3. Understanding the deformation data

For thermo-elastic properties (mechanical properties and thermal expansion
coefficients) the total elastic energy F, which is a quadratic function of the dis-
placements of the nodes, is defined as the sum over the element contributions:

r]Tetr 1nTetr
_ o0 _ o
F=a ft_é a ViCieex
t=1 t=1

where f; is the elastic energy of tetrahedron t, V its volume, C;, the elastic con-
stants, and e; the local strains. In general, the e; are made up of mechanical and
thermal parts. The units of the energy F are [L3*GPa], where L is the length unit of
the simulation cell.

The local stresses are calculated from the nodal displacements at the end of
each minimization run assuming linear elastic behavior. They correspond to an ap-
plied mechanical strain of 1 % or a temperature change of 1 K.

The local hydrostatic pressures P are calculated for each tetrahedron as the
sum of the principal components of the stress tensor of that volume element

P=(s,*s y+sZZ)CS

y

These values can be calculated with a spread sheet program by loading the ap-
ropriate property field files and performing the right calculations between their val-
ues.
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The deviatoric von Mises stress for a mesh element is defined as

t = j((sXX 5+ (Syy =577 ¥ (S, —5,,) ) R+ B(Spy + S5, +53,)

This value is listed in the output file for every applied deformation; the units are
the same — [GPa] — as for the elastic constants. t typically controls the appear-
ance of first inelastic events in metals and organic polymers. For example, in many
organic polymers the first inelastic events such as plasticity start occurring when
the von Mises stress reaches a level of 50-100 MPa.

The von Mises stresses calculated by GridMorph are based on a deformation
of 100 %. If you assume for your composite a deformation of 3 % you have to mul-
tiply t with 0.03 in order to get the effective von Mises stress. For most organic
composites and brittle materials one can assume that failure occurs if the local von
Mises stress exceeds 100 MPa.

2. 8. 4. Interrupting long operations (STOP BUTTON)

Running the solver may take some time, depending on the parameters de-
scribed before. For such long-running tasks GridMorph offers a red STOP BUT-
TON in the dialog window that can be clicked with the mouse in order to interrupt
the current operation. After an interrupt or normal termination of the operation the
stop button disappears automatically.

Many other operations such as Monte Carlo packing, meshing, file loading, etc.
can be interrupted in the same way (if the STOP BUTTON is available). The oper-
ation may not terminate immediately because some internal bookkeeping has to
be done in order to keep the program in a stable state. After interrupting an oper-
ation itis usually necessary to restart it — a continuation at the halting point is often
not possible.

2. 9. Saving the project and results

After performing all minimization steps the Solver automatically stores the out-
put file which has the name of the current project and the extension out . This file
contains all necessary information about the composite material. However, if you
want to use these properties for a new material in another project, you have to
save it separately in a material file: In the Materials pull-down you find as the last
option Save Composite Material; if you select it the properties will be stored in
the materials database file with the name of the project and extension mat .

To save all other data of the current project you have to choose Save from the
Project pull-down or Save As if you want to store the data under a new project
name. With the Save option GridMorph automatically stores all project data that
was modified since you saved it last time; the program also creates a backup copy
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of each file if a file with the same name is already available in the current working
directory. The backup files are marked with the extension _bk.

The suite of files for a project “ pnanme” consists of the following:

* pnane. | og: this is the main project file without which the project is not defined.
It contains the log book of a project run and can be used to trace back the op-
erations that were performed during the project’s session.

* pname. mdb: the Materials Database file contains the names of all material files

that are required in the current project. In the material files the properties of a
particular material are stored. These files have an arbitrary file name (usually
a descriptive name for the material they describe) followed by the extension
mat .
The materials database file is automatically reorganized upon a save operation.
After this the entries (material properties) will be sorted according to their ap-
pearance in the configuration (properties of phases in ascending order, starting
with phase 0).

* pnane. cf g: the ConFiGuration file holds the information about the different
phase files and how the phases are weighted and averaged. The configuration
file also contains information about the material of each phase as an index
number in the materials database (ndb) file.

* pname. out : the OUTput file is created after a successful run of the Solver. It
summarizes the main information about the configuration and the volume frac-
tions of different materials in the composite. All properties that could be deter-
mined during the Solver run are listed in an easily readable form.

* pname. mat is another material file that contains the extracts from the out file
that are sufficient to fully describe the properties of the composite material.
This file can be used in another project as the material of a “homogeneous”
phase.

In addition to the files above there can be a set of files containing the property
field data.

2. 10. View Results

With Solver - View Results you can display the latest output file (extension
out ) of the current project in a separate window.

2. 11. Viewing a cut plane through the volume mesh

Beside the mesh node and element views selected by View - Graphics Mode
itis possible to visualize the volume mesh by plane cuts through the mesh. In com-
parison to the mesh graphics mode described before this facility allows to analyze
the volume mesh in more details. In the View menu select Cut Plane to pop up
the View Cut Plane dialog.
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The orientation of the cut plane is defined by its normal vector, given by the an-
gles Phi and Theta. If both angles are zero the normal vector corresponds to the
x axis of the simulation cell — the axes can be switched on with View - Coordinate
Axes — and the cut plane is parallel to the yz-plane. Angle Phi determines the ro-
tation of the coordinate system about the z-axis (a positive angle meaning an anti-
clockwise rotation about z if z is pointing towards the viewer). By this rotation the
former x- and y-axes are rotated by the same angle into the new axes x’ and y’
respectively. The angle Theta specifies an anti-clockwise rotation of the coordi-
nate system about the new y’-axis. After the two rotations the normal vector of the
cut plane corresponds to the x” axis.

=7
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To scan the mesh with the cut plane the distance to the center of the simulation
cell can be specified (selecting the toggle button Distance from center) or a point
on the cut plane (selecting Through point). The distance from the coordinate cen-
ter is specified in percent, meaning that 100 % is the biggest possible distance of
the plane from the center so that at least one point of the plane is still within the
simulation cell. This center distance is therefore depending on the orientation of
the cut plane.

By specifying a point of the cut plane (the point must be within the simulation
cell) the plane will be rotated about this point by changing the orientation angles.
If the cut plane is once not visible any more it may be that it goes through one of
the corners of the cell. To get it back into the latter you can always press the Reset
button.

With complex meshes the redrawing of the plane cut may take some time. For
this reason it is possible to switch automatic redrawing of the plane on or off by
ticking the Automatically redraw field in the cut plane dialog. If the cut plane is
shown it is still possible to rotate and zoom the simulation cell by clicking in the
graphics viewer and using the cursor keys as described in moving the model. If
Automatically redraw is off, the cut plane can be redrawn any time by pressing
the Redraw button on the bottom of the dialog window. If Automatically redraw
is on, the Redraw button has no effect.
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2.11. 1. Cut Plane of Periodic Mesh: Geometric Considerations

Volume meshes in GridMorph are periodic, obeying the periodic boundary con-
dition. The cut plane view shows cuts of all tetrahedrons and their images if their
centers of mass are within the simulation cell.

The periodicity of the mesh can be observed in the cut as well if the cut plane
is perpendicular to one of the x, y, or z axis. A plane cut of a tetrahedron may result
in different polygon shapes such as a point, a line, a triangle or a quadrilateral (see
figure below). By small shifts of the cut plane any of these polygon shapes can be
changed into one of the others and an acute triangle does not mean that the cor-
responding tetrahedron is also acute.

/A
AN

2.11. 2. Visualization of Property Fields

In View - Cut Plane the local properties from the property field files can be vi-
sualized. For this purpose, however, the properties have to be computed first ac-
cording to the description in 2. 8. Calculating properties of the composite. Due to
the big amount of data these files are loaded upon request, which may take a few
seconds. Properties can be visualized if they have been previously stored during
a Solver run.

The color coding for each tetrahedron element can be adjusted in a histogram.
The histogram also shows the magnitudes for ranges of the property, i. e. the num-
ber of elements with the same property. Using the histogram you can determine
qutite accurately the amount of elements of a certain magnitude of the displayed
property by adjusting the minimum and maximum of the histogram’s range. The
minimum and maximum values must not exceed the effective minima and maxima
of the property values. With the number of bins (minimum 3) you can adjust the
resolution of the histogram.

2. 11. 3. Checkerboard effect in local property display

When visualizing a property field in the Cut Plane mode you may notice a pic-
ture like in the following figure: instead of getting unicolor squares these may con-
sist of two triangles with obviously different properties. This so-called
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checkerboard effect appears is due to the fact that GridMorph uses not a hexag-
onal solver but a solver based on a tetrahedral mesh:

Although the grid elements are cubic boxes they consist of six tetrahedrons
each and these tetrahedrons may experience different strains or fluxes even
though they have identical local properties. For this reason it is recommended to
average local properties of the six tetrahedrons within the same grid element.

Despite of these local deviations of the properties it was shown through com-
parison of such calculations with measurements that the overall properties (stored
in the output file) are highly accurate (Goussev 2000) (Gusev 2004).

2. 12. Quitting the program

After saving the project with Project - Save you can safely leave GridMorph or
start a new project. To quit the program select Quit from the Project pull-down
menu.
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3. My second project

In the first example project you learned all about the user interface and visual-
ization modes of GridMorph as well as how to calculate the composite properties.
Now you will learn how to create a composite from existing phase data files, how
to design material properties and how to assign them to the different phases of a
composite.

3. 1. Creating a new project

For this tutorial you can use the same phase data files as in the first example
or if you have output files of C>-MesoDyn® by Accelrys® available, you can use
those. The files must correspond to the format described in Chapter 5. 7. 2.

First you have to start a new project: from the Project pull-down in the main
window choose New. Type the desired name for your project in the “Filename”
field of the file selection box. If you want to change the directory select the appro-
priate directory name in the “Directories” box and click the Filter button. In the
“Files” box you may find a list of the log files (with extension | og) of already avail-
able projects. This extension will be added automatically to your project name, so
you do not have to type it explicitly.

After typing the project name in the filename field click the OK button. The main
window will immediately show the name of the project and the current working di-
rectory. Before any grid information is defined the window shows “Arbitrary Grid
Morphology in 0 x 0 x 0 grid” and neither a configuration file nor analysis data is
available. The number of grid nodes and mesh elements is initially also zero.

3. 2. Import an arbitrary grid morphology

If phase files for an arbitrary morphology are available in the proper format the
Project - Import command can be used to put the morphology together and to de-
fine the properties of every phase. Initially the number of phases — this equals the
number of phase files to be imported — is specified together with the desired av-
eraging method:

3.2.1. Averaging method

With arbitrary morphologies each grid element can be a combination of different
phases (see also the Figure in the Preface): for example grid elementj can consist
of 20 % of material A, 70 % of material B and 10 % of material C as specified in
the phase files for materials A, B, and C.

GridMorph by MatSim GmbH — User’s guide 1.0 September 2004 23



Two methods can be chosen for calculating the properties of each grid element
that is a combination of different phases: serial (arithmetic) averaging or paral-
lel averaging. These names come from the meaning of the method in electronic
circuits, where resistors can be connected in series or in parallel. The method is
stored in the configuration file.

Serial averaging Parallel averaging
arithmetic averaging with weights w; with weights w;
M M
_ o 1 _ o ViV
P = a VjiWiP 0 a 0.
i=1 o= !

(: element index; i: phase index;
M: number of phases) Parallel resistors

Resistors in a line (serial)
— — — — —

The weights w; are used to weight the phases differently. If one of the property
values pj is zero, this property is set to zero for all grid elements.

There are no clear rules available yet about which method should be used
for multi-component mixtures and MatSim does not claim scientific correct-
ness for any of the two averaging methods.

3. 2. 2. Load phases and assign materials

In the lower part of the Project - Import dialog there is a table of the phases,
their materials and volume fractions, which is initially empty. The buttons for the
phase file name (starting with the first entry) must be pressed for a file selection
box to appear. The material for each phase can be assigned by selecting a mate-
rial in the pull-down menu at the bottom of the import dialog and pressing the Ma-
terial button of the phase to which this material should be assigned.

Phases are numbered from zero and it is important to start the definition of the
oth phase first and define the phases in increasing order.

After importing all phase files and assigning a material to each phase the Save
button must be pressed in order to store this configuration on the disk. Make sure
that the total volume fraction is 100 % otherwise you might have loaded the wrong
set of phase files and the property results may become unpredictable.

Once the project is saved it is not possible to change the phases through the
user interface. It will then be necessary to modify the configuration (cf g) file in a
text editor by strictly keeping the formatting rules in Sections 5. 5. Materials Da-
tabase File and 5. 6. Configuration File.
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3.

3. Load an arbitrary grid morphology

If the above file suite has been put together it will be available until the program

is terminated or another project is loaded. This project can be reloaded into Grid-
Morph by selecting Project - Open and choosing the corresponding | og file.

With the View - Options you can adjust the sizes of grid nodes, thickness of

the mesh lines and the simulation cell. View - Background allows you to find the
optimal background color to give best contrast of the model.

3.

4. Editing material properties of the components

Before you can calculate properties of the composite it is necessary to specify

the properties of each component. If you do not want to rely on the materials pro-
vided you can design your own by choosing Edit Material Properties in the
Materials pull-down. To define a new material select Not yet defined in the ma-
terial option menu. If you want to modify an existing material select it from the cur-
rent database or — if the database is empty — load the respective material file.

In the “Descriptor” field you first write a short description of your material, spec-

ify its density and the crystal symmetry class. The latter can be selected out of
nine different classes with the option menu:

isotropic materials, defined by two independent elastic constants for the me-
chanical properties and one parameter for each of the other physical proper-
ties.

cubic symmetry, defined by three independent elastic constants and at least
one parameter for each of the other properties.

hexagonal or fibre symmetry for transversely isotropic materials is defined by
five independent elastic constants and at least one parameter for each of the
other properties.

orthorhombic symmetry: nine independent elastic constants and one to six
constants for each of the other properties.

trigonal: seven independent elastic constants and one to six constants for
each of the other properties.

tetragonal: seven independent elastic constants and one to six constants for
each of the other properties.

mono2clinic (monoclinic symmetry with diad parallel to the y axis): 13 inde-
pendent elastic constants and one to six constants for each of the other prop-
erties.

mono3clinic (monoclinic with diad parallel to z): 13 independent elastic con-
stants and one to six constants for each of the other properties.

triclinic materials (fully anisotropic) are specified by 21 independent con-
stants for the mechanical properties and six independent constants for each of
the other properties.
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It is possible that a material is isotropic for one property but anisotropic for an-
other one. In this case the most complex crystal symmetry class should be chosen.

To specify the parameters for certain physical properties of the material the re-
spective check boxes must be selected and a new dialog window pops up in which
the specific property has to be defined. If the check box contains already a tick
mark this property was specified earlier for this material.

Each of the property dialogs have four activity buttons: Apply (in this case the
properties are stored in the local material database), Reset (undo the changes
done in the current dialog), Close (the changes are not stored), or Undefine (an
already defined property will be removed from this material). By pressing Unde-
fine the tick mark in the check box for this property will disappear. If you press
Close without first pressing Apply, the property will not be modified for this mate-
rial — an appropriate warning will be displayed to confirm your action.

After entering the required properties according to the description below it is
necessary to save the changes in the material file by pressing Save (to save the
material under the same name) or Save As (to save it under a new name). If a Not
yet defined material is to be Saved or if an existing material is to be renamed
pressing Save As, the file selection box is popped up in which you enter the ap-
propriate file name (the extension mat will be automatically added by the pro-
gram). The file name will be used as the name of the material itself as it will appear
in the materials database of your project.

Clicking Close discards the Edit Material Properties dialog without saving the
last changes of the properties. If you did not save the property or if you switch to
another material without saving the current one first, a warning is displayed before
the dialog disappears or before the data for the new material is displayed.

As soon as the material file is saved it is available in the internal material da-
tabase and can be assigned to the desired phase. If you want to modify another
material you have to select Load in the material option menu and choose the ap-
propriate material file from the file selection. If this material is already loaded in
the database the warning message will appear whether to load it again. If you save
the modified property (Save As) with the same name, the materials database and
the properties of the phases consisting of this material will be updated.

3. 4. 1. Editing elastic constants

Depending on the symmetry class different parts of the stiffness or compliance
matrix are editable (the white fields). The non-editable fields contain either a con-
stant value or they are dependent on one or two other parameters. Such depen-
dent fields are always updated when the mouse pointer leaves the input field of an
underlying parameter.

For the mechanical properties you can specify up to 21 independent elastic
constants or elastic compliances for fully anisotropic materials (triclinic crystal
class), which are shown in the upper right part of the symmetric stiffness matrix
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(parameters c;;). To display the reciprocal compliance matrix with parameters s;
you have to click the toggle button on the left of the triangular matrix.

The matrix indices of the elastic constants correspond to the main axis direc-
tions: index 1 stands for x, 2 for y, and 3 for z. The internal coordinate system of
the phases correspond to the simulation cell’'s coordinate system.

For isotropic materials two constants are sufficient to describe the elastic be-
haviour. These are the Young’s modulus E [units: GPa] and Poisson’s ratio n, the
bulk K [GPa] and shear G [GPa] moduli, the elastic constants c;; and ¢4 [both in
GPal], or the elastic compliances s;; and s;, [1/GPa]. They are connected by the
following equations for isotropic materials:

£ = _3KG _ (C13—C1)(Cyy +2Cy)) y= 3K=2G _ _‘u
K+G=3 Ci1+Cpp 6K+2G ¢yt Cpy
___E _Cutcp G=_E _‘u"Cp
3(1-2u) 3 2(1+u) 2
c.. = E(1-u) c. = Eu c. = E
1 (1-2u)(1+u) 127 (1-2u)(1+u) 4 2(1+u)
c —K+‘—"G—2m+l c —K—gG—I Cu=G=m
1 ~ 3> " 12 ~ 3> 44 = 2 -

In the last equations | and n are the first and second Lamé constants, respec-
tively.
3. 4. 2. Editing thermal expansion coefficients

The linear thermal expansion coefficients, te [units: K™1], are given by six inde-
pendent elements of the symmetric 3" 3 expansion tensor. For isotropic materials
only one coefficient has to be specified.

3. 4. 3. Editing thermal conductivity

The thermal conductivity, tc [units: Wm™K™1], is given by its symmetric 3" 3 ten-
sor. For isotropic materials only one coefficient has to be specified.

3. 4. 4. Editing dielectric constants

The dielectric constants, dc [dimensionless], is given by its symmetric 3" 3 ten-
sor. For isotropic materials only one coefficient has to be specified.

3. 4. 5. Editing electric conductivity

The electric conductivity, ec [units: Siemens/m], is given by its symmetric 3" 3
tensor. For isotropic materials only one coefficient has to be specified.
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3. 4. 6. Editing gas permeability

The permeability of gases (or liquids), gp [units: barrer], is given by its symmet-
ric 3" 3 tensor. For isotropic materials only one coefficient has to be specified.

3. 4. 7. Editing gas diffusivity

The diffusivity of gases (or liquids), gd [units: cmzs'l], is given by its symmetric
3" 3 tensor. For isotropic materials only one coefficient has to be specified.

3. 4. 8. Editing material colors

Only for visualization purposes it makes sense to specify colors for a material.
GridMorph allows to edit all parameters that define the appearance of three-di-
mensional objects. Inside a grid-based composite morphology however, the sur-
face color parameters are not relevant and are therefore ignored so far. It is not
straight-forward to set these parameters in order to make an object appear in “nat-
ural” colors. Please refer to the computer graphics literature for complete guid-
ance.

Transparency can be obtained by setting the alpha values smaller than 1. How-
ever, the OpenGL graphics format (using a depth buffer for RGB colors but not for
alpha values) can not always deal properly with transparent materials.

While editing material colors a small viewer appears containing two spheres of
different resolutions. After pressing the Apply button the material must be Saved
in order to see the effects of the changes in the main viewer.

3. 5. Tips and tricks to calculate related properties

In addition to the properties that can be entered straight using GridMorph’suser
interface there are other physical properties that can be calculated by applying
some tricks.

3. 5. 1. Liquid permeability and diffusivity

The calculation of the transport properties of liquids works in the same way as
for gases. The difference is usually that liquids diffuse much slower than gases
and therefore the liquid diffusion is often specified in mm?2sL. Since GridMorph ex-
pects values with units cm?s™ the numbers have to be converted appropriately.
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3. 5. 2. Refraction index

The refraction index of a medium, n,, is a wave property and related with the
dielectric constant as

where c,;, and c,, are the speeds of light in air or the medium, respectively.
Since the dielectric constant of air is 1.0, the refraction index of the medium is
equal to the square root of the dielectric constant of the medium.

3. 6. Reorganizing the Materials Database

After editing or creating many different materials, you may get an error mes-
sage that the materials database is full. In this case you should do Materials -
Reorganize Database: with this command all materials that are not assigned to
a phase are discarded from the internal database. No material files will be lost be-
cause they are available on the disc as a precondition for acceptance in the data-
base.

The materials database file (with extension ndb) is not affected by this com-
mand unless you perform a Project - Save operation. Upon Save the materials
database is always automatically reorganized.

3. 7. Assigning material properties to phases

Properties of a composite can only be obtained if the same properties of all
phases are defined. Therefore you have to assign material properties to each
phase. You can assign material properties while importing external grid data with
Project - Import or you can do it all at once by opening the Materials - Assign to
Phases dialog window.

This popup dialog contains a list of the phases of the composite starting with
zero, which is the first phase. For each of them the material type and the phase
file name are displayed (or Not yet defined, if no material has been assigned).

If the list of phases does not fit in the dialog window you can scroll it with the
scroll bar on the right. To select one of the phases simply click on the correspond-
ing line; to select a series of phases click on the first and move the mouse down
to the last without releasing the mouse button. Alternatively you can click on the
first phase, press the Shift key, and then click on the last phase that you want to
select. To select or deselect multiple phases you can press the Ctrl key when
clicking a phase. The Shift and Ctrl keys can also be combined.

GridMorph by MatSim GmbH — User’s guide 1.0 September 2004 29



After finishing your selection you choose a material from the options menu on
the bottom. By default the button shows Not yet defined. As soon as you click this
button the option Load Material appears and usually a list of materials from the
database. If you find the desired material in the list select it or choose Load Ma-
terial to load another material into the database. Make sure that the option button
shows the materials name you want to assign to the selection. Then simply click
Assign and the previously marked list of phases will be updated appropriately.

Before clicking the Close button, make sure that all phases have a material as-
signed. Otherwise you will get error messages from the Solver.

3. 8. Calculating composite properties

With the Solver you are already familiar. Just a few hints before you start it:

» Save the project before you continue to make sure you do not loose the project
data in case of an unexpected interrupt of GridMorph.

» Assign material properties to all phases.

* Check if for the component materials all properties are defined that you want to
calculate for the composite. Use Materials - Edit Material Properties.

Now you proceed as in your first project...
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4. Information, warning, and error messages

Here you find all possible messages produced by GridMorph. Information and
error messages appear in an orange pop up window, which will disappear if you
press the OK button. Information messages usually are less severe than error
messages and the cause can be fixed quickly. Warning messages appear in a
green window and require a decision between YES or NO.

In the explanations below the messages produced by GridMorph are printed in
Cour i er font. Some of them contain texts in < > brackets, which stands for arbi-
trary names or descriptions. The number (#) symbol stands for any number related
to the message.

Below each message is the explanation what it means and hints how to avoid
the error or what to do with a warning. Bold face expressions are operations you
can directly apply in GridMorph, such as Project - Open, which means to click the
“Project” pull-down in the main menu and select “Open”.

4. 1. Error and information messages

These messages appear in an orange window and require confirmation by
pressing the OK button.

<filename> not found
The file <filename> could not be found.

If <filename> corresponds to what you just typed in a file selection box, correct
the spelling of the filename;

Otherwise: if <filename> has the extension mat you should check the contents
of the materials database file (with extension mdb) of you current project. There
is a reference to a material file that does not exist any more. You can either
recreate this material file or manually change the entry in the ndb-file.

In all other cases the file is part of the project and it was available at the mo-
ment you started the current project but now it is not available any more. Did
you or somebody else remove it or do you have a network problem?

Al'l ocation of # bytes for <name of data structure> failed
Your problem is too big to fit into the computer’'s memory.

You have to decrease the size of your system by using a smaller grid.

Another option is to increase the swap space of your computer or to plug in ad-
ditional RAM (Random Access Memory).

Assign a material to phase #
Phase # has no properties allocated; therefore the solver cannot calculate the
composite properties.
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Check the Materials - Assign dialog for phases whose material is “not de-
fined”.

Coul d not create backup of <filename>
Probably there is a network error or the file was accidentally removed while
GridMorph was running. This error is not severe for the current project but may-
be you lost some data of a previous stage.

Defi ne phases in increasing order.
In Project - Import for an arbitrary morphology the phase files must be speci-
fied starting with the first phase (number zero).

Doubl e entry in materials database file <filenanme>, |line #
The name of a material file appears twice in the materials database file (with
extension mdb). The second occurrence is in the specified line of the ndb file.

Edit the mdb file manually and type in another valid material filename (with ex-
tension mat ) at the erroneous line. After loading the project again you can use
Materials - Assign to load the material which you wanted to assign to the phas-
es.

El astic constants nmust be specified for <material name>
Elastic constants are not defined in the file of the specified material (the file
with extension mat ), therefore the solver cannot calculate elastic properties of
the composite.

Use the Materials - Edit Properties dialog, Load the material in question,
specify its elastic constants, and Save the material under the same name.

End of file <filenanme> reached at line #
The specified file is probably corrupted or some essential information is miss-
ing.
Open the file in an editor. If it looks reasonable to you add a blank line at the
end and try to open it again in GridMorph. If it still does not work, remove the
file or, if there is a backup (the same filename with extension _bk) available,
overwrite the corrupted file with its backup (by removing the extension _bk).

Error closing <filename>. Disk full?
The disk is full, your disk quota is exceeded, or a network error occurred.

If the disk is full or your quota limit reached you may have to remove some older
backup files (those with extension _bk).

Error reading <filename>
The file system was not able to read the already opened file, probably due to a
network error.

Try it again, if the error persists, check the file for illegal characters. These are
usually characters which can not be typed on the keyboard.

Error writing <filename>. Disk full?
The disk is full, your disk quota is exceeded, or a network error occurred.
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If the disk is full or your quota limit reached you may have to remove some older
backup files (those with extension _bk).

Fil ename <fil ename> too | ong! Max <# of characters>!
You specified a filename with too many characters.

Depending on your operating system there is a limitation of the number of char-
acters that can be used for the filename including pathname.

Format error in configuration file <filename>, |ine #!
The configuration file (with extension cf g) does not comply with the expected
format (probably after manual changes).

Correct the formatting of the line in question according to the specification.

Format error in materials database file <filenanme>, |ine #!
The materials database file (with extension mdb) does not comply with the ex-
pected format (probably after manual changes).

Correct the formatting of the line in question according to the specification or
remove the mdb file and reassign materials to the configuration with Materials
- Assign.

Format error in material file <filename>, |ine #!
The material property file (with extension mat ) does not comply with the expect-
ed format (probably after manual changes).

Correct the formatting of the line in question according to the specification or
remove the mat file and redefine the properties of this material with Materials
- Edit.

Format error in phase file <filename>, |ine #!
The specified phase file for the morphology contains a syntax error. Correct it
according to the phase file format.

Format error in script file, |line #!
The syntax of the script file is wrong. There might be an unexpected end-of-
line. Correct the syntax according to the rules for script commands.

Grid nmorphol ogy can not be inmported into existing project! Do
Project-New first.
Project - Import for an arbitrary morphology works only in a new project envi-
ronment.

1l egal argument for paraneter <name> in script file, line #!
The parameter value for a script commands as described in chapter 7. is
wrong, e. g. a float value where an integer is expected.

11 egal filenanme <fil ename>
The specified filename is not allowed in this operating system.

For filenames you should only use letters, numbers, and underscores.
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1l egal keyword <wrong command> in script file, |line #!
A command keyword is misspelled. Use script commands as described in the
corresponding chapter 7.

1l egal material assignment to phase for this norphol ogy!
Only phase properties can be modified. See also the detailed description of pa-
rameters for this script command.

|11 egal phase number # in Material-Assign statement in script
file <filename>!
The phase number is out of range: phases are numbered from 0 t0o Nppgges—1

11 egal or m ssing name for material in script file <filenanme>,
[ine #!
A material name was either not specified or misspelled, i. e. it could not be
found in the database. Check if the file exists (and has the extension mat ) and
specify in the script file the full file name including the relative path name if it
is not in the directory where GridMorph was started.

|11 egal parameter name <name> in script file, |line #!
A parameter name for a script commands is misspelled or used in the wrong
command context. The commands and their corresponding parameters are de-
scribed in chapter 7.

11 egal syntax for paranmeter <name> in script file, |line #!
An unexpected end of line appeared after a parameter in a script command.

| nconsistent grid dinmension (#) in phase file <file name>!
The specified phase file for the arbitrary grid morphology contains not as many
numbers per line, lines, or blocks of lines as specified in the first line of the file.

| nput error in character field: <field name>
lllegal characters or nothing was entered in the specified field.

Some input fields require an entry; do not use composed characters.

| nput error of floating-point nunmber: <erroneous number >
You used a wrong format to specify a number.

A floating-point number must be of the form s#. #es# where s stands for an
optional sign (+ or - ), # stands for a sequence of digits without spaces, and .
stands for the decimal point (commas are not allowed). e and everything there-
after is optional. The number after the letter e specifies the exponent of base
10 by which the number before e is multiplied.

| nput error of integer nunmber: <erroneous nunber>
You used a wrong format to specify a number.

An integer number must be of the form s# where s stands for an optional sign
(+ or -) and # stands for a sequence of digits without spaces.
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Li cense expired # days ago!

Li cense expires in # days!
Your license for using GridMorph expired or will expire soon.

Order a new license, which includes full support and free upgrade service.

Mat eri al s dat abase file <filename>: entries should be
consecutively numbered in line #
The entries in the materials database file (with extension ndb) are wrong.

Correct the formatting of the line in question according to the specification or
remove the mdb file and reassign materials to the configuration with Materials
- Assign.

Mat eri al s database is full with # el ements! Saving is possible
but material will not be avail able for current project. Perform
Mat eri als - Reorgani ze Dat abase.

The number of different materials for this project was exceeded.

Do Materials - Reorganize Database. If it does not help, remove the materials
database file (with extension mdb) of this project and do Materials - Assign
again.

M smatch between materials name and filenanme in materials

dat abase file <fil ename>, |ine #!
The name of a material is specified by the name of its properties file (with ex-
tension mat ).

Do not rename mat files that are used in any of your projects. If the error per-
sists, remove the materials database file (with extension mdb) of this project
and do Materials - Assign again.

M ssing crystal class (CC) in file <fil ename>!
A material properties file (with extension mat ) must have an entry that specifies
its crystal symmetry class. If this entry, which is introduced by “CC”, is missing,
the file can not be used.

Redefine the material with Materials - Edit Properties.

M ssing material for phase #. Sel ect Material and press Assign.
In Project - Import for an arbitrary morphology every phase must have a ma-
terial assigned.

M ssing phase definition #. Press Load Phase.
In Project - Import for an arbitrary morphology every phase must be defined
by a phase file.

M ssing <property>! Used for phase #.
The <property> (e. g. thermal expansion coefficient, electric conductivity) is not
available for the specified phase. Check, which material is used for it with Ma-
terials - Assign and go to Materials - Edit Mat. Properties to define the re-
guested property for this material.
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Another possibility is to tell the solver not to calculate this property for the com-
posite by unmarking the property button in the Solver window.

No anal ysis data avail abl e!
The output file (with extension out ) is missing for this project.

Assign material properties to all phases of your composite and run the Solver.

No conmposite material avail abl e!
Composite properties have not been stored in the material file (with extension
mat ).
Run the Solver first and store the output with Materials - Save composite ma-
terial.

No el astic constants are defined for <material >!
In the Material - Analyze Elasticity dialog it is possible to analyze the stiffness
tensor of triclinic materials. However, if the selected material does not have
elastic properties assigned, this information message appears.

No field data avail able for <property>! Run Sol ver first.
In View - Cut Plane you tried to visualize property fields of a property whose
field has not been stored in a previous run of the Solver.

Run the Solver and do not forget to tick the Store full property fields button.

No project is defined!
For most operations in GridMorph you must have a project defined.

Do Project - Open to open an existing project or Project - New to create a new
one.

No read/write perm ssion for <filename>
The operating system does not allow you to access the specified file.

Check if the file belongs to another user or if it is read/write protected.

Not hi ng to save!
No project is loaded or nothing has been modified since last save.

Pl ease fill in all input fields correctly!
Some input field in the currently active dialog window contain wrong values.

Move the mouse pointer over all input fields (white) to find out which of them
has to be corrected.

Some properties require elastic constants! Please add themnow
or later.
To calculate properties such as thermal expansion coefficients it is necessary
to know the mechanical properties given by the elastic constants. Specify those
for the currently used materials in Materials - Edit Properties.

Undefined material (#) in configuration file <fil enanme>.
Assum ng no materi al.
The specified material’s identifier in the configuration (cf g) file does not exist
in the materials database (mdb) file. GridMorph simply ignores this identifier
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and assumes that the inclusion or cell with this material’s identifier is not de-
fined yet.

Use Materials - Assign to assign valid properties to all phases.

Unknown property <property> or no property specified!
To start the solver at least one property button must be checked or the “prop”
parameter must be specified for the Solver command in the script file.

W ong number of parameters in line # of <material file>
There are not enough properties parameters in the specified line of the material
file.

Remove the mat file and regenerate it by doing Materials - Edit.

W ong nunber: <erroneous number>! Enter value <all owed range>
Most numbers must be within a certain limit.

Choose another number within the allowed range.

W ong or m ssing keyword in material file <filename>, |line #
Each property of materials is defined by a keyword and the corresponding
parameters. The current material file is syntactically incorrect.

Remove the mat file and regenerate it by doing Materials - Edit.

W ong value for <property> in material file, line #
A parameter of the specified material property is beyond the allowed limits.

Remove the mat file and regenerate it by doing Materials - Edit.

Your |icense does not allowthis operation. Please contact your
support center.
If you did not purchase the full license there will be packages that are not sup-
ported in your license scheme. To get more packages, contact your vendor.

4. 2. Warning messages

This type of messages appear in a green window. They require an immediate
answer (usually YES or NO) from the user.

<material name> already | oaded! Overwrite?
A material with this name is already in the internal materials database. This
messages occurs if you try to load a material properties file, which was already
loaded before.

Current project was not saved. Quit anyway?
Some parts of the current project have been modified but not saved.

If you do not want to loose any data of the current project do Project - Save
prior to quitting GridMorph.
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Data file was not saved. Close anyway?
After editing a data table, the information should be written in an appropriate
file otherwise it will be lost upon closing the edit dialog.

Do you really want to quit?
Appears upon selecting Project - Quit.

Do you really want to undefine this property for <material >?
In Materials - Edit Properties you may want to delete a single property from
the database of a material.

File <filename> already exists. Overwrite?
If you try to save a material file or a project with the same name as an already
existing file, this message appears.

Material with zero density! Is that correct?
By defining new materials in Materials - Edit Properties you should specify the
density of the material. If it is not available you can omit it but you have to take
into account that the total density will then not be properly computed.

Proj ect <project nanme> already in menory. Di sm ss without save?
A project with this name is already loaded.

GridMorph by MatSim GmbH — User’s guide 1.0 September 2004 38



5. File Formats

Warning: do not modify files that were generated by GridMorph unless you
know exactly what you are doing. Syntactically incorrect files can not be read by
GridMorph any more.

5. 1. File Dependencies

GridMorph uses the following file suite for input or output. They depend on each
other as shown in the figure. The central file of the suite is the | og file, which de-
termines the name of the project. If for whatever reason the log file is not available
any more, an empty file with the corresponding name can be used in order to re-
cover the other files of the project..

proj . mdb - ( * . mat

proj .| og

Log file: specifies
the project name

y

proj.cfg <

Configuration file

R

Materials database file Materials definition files
/ proj out

Phase files J
- Output data file

proj .
pr Oj f pr X Materials definition file

from Solver

L

proj . fvnx
proj.fprt
pr Oj Cf* “proj” stands for the name of the cur-

. . rent project.
Property fields data files prol

/ The wildcard (*) stands for any name
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5. 2. General conventions

The following conventions apply to all files created by GridMorph:

* File names (including directory path names) may contain the following charac-
ters:
A-z, 0-9, ., _+- =8 %/ ~*

* Input data fields must be delimited by space or tab

* The syntax of the file formats is specified in a type of Bacchus-Naur formalism:
Identifiers are defined by the :=" assignment. “* (quotes) enclose exact strings.
The selection operator 'I’ separates different options. The content of square
brackets [ ] is optional while the content of curly brackets { } can be repeated
many times (or never). Round brackets () are used for organizing expressions.
The carriage return symbol '<’ stands for a new line. Variables are printed in
italics and must be replaced in the file by a number or a string of the specified
type, which is defined after the colon ’:’.

» Do not expect the file formats be logical. However, the following explanations
should help you to understand the file formats.

5. 3. Script File

See the detailed syntax description for the GridMorph script language in the
corresponding chapter.

5. 4. Log (Project) File

Filename: proj ect . | og (where proj ect is an arbitrary name for the current
project).

Contains information about the current project such as names of files involved
(creation, opening, saving, backup creation) and history log information that ap-
pears in the main window (including error and warning messages). The name of
the project is given by this file. No backup is produced of the log file, therefore it
can become long if a project was reopened many times. In this case it can be emp-
tied by the user.

If for whatever reason the log file is lost, an empty file with the corresponding
name of the cf g and nmdb files can be used in order to recover other files.

After long operations the computation time is printed in the log file. The basic
results of the solvers are also printed here and in the main window.

There is no particular formatting of this file since it is not machine readable.
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5. 5. Materials Database File

Filename: pr oj ect . ndb (where pr oj ect is the same name as for the informa-
tion file in proj ect . | og)

Contains a list of material files (their names with extension mat and locations)
with indices that are used in other files such as proj ect . cf g. The database is
reorganized before saving it, thus it contains no more than the materials that are
really in use in the current project.

5.5. 1. Content

The mdb file contains an indexed list of material files, which are given by their
name and the full path name where the materials data itself can be found. The in-
dex is starting at zero.

The materials name must correspond to the base name of the file, i. e. the file
name without path and extension mat .

This file is updated whenever a new material is loaded within the project or a
new material is created by the materials editor.

5.5. 2. Format

{ index . integer

mat eri al s- name » string

filename » string <
}

5. 6. Configuration File

Filename: pr oj ect. cf g (where proj ect is the same name as for the informa-
tion file in proj ect . | 0g).

This file is used to define the names of the phase files, their properties and the
averaging method. For each phase X in the current configuration there must be a
phase file containing the fractions v; x of this phase for each grid element j.

5.6. 1. Content

The first line is an optional comment line (starting with “#”), which contains - if
created by the program - the version of the program that has stored the configu-
ration (e. g. Gri dMor ph 1. 0). The next line (starting with “>M”) declares the
number of phases and a code for the averaging method: 0 stands for serial aver-
aging, 1 for parallel averaging as described in Chapter 3. 2. 1.
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Then follow the descriptions of every single phase: each of these lines starts
with the keyword “File”, the number (in increasing order, starting with 0) of the
phase (corresponding to the entry in the materials database, mdb) and the weight
of the respective phase as described in the picture above. The last parameter on
this line is the name of the file describing the phase (phase file), i. e. describing
the density of this phase in every grid element.

5.6. 2. Format

[ “#” program.version : string <
]
“> M nPhase avgMet hod . integer <
{
“File” phase/matld . integer (pointer to mat.DB)

wei ght . float

filename : string <
}

5. 7. Phase File for Grid Morphologies

The filename can be chosen ad libitum. Itis accessed through the “Fi | e” entry
in the configuration file (with extension cf g).

5. 7. 1. Content

The phase files are usually produced by other software such as C2-MesoDyn®
by Accelrys® (www.accelrys.com/cerius2/MesoDyn.html). For a composite con-
sisting of N phases, N phase files are required with identical syntax and parameter
description. The phase file format corresponds to the C2-MesoDyn® (Accelrys®)
format. The file starts with the keyword #GRI D, followed by the dimensions of the
grid, nx, ny, nz, i. e. the number of cubic grid elements in the x, y, and z directions.
The last parameter of the first line specifies the size (length) of a cubic grid ele-
ment.

The length parameter specifies the length of the cubic grid element. To reduce
floating point precision inaccuracies and to get a nice picture in the viewer, the
product of the biggest dimension (maximum of nx, ny, nz) with the length should
not exceed the range between 0.1 and 10.

After this follow nx blocks of ny lines of nz numbers per line, each number spec-
ifying the fraction of this phase in the respective grid element. The minimum size
for nx, ny, nz is 3; the upper limit is restricted only by the memory capacity of the
computer. The nx blocks are separated by an empty line. Although these numbers
are fractions and therefore assumed to have a value between zero and one, they
can actually be bigger to represent areas of higher local pressure. With the weight
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parameter specified in the configuration file the weight of all the fraction numbers
in the same phase file can be adjusted appropriately.

The phase files of the same morphology must have identical syntax and there-
fore identical values for nx, ny, nz and the length. The sum of the fraction values
Vy v,z Of all the phase files of one morphology should be one. However, as de-
scribed above, it is possible to have a total phase fraction above one if the local
pressure is higher than in another area.

5.7. 2. Format

“#GRI D’

nx ny nz . integer
| ength . float <
Vii1,1 Vi1,2 --- Vi1 nz . float <
Vi21 Vi22 ... Vi 2nz . float <
Viny,1 Vi,ny,2 -+ Vi,ny, nz : float <
(empty |ine) <
; <
<
Vix, 1,1 Vnx,1,2 - -+ Vnx, 1,nz . float <
Vnx,2,1 Vnx,2,2 - Vix, 2, nz . float <
Vix,ny,1 Vnx,ny,2 -+  Vnx,ny, nz : float <

5. 8. Materials Definition File

Filename: mat name. mat (where mat name is an arbitrary identifier for a certain
material).

For each material there is a separate file. These files are related to the current
project by the materials database pr oj ect . ndb, where each mat -file is specified
by an index and its full file name.

5. 8. 1. Content

The first two lines are optional comment lines (starting with “#”). The first line
contains - if created by the program - the version of the program that stored the
materials parameters (e. g. Gri dMor ph 1. 0). The second line contains a textual
description of the material, starting with the key word “ REM’ (REMark).

The crystal symmetry class is introduced by the key word “ CC’ and defined by
a string descriptor for the following classes:

* isotropic: 2 independent elastic constants. In the file they are defined by
Young’s modulus E [GPa] and Poisson’s ratio v. The conversion into other pa-
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rameters such as bulk and shear modulus or the stiffness and compliance ma-
trices is performed upon reading the data.

Only one element of the other properties such as linear thermal expansion co-
efficient (tey1 [1/K]) or electric conductivity (ecqq [S/m]) is stored.

cubic: 3 independent elastic constants; 21 lower left elements of the stiffness
matrix C [GPa] and 6 values of the other properties (represented by symmetric
3x3 matrices) are stored in Voigt notation (on one line of the material file).

hexagonal (transversely isotropic): 5 independent elastic constants; 21 lower
left elements of the stiffness matrix C [GPa] and 6 values of the other properties
(represented by symmetric 3x3 matrices) are stored in Voigt notation.

orthorhombic: 9 independent elastic constants; 21 lower left elements of the
stiffness matrix C [GPa] and 6 values of the other properties are stored in Voigt
notation.

trigonal: 7 independent elastic constants; 21 lower left elements of the stiff-
ness matrix C [GPa] and 6 values of the other properties are stored in Voigt
notation.

tetragonal: 7 independent elastic constants; 21 lower left elements of the stiff-
ness matrix C [GPa] and 6 values of the other properties are stored in Voigt
notation.

mono2clinic (monoclinic with diad parallel to x,): 13 independent elastic con-
stants; 21 lower left elements of the stiffness matrix C [GPa] and 6 values of
the other properties are stored in Voigt notation.

mono3clinic (monoclinic with diad parallel to x3): 13 independent elastic con-
stants; 21 lower left elements of the stiffness matrix C [GPa] and 6 values of
the other properties are stored in Voigt notation.

triclinic: 21 independent elastic constants; 21 lower left elements of the stiff-
ness matrix C [GPa] and 6 values of the other properties are stored in Voigt
notation.

Among the material properties the following are available, depicted by the ap-

propriate key words:

ElasticConst: 21 stiffness constants C [GPa] arranged in Voigt notation in a
lower-left triangular matrix (it is optional to write the full symmetric matrix but
the values above the diagonal are simply ignored).

Density: 1 value for the density rho [kg/m3].

ThermalExp: 1 (for isotropic materials) or 6 (for anisotropic) values for the
thermal expansion coefficients te [1/K]. For anisotropic behavior the six te val-
ues are stored in Voigt notation. If only one value is specified for anisotropic
materials, isotropy in the thermal behavior is assumed.

These parameters can only be stored if “ElasticConst” are available.

ThermalCond: 1 (for isotropic materials) or 6 (for anisotropic) values for the
thermal conductivity tc [w/(mK)]. For anisotropic behavior the six tc values are
stored in Voigt notation. If only one value is specified for anisotropic materials,
isotropy in the thermal behavior is assumed.

DielectricConst: 1 (for isotropic materials) or 6 (for anisotropic) values for the
dielectric constant dc [dimensionless]. For anisotropic behavior the six dc val-
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ues are stored in Voigt notation. If only one value is specified for anisotropic
materials, isotropy in the dielectric behavior is assumed.

* ElectricCond: 1 (for isotropic materials) or 6 (for anisotropic) values for the
electric conductivity ec [S/m]. For anisotropic behavior the six ec values are
stored in Voigt notation. If only one value is specified for anisotropic materials,
isotropy in the electric behavior is assumed.

 GasPermeability: 1 (for isotropic materials) or 6 (for anisotropic) values for the
permeability of gases and liquids gp [cm/s]. For anisotropic behavior the six gp
values are stored in Voigt notation. If only one value is specified for anisotropic
materials, isotropy in the permeability behavior is assumed.

» GasDiffusivity: 1 (for isotropic materials) or 6 (for anisotropic) values for the
diffusivity of gases and liquids gd [cm2/s]. For anisotropic behavior the six gd
values are stored in Voigt notation. If only one value is specified for anisotropic
materials, isotropy in the diffusivity behavior is assumed.

» RGBColor: Red-Green-Blue color codes for the visualization of the materials.
The full definition of the OpenGL color coding must be specified. These are four
values (red, green, blue, and alpha contribution) for the color, the ambient, dif-
fusive, and specular reflectance attributes, emitted light intensities, and one
value for the shininess. All values apart from the shininess must be numbers
between O (darkest) and 1 (brightest).

All non-mechanical properties are defined by a maximum of six parameters,

which are stored in the mat file as a Voigt vector.

Properties must have their units specified in square brackets [] just after the
property code (for dimensionless properties the square brackets are simply left
empty). For the time being the units according to the S| standard are assumed and
no transformations take place.

An optional comment can follow the property code and units definition. A more
legible description is automatically added by GridMorph. Other comments can be
placed anywhere in the file on separate lines if introduced with the keyword * REM’
(REMark). These comments are not preserved if the file is modified and saved by
GridMorph.

5.8. 2. Format

[ "#” Program.version . string <

]

“REM' comments and remar ks . string <

“CC” Symmetry_ Cl ass . string <

{ Property

}

Symmetry_ Cl ass =

( “isotropic” | “cubic” | “hexagonal” | “orthorhombic”
“trigonal” | “tetragonal” | “mono2clinic” | “mono3clinic” |

“triclinic” )
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Property =
( “ElasticConst” “[” units “]” [comment]

C11 . float
Coqy Coo . float
C31 C3o C33 . fl oat
Cq1 Cyp Cy3z Cyy . float
Cgqy Cgp Cgz3 Cg4q Csg : float
Ce1 Cs2 Cp3 Cps Cps Cpe - float
) |
( “Density” “[” units *]”
rho . float
) |
( “Thermal Exp” “[” units “]” [coment]
tell [ te22 te33 te23 te13 te12 ] . fl oat
) |
( “Thermal Cond” “[” units “]” [comment]
tCll [ tC22 tC33 tC23 tC13 tC12 ] . fl oat
) |
( “DielectricConst” “[” units “]” [comment]
dCll [ dC22 dC33 dC23 dC13 dC12 ] . fl oat
) |
( “ElectricCond” “[” units “]” [coment]
ecq; [ ecyp eczy ecp3 ecy3 ecqp | : float
) |

( “GasPerneability” “[” units “]” [comment]

gp11 [ 9pP22 9pP33 9P23 9pP13 gpi12 ] : float
)

( “GasDiffusivity” “[” units “]” [comrent]
gdq1 [ gdyp gdzz gdpz gdiz gdgp | @ float

) |

( “RGBCol or” [comrent]
cr cg cb ca . float (GLfloat)
ar ag ab aa . float (GLfloat)
dr dg db da . float (GLfloat)
sr sg sb sa . float (GLfloat)
er eg eb ea . float (GLfloat)
shine . float (GLfloat)

)
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5. 9. Output File

Filename: pr oj ect . out (where proj ect is the same name as for the project
file).

Contains all necessary information about the current system (configuration,
surface and volume mesh) including the data (all properties) calculated by the
solver. The file is written in an easily understandable way. Some parts however
follow a well defined syntax because this data is read again for visualization pur-
pose.

5.9. 1. Content

» Description of the configuration. For each component material the volume frac-
tion is displayed.

* Information about the surface and volume mesh.

* Density of the composite.

» Tensor of elastic constants of the composite in Voigt matrix format: Cj, (i, k =
1..6); overall Young’s moduli, Poisson’s ratios, shear and bulk moduli.

e Tensors for other properties of the composite in 3" 3 matrix format: tey (i, k =
1..3) and the average and dispersion of the three diagonal elements of the
property tensor.

* The Appendix contains one-to-one copies of all material files (extension mat )
that were used for the calculation of the properties of this project.

5.9. 2. Format

CEEEFAKKXAKFXAK CONPOSI L@ NAMME **** Ak ** Ak K x k7
Configurati on data

Mesh data

Density

El astic constants

Ci1 Ci2 Ci3 Cis Cis Cys : float <
Co1 G Gz Cyy G5 Cpp : float <
Co1 Ce2 Co3 Cos Cos Cep : float <

El astic conmpliances
S11 S12 S13 S14 S15 Si6 . float <

Se1 Se2 Se3 Se4 Ses See . float <
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Overall elastic moduli (engineering constants)

Property tensors (for properties te, tc, dc, ec, gp, gd)

teq; tegn tegs . float <
te21 te22 te23 : fl oat <
t €31 t €3- t €33 : fl oat <

Aver age and di spersion of teq;, teyy, tess

5. 10. Result Files for Property Fields

Filename: pr oj ect . eee, where “ eee” is the extension specifying the proper-
ty field and the field direction as follows:

eee meaning

fprx Pressure from deformation in x direction

fpry Pressure from deformation in y direction

fprz Pressure from deformation in z direction

fpryz Pressure from shear in yz plane

fprxz Pressure from shear in xz plane

fprxy Pressure from shear in xy plane

f vimx Von Mises stress from deformation in x direction
f vy Von Mises stress from deformation in y direction
fvne Von Mises stress from deformation in z direction
fvimyz Von Mises stress from shear in yz plane

fvixz Von Mises stress from shear in xz plane

fvixy Von Mises stress from shear in xy plane

fprt Pressure from thermal expansion

fvm Von Mises stress from thermal expansion

ftcx Heat flux in x direction

ftcy Heat flux in y direction

ftcz Heat flux in z direction

fdcx Dielectric field in x direction

fdcy Dielectric field in y direction

fdcy Dielectric field in z direction

fecx Electric current in x direction
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eee meaning

fecy Electric current in y direction
fecz Electric current in z direction
f gpx Flux in x direction

f gpy Flux in y direction

fgpz Flux in z direction

f gdx Diffusivity in x direction

f gdy Diffusivity in y direction
fgdz Diffusivity in z direction

5. 10. 1. Content

For each tetrahedron element the property due to a certain deformation or field

direction is stored.

Elastic Constants (cc)

Deformations in x, y, z direction; shear in Xy (gamma), yz (alpha), xz (beta)

plane (6 deformation types)
Pressure (fpr):

fr:)rx,y,z =Sp*S1*S;

stored in files proj ect.fprx, .fpry,

.fprz, .fpryz, .fprxz,

. fprxy
Von Mises stress (fvm):
1 2 2 2. 3., 2. 2. 2
taux’y,Z = fva,y’Z = JEX((so—sl) +(S1=8,) *+(s,—-5() )+Zx(33+s4+35)

stored in files proj ect.fvnx, .fvny,

. fvnxy

Thermal Expansion Coefficients (te)

Strain through heating the cell by 1 K.
Pressure (fprt):

fprty v, = Sp*S1*S;

stored in file proj ect. fprt

Von Mises stress (fvmt):

fvme, .fvnyz, .fvnxz,

X, ¥, 2 X, Y, Z

2 2

tau = fyvmt = J%X((so—sl)2+(31—32)2+(32—so)2)+§’1X(s§+s4+35)

stored in file proj ect. fvmt
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Thermal Conductivity (tc)

Heat field in x, y, z direction (3 “deformation” types).
Heat flux (ftc):

_ 2.2, .2
ftCx,y,z_ J0+11+JZ

stored in files proj ect.ftcx, .ftcy, .ftcz

Electric Conductance (ec)

Electric field in x, y, z direction (3 “deformation” types)
Local current (fec):

_[2 2 2
fecx’yiz— egte;te,

stored in files proj ect.fecx, .fecy, .fecz

Dielectric Constants (dc)

Dielectric field in x, y, z direction (3 “deformation” types)
Local electric field (fdc):

_[2 2 2
fdcx’yiz— egte;te,

stored in files proj ect.fdcx, .fdcy, .fdcz

Gas Permeability (gp)

Permeability field in x, y, z direction (3 “deformation” types)
Field of permeability, i. e. gas flux (fgp):

0Py y,z = Jeo* €1+ e
stored in files proj ect. fgpx, .fgpy, .fgpz

Gas Diffusivity (gd)

Diffusivity field in x, y, z direction (3 “deformation” types)

Field of diffusivity, i. e. the gas flux assuming the same solubility for all
phases (fgd):

fad _/2+2+2
gx,y,z_ eO €,%¢e)

stored in file proj ect. fgdx, .fgdy, .fgdz

5.10. 2. Format

“#” Program.version : string <
“#” property, field direction : string <
NObj . integer <
NVNodes : long <
NTet r : long <
Nst eps . | NTEGER
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conver gence
m nVal ue maxVal ue

dat ag
dat a,

dat aytetr

5. 11. Backup Files

fl oat
fl oat
fl oat
fl oat

fl oat

NN NN

Before overriding any existing file the program will rename the previous version
by appending _bk# to the filename extension, where # is the version number of
the backup file (number 1 stands for the most recent backup; higher numbers are
older backups). Of the previous backup files the version numbers will be increased

by one up to 5. The previous file with extension _bk5 will be deleted.
Sequence of backup file renumbering of file “name” with extension “ext”:
name.
name.
name.
name.
name.
name.

ext bkb5 is deleted

ext bk4 is renamed to nane.
ext bk3is renamed to nane.
ext bk2 is renamed to nane.
ext bkl is renamed to nane.
ext is renamed to nane.

ext bk5
ext bk4
ext bk3
ext bk2
ext bkl
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6. Batch Processing

The GridMorph script language for batch processing is available in GridMorph
from Version 2.4.

Automatization with the script language allows you to automatically run many
simulations of a given composite configuration.

To get statistically better results it is recommended to run the solver on several
configurations of the same composite that were produced in a Monte Carlo run.
Each of these configurations requires meshing (surface and volume mesh) and
performing a Solver run.

To determine the best matrix material for a given composite it is necessary to
modify the material parameters and run the Solver every time.

The GridMorph script language allows to automatize the essential interactive
processes. Itis not a general programming language that allows to write condition-
al statements and loops. In order to do this it is recommended to use one of the
standard scripting languages available for the UNIX operating system, such as C-
shell, Bourne-shell, Perl, Tcl, etc., and to embed the GridMorph scripts into these
UNIX scripts.

6. 1. Batch Mode

Beside the normal interactive mode, GridMorph can also be run in the back-
ground (in batch mode) by executing a series of Script commands.

6. 1. 1. Interactive mode

Bat chMode=BM nt er act
Run the software fully interactive, i. e. in the foreground.

Start GridMorph without command line options; depending on the installation
on your desktop this can be done by simply clicking the GridMorph icon.

6. 1. 2. Batch mode

Bat chMode=BMbat ch

Run the software fully in the background without visualizing anything. Com-
ments, errors and run-time information are printed in the | og file of the projects.

Start GridMorph with option -b batchfil e. bat

If a critical situation occurs for which in interactive mode a warning message
would appear (in a green window), GridMorph automatically assumes a positive
answer, as if the user would press the YES button of the warning message. The
warning message is printed in the | og file of the current project.
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If an error occurs, GridMorph writes the error message into the | og file and ter-
minates. The return value of the program is available in the UNIX shell variable
st at us and can be printed if immediately after termination the command

echo $status

is performed. Upon normal termination of the program, the status value is zero.
Otherwise its positive value corresponds to one of the GridMorph error messages
that are listed in alphabetical order and explained above.
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7. Script commands

The batch file contains script commands (one instruction per line) to guide a
task in GridMorph. The commands have similar (sometimes abbreviated) names
as in the pulldown menus. Each command keyword is followed by a series of pa-
rameters to guide the task.

Parameters are of type int (positive and negative integer numbers), float (pos-
itive and negative real numbers), string (character sequences without spaces in-
between), bool (boolean type Y for yes and T for true or N for no and F for false).
For clarity it is recommended to use either Y and Nor T and F for bool types.

7. 1. Varia

7.1. 1. Comments

Introduced by a # as the first character of the line.
Empty lines are allowed everywhere.

Syntax:
# <any conmment >
7.1. 2. Line-continuation character

Command lines with many parameters can become very long. For better read-
ability it is possible to continue them on a new line by putting the line-continuation
character '\’ preceeded by a space after any parameter assignment.

Example:

Mat eri al - Assi gn phase: O=Epoxy phase: 1=G ass. mat \
phase: 2=Mat eri al s/ Car bonFi ber

The space before the line-continuation character is compulsory.
Comment lines cannot be split in this way.

7.1. 3. System calls

Allows to call UNIX commands from within GridMorph. For example to create
new directories, rename or copy files, etc.

Syntax:
System <UNI X command> <opti ons>

Parameters:
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* UNIX shell command with optional parameters. The next end-of-line marks the
end of the command. Quotes are treated as if the line had been typed in the
UNIX shell.

Examples:

System sl eep 5
System nkdir NewDirectory

7. 1. 4. Quit

Stop execution of batch file immediately (acts like a break point in the script
file). This is usually useful only in visualize mode (BMviewer) if the program should
be terminated after execution of the script file (e. g. for endless demonstration
runs).

Syntax:
Qui t
7. 1. 5. Parameter assignments

Assigns a default value to parameters below. Useful in visualize (parameter)
mode and for establishing convenient default settings for the dialog parameters
when repeating similar operations over and over again.

Syntax:
Assi gn <command> <parnpt = <val ue>

<command> stands for one of the following GridMorph script commands that
are described below with associated parameters:

» Solver: prop, storeFields, step, nRep, conv

7. 2. Project commands

7.2.1. Project — Load

Load a projectif the corresponding | og, cf g and ndb (if materials are specified
in the cf g file) are available

Syntax:
Proj ect-Load <parm = <val ue>

Parameters:
* projName (string): project name (without extension | og)
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7.2. 2. Project — Save

Save the current project under the same name including mesh information (if
available).

Syntax:
Proj ect - Save

Parameters: none

7. 2. 3. Project — Save As

Save the current project under a new name. The mesh is only saved if required.
The output file is saved only if the mesh file is saved.

Syntax:
Proj ect - SaveAs <parm = <val ue>

Parameters:

* projName (string): project name (without extension | og)
previous project files with the same name are saved as backup files

7. 3. Materials commands

7. 3. 1. Material — Assign Properties

Assign different materials to the simulation cell, a set of objects or a set of
phases. The latter only in grid morphologies.

Syntax:
Mat eri al - Assi gn <parnp = <val ue>

Parameters:

* phase:phaseNum (string): material name (filename) for phases given by a set
of phase numbers (between 0 and the total number of phases minus 1) in
phaseNum

The filename for the materials file must be specified including the path if the file
is not in the directory from where GridMorph is run. The extension mat is optional.

Example:

Mat eri al - Assi gn phase: O=Epoxy phase: 2= G ass. mat \
phase: 1 = material s/ CarbonFi ber

7. 3. 2. Material — Save Composite

Save calculated composite material in mat file for later use in GridMorph.
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Syntax:

Mat eri al - SaveConp <parnm> = <val ue>

Parameters:

7.

7.

matName (string): material name (without extension)
previous material files with the same name are saved as backup files [default:
same name as current project]

4. Solver commands

4. 1. Solver

Run the elastic or Laplace solver. The property acronyms are

cc: elastic constants

te: thermal expansion coefficients (cc required)

tc: thermal conductivity

dc: dielectric constants

ec: electric conductivity

gp: gas permeability

gd: gas diffusivity

To calculate thermal expansion coefficients (te) the elastic constants (cc) must

be calculated as well. If cc is not specified in the script file together with te, cc will
be calculated automatically.

Syntax:

Sol ver <parnr = <val ue>

Parameters:

prop (string): comma-separated list (without spaces) of property acronyms to
be calculated.
Example: prop = ec,tc

storeFields (bool): Y(es) if property fields have to be stored [default]. N(o) oth-
erwise. Property fields use up a lot of disk space but are useful for visualization
in the View — Cut Plane mode

step (int): maximum number of minimization steps for all properties specified
[default: 1000]

nRep (int): reporting frequency for all properties specified [default: 50]

conv (float): convergence for energy minimization for all properties specified
[default: 0.0001]
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