Pandat 2025

User's Guide

™
S O FTWARE

CompuTherm LLC
Copyright® 2000 -2025




Contents

1 PandatBasics ... 1
1.1 Pandat GUI ... 2

141 MeNUS . 3

1.1.2 Toolbar ... 3

1.1.3 Statusbar ... 3

1.1.4 Explorer WindOW ... 3

1.1.5 Property Window ... 3

1.1.6 Main Display Window ... 3

1.2 Console Mode ... 7

2 Getstarted ... 8
2.1 Pandat Learning resourCes ... ... 8

2.2 WOTKSPACE .. . 9

2.2.1 Create anew workspace ... 9

2.2.2 Save aWOIrKSPACE ... 10

2.2.3 Open an existingworkspace ........................................... 11

2.3 Project ... 11

2.4 AP 12

2.4 Property . 13

242 ExportGraphs ... . 17

2.4.3 Icons for Graphon Toolbar ... 17



2.5 Table .. 21
2.5.1 Icons for Tableon Toolbar ... 21

2.5.2 Table Format Syntax ... 29

2.5.3 Table Column Operations ... 30

3 PanPhaseDiagram ... 33
3.1 Thermodynamic Database ... .. ... .. . . 33
3.2 Thermodynamic Calculations ... ... 38
3.2.1 Load Database ... 38

3.2.2 TDB VIEWEr ... . 40

3.2.3 OplioNS .. 42

3.3 Tutorial ... 47
3.3.1 Point Calculation (0D) ... .. 48

3.3.2 Line Calculation (1D) ... 51

3.3.3 Pressure-Composition-Temperature (PCT) Curve .................. 54

3.3.4 Section Calculation (2D) ... 55

3.3.5 Pseudo Binary Section ... ... 59

3.3.6 Material-to-Material Calculation ........................................... 61

3.3.7 Stability Diagram with Pressure as a Variable ........................ 65

3.3.8 Contour Diagram ... 70

3.3.9 Phase Projection ... 79
3.3.10 Solidification Simulation ... 82

3.3.11 Table Column Functions ... 86

3.3.12 Append Database ... . 96



3.3.13 User-Defined Property ..o 105

3.3.14 Advanced Features ... 105

4 PanOptimizer ... 114
4.1 Features of PanOptimizer ... 114

4.2 FUNCLIONS ... .. 114

4.3 Optimization Procedures ... 116

4.3.1 Step 1: Prepare Files ... 116

4.3.2 Step 2: Carry Out Optimization ... 117

4.3.3 Step 3: Save and Open Optimization Results ....................... 124

4.4 User-Defined Property Optimization ... 125

5 PanEvolution/PanPrecipitation ... 127
5.1 Features of PanEvolution/PanPrecipitation ...................................... 128

5.1.1 Overall Design ... 128

5.1.2 Data Structure ... 128

5.2 KineticModels ... 130

5.2.1 Precipitation Nucleation ... 130

5.2.2 Precipitation Growth ... 134

5.2.3 Precipitation Strengthening Model ... 138

5.2.4 Precipitation Hardening Model with Multiple Particle Groups 141

5.2.5 Grain Growth/Coarsening ... 142
5.2.6 Evolution of Dislocation Density ... 144
5.2.7 The JMAK Model for Recrystallization .................................. 145

5.2.8 The Fast-Acting Physical Model for Recrystallization ............ 146



5.2.9 Analytical models for Stress- Strain (o-€) curve at

low/ambient temperatures ... 149
5.3 The Kinetic Parameters Database (KDB file) Syntax and Examples ....150

5.3.1 An Example KDB File for Ni-14Al (at%) Alloy ......................... 152

5.3.2 An Example KDB File for Ni-14Al (at%) Alloy Using the

Calculated Interfacial Energy ..., 153
5.3.3 An Example KDB File for AAGOO5 Al Alloy .............................. 153
5.3.4 An Example KDB file for Heterogeneous Nucleation ... 155
5.3.5 Another Example for Heterogeneous Nucleation .................. 156

5.3.6 An Example KDB File for a Mg-based AZ91 Alloy
Considering Shape Factor and Shape Evolution ............................. 157

5.3.7 An Example to Show How to Set an Initial Microstructure for

Simulation ... 158
5.3.8 User-defined Growth Rate Model for Grain Coarsening ........ 160
5.3.9 Concurrent Precipitation and Grain Growth Simulation ... 160

5.3.10 Dynamic Recrystallization (DRX) Simulations with Built-in

and User-defined Models ... 163
5.3.11 Create or Edit kdb Parameters Through Pandat GUI ... 165
5.4 PanEvolution Functions ... 169
5.5 Tutorial ... 170
5.5.1 Ni-14at.%Al Precipitation Simulation ..................................... 170

5.5.2 Concurrent Grain Growth and Precipitation Simulation of Ni-

14at. %Al AIIOY ..o 181

5.5.3 Dynamic Recrystallization Simulation of Ni-14at.%Al Alloy ...185



6 PanDiffusion ... 189

6.1 Features of PanDiffusion ... 190
6.1.1 Overall DeSign .. ... 190
6.1.2 KineticModel ... 190
6.2 GetStarted ... 191
6.2.1 Create a PanDiffusion Project ... 191
6.2.2 Load Thermodynamic and Mobility Database ....................... 192
6.2.3 Start PanDiffusion Module ... 192
6.3 Settings in General Diffusion Simulation ......................................... 193
6.3.1 SetUnits ... 193
6.3.2 SelectPhases ... 193
6.3.3 Set Initial Composition Profile ... 194
6.3.4 Deleteor Add a Region ... 195
6.3.5 SetRegional Length ... 196
6.3.6 Set#of Grids ... 196
6.3.7 Set Thermal History ... . 197
6.3.8 Add Moments for Profile Outputs ....................................... 197
6.3.9 Set Geometry ... 198
6.3.10 SetlnnerRadius ... 198
6.3.11 Set Interface FluxModel ... 199
6.3.12 Set Boundary Conditions ... 199
6.3.13 Set Effective Mobility (Advanced option) ............................. 201

6.4 Settings in Particle Dissolution Simulation ........................................... 203



Vi

6.4.1 Set Alloy Composition ... 203

6.4.2 Set Matrix and Particle Information ... 203

6.5 Tutorial ... 204
6.5.1 Diffusion Couple with Uniform Composition Input .................. 204

6.5.2 Diffusion Simulation with Composition Profile Input ............... 207

6.5.3 Dissolution Simulation ... 209

7 PanSolidification ... 212
7.1 Features of PanSolidification ... 212
7.1.1 Overall Design ... . 212

7.1.2 Data Structure ... 213

7.2 Numerical Model ... 213
7.2.1 Back Diffusioninthe Solid ... 214

7.2.2 Micro-Model for Dendrite Arm Coarsening ............................. 214

7.2.3 Solute Trapping Effect ... 215

7.3 The Solidification Kinetic Database Syntax and Examples .................. 218
T4 Tutorial ... 221
7.4.1 Create a PanSolidification Project ... 221

7.4.2 Load Thermodynamic and Mobility Database ....................... 222

7.4.3 Load Solidification Kinetic Database .................................. 223

7.4.4 Solidification Simulation ... 224

7.4.5 Customize SimulationResults ... 225

8 PanPhaseField 227



Vii

8.2 Built-in Phase-Field Applications ... 229
8.2.1 Phase-Field Modeling of Precipitation ................................... 229
8.2.2 Phase-Field Modeling of Spinodal Decomposition ................ 233
8.3 Syntax and Examples of Phase-Field Database File (.PFDB) .............. 235
8.4 Tutorial ... 240
8.4.1 Step 1: Create a PanPhaseField Project ................................ 240
8.4.2 Step 2: Load Thermodynamic and Mobility Database ............ 240
8.4.3 Step 3: Load Phase-Field Database File ............................... 241

8.4.4 Step 4: (Optional) Prepare VTK Files as Input Microstructure 242

8.4.5 Step 5: PanPhaseField Simulation ........................................ 242

8.4.6 Step 6: Customize SimulationResults ... 246

8.4.7 Step7:AddaNew Table ... 246

8.4.8 Step 8: Get VTKIiles ... 248

8.4.9 Step 9: Load VTKAiles ... 249

8.4.10 Use a Plugin Defined by User ... 251

O PrOPeIY 254
9.1 Thermodynamic Property ... 254
9.2 Physical Property ... 256
9.2.1 Weight ... 256

9.2.2 Volume ... 257

9.2.3 Density ... 258

9.2.4 ViSCOSItY ... o 258

9.2.5 Surface TeNSION ... 259



viii

9.3 Kinetic Property ... 260
9.3.1 Atomic Mobility ... 260
9.3.2 Tracer Diffusivity ... 261
9.3.3 Chemical Diffusivity ... 261
9.4 User-Defined Properties ... 262
9.4.1 User-Defined Molar Volume Database ................................. 264
9.4.2 Thermal Resistivity and Thermal Conductivity ....................... 267
9.4.3 Calculation of TO Curve Using User-defined Property ........... 271

9.4.4 Calculation of Spinodal Curve Using User-defined Property .273

10 Batch Calculation and High-Throughput Calculation ... 277
10.1 Batch Calculation ... 277
10.1.1 Batch File Structure ... 277

10.1.2 Create and EditBatch File ... 282

10.1.3 Run Calculation fromBatch File ....................................... 283

10.2 High-Throughput calculation ... .. 286
10.2.1 Alloy Composition Setup ... 287

10.2.2 HTC with PanPhaseDiagram ......................................... 289

10.2.3 HTC with PanEvolution/PanPrecipitation ............................ 296

10.2.4 HTC with PanSolidification ... 299

10.2.5 HTCinConsoleMode ... 303

11 APPENdiX 305
11.1 Mathematical Functions and Operations .......................................... 305

11.2 Pandat Table Format Syntax ... 307



11.3 PanEvolutiontables .....................

11.4 Keywords and Syntax in POP File

12 References ... ... ...



1 Pandat Basics

Pandat software is an integrated computational tool developed on the basis of the
CALPHAD (CALculation of PHAse Diagram) approach for multi-component phase diagram
calculation and materials property simulation. It has a robust thermodynamic calculation
engine, a friendly graphical user interface, and a flexible post-calculation table editing
function which allows user to plot variety types of diagrams. The software is designed to
create a working environment that allows variety of calculation modules be integrated in the
same workspace. It currently includes five modules: PanPhaseDiagram (phase diagram
and thermodynamic property calculation), PanEvolution/PanPrecipitation (microstructure
and precipitation simulation), PanOptimizer (property optimization), PanDiffusion
(diffusion simulation), PanSolidification (solidification simulation) and PanPhaseField
(phase field simulation). Other modules can be easily integrated into the workspace for
extended applications. The architecture of Pandat software is schematically shown in the

Figure 1.1.

In addition to the functionalities provided by Pandat as a stand-alone program being
demonstrated in this manual, its calculation/optimization engine (PanPhaseDiagram,
PanOptimizer, PanEvolution/PanPrecipitation, PanDiffusion, and PanSolidification)
are built as shared libraries and enable their integration with broader applications in the field
of Materials Science and Engineering. More detailed information about Pandat software can

be found in the published papers [2002Che, 2003Che, 2009Cao].
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Figure 1.1: The architecture of Pandat software

1.1 Pandat GUI

Figure 1.2 shows the six components of the PanGUI (user interface of the Pandat

workspace):Menus, Toolbar, Statusbar , Explorer Window , Property window and Main_

Display Window.
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Figure 1.2: The components of the PanGUI
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1.1.1 Menus

Pandat menus provide commands for performing operations on the active window and other
general operations such as opening and saving a workspace file (*.pndx) or turning on the
display of a toolbar. The menus are context sensitive; that is, they change as the context in
Pandat main display window changes. This ensures that only Context-relevant menus and

menu commands are displayed.

1.1.2 Toolbar

Pandat provides toolbar buttons for the frequently used menu commands. Like the menu
commands, toolbar buttons are also context-sensitive. When a toolbar button is pointed at

with the mouse, a "tool-tip" displays the button name.

1.1.3 Statusbar

The Pandat Status bar is located at the bottom of the workspace. If the cursor is on a graph,

the coordinates are displayed in the status bar.

1.1.4 Explorer Window

The Explorer window lists the contents in the current workspace. The contents are
displayed in a tree structure. By double clicking each node, the text, graph or table will be
displayed in the Main Display Window of Pandat. A node of a calculation result could be

deleted by right click on the node and select "delete".
1.1.5 Property window

The property window is located below the explorer window. In Pandat, object selection is
carried out by single click. Based on the selected object, the properties of the plotted lines,

text, graphs and tables will be shown and can be edited in this property window.

1.1.6 Main Display Window

The Main display window displays the text, graph or table which corresponds to each node

in the Explorer window.
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More than one graph or table can be opened and their titles are displayed on the top bar of
the Main display window. User can display several plots together in the Main display
window by moving them to different positions. The following Figure 1.3 and Figure 1.4 show
how to move these windows. Select the window on the top bar, hold the left button and
move the mouse toward the Main display window. A dialog showing relative positions will be
displayed. Move the mouse to the selected position and release the left button of the
mouse. Figure 1.3 shows moving the selected window to the right side and Figure 1.4

shows moving the selected window (the Property Window) to the center position.
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1.2 Console Mode

In addition to the most common GUT (graphical user interface) mode, Pandat can also run in
the console mode without opening GUI. There are two ways to activate the console

mode:
» double click a batch file (extension with pbfx)in a folder, or

* run through a windows bat file. The content of an example bat file is shown in Figure 1.5.

| Start console mode | Full path of Pandat™

[ executable file (.exe)
1

start | “Pandat — Silent Mode” | | “C:\...\Pandat.exe” | | “AlMg.pbfx” |
p - ~ Output level -
| D:\console_working_folder | 0: Less Batch file
| 1: Normal

| Working folder for the output results | 2: More

Figure 1.5: Example of the (.bat) file for console mode

The command is to start Pandat (with full path and titled as Pandat - Silent Mode)and
run the batch file A1Mg.pbfx (in the current folder if not in full path). The last two
arguments are optional. If a working folder is given (D:\2025 \console working
folder), a Pandat workspace is created in the folder and all simulation results are saved
under the workspace. The simulation progress is logged in the file pandat.log. The last
argument is to control the output level with “1” the default value. The value of “2” is for more
outputs and “0” for less. Please refer to Example 1.22 in the Pandat Example Book for more

detail information.



2 Get started

Pandat starts with the following start page as shown in Figure 2.1. The user can open the
start page at any time by clicking the icon g on the toolbar. On the start page, there are
shortcuts which allow user to create a new workspace and open an existing workspace, link
to CompuTherm’s webpage (www.computherm.com) for recent updates and for comments
and discussions from Pandat user. It also lists the most recent workspaces and files the

user has created, so that user can reopen them easily.

£ Pandat Software by CompuTherm, LLC - a X
File Edit View Databases Batch Calc PanOptimizer ~ PanDiffusion  PanSolidification  PanPhasefield Property Table Graph Help
3= IE WG | & IEBINIS@EEHE A G G EE k| g 163 R 1 ol ] | BEReBREEERRQ

T 2

StartPage X
=7 Pandat Workspace 'default' =
=
™
version 2025
S OFTWARE
[E—
New Workspace Open a Workspace
g Pandat Tutorial Video
@ Linklo Website (Workspace_Graph, Table...)
@ Panda 2025 News Letter Q Pandat Online Help
roject PanPhaseDi:
ti o
time-
Recent Workspaces Recent Files
[#] default pndx [[] generated.able
18 Showthis page on startup @ Create default workspace onstatup  Theme Color
©2000-2025. CompuTherm LLC. Middleton. Wisconsin. USA

Figure 2.1: The start page of Pandat software

2.1 Pandat Learning resources

From the help menu, the user can have access to many resources on how to use
Pandat software, Including Pandat online help and Pandat Tutorial Video. Click the "Open
Pandat Example Book path" will open the Pandat example book folder, in which collected all
the files required to run all examples in the example book.

"..\Program Files\CompuTherm LLC\Pandat 2025\Pandat 2025 Example

book"


http://www.computherm.com/
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The files mentioned in this manual are all saved in the example folder:

"..\Program Files\CompuTherm LLC\Pandat 2025\ Pandat 2025

Examples"

In these two folders, the user can access templates for various file types, including tdb, pop,

.kdb, sdb, pbfx etc.

Table  Graph | Help
| | [ About Pandat...

_ License Information

Pandat Help File
Pandat Example Book
Open Pandat Example Book Path

Pandat Online Help
Pandat Tutorial Video

Link to CompuTherm Website

Figure 2.2: The Help menu of Pandat software

2.2 Workspace
2.2.1 Create a new workspace

The workspace provides a space for user to perform Pandat calculations and organize the
calculated results. It must be created before any Pandat calculation is carried out. User can
create a new workspace by clicking on the "New Workspace" link on the start page, or the
icon 4 on the toolbar, or go through the menus (File - Create a New Workspace). A
new window will pop out as shown in Figure 2.3. User can define the name of the workspace

and select a working directory to put the workspace. For different types of simulation, user
can then select a proper module from the six icons: Phase diagram calculation ( z|),

Optimization ( m| ), Precipitation simulation (@ ), Phase Field simulation (g ), Diffusion
simulation (/) or Solidification simulation (a|). User can also give a “Project Name” for
the calculations to be performed. User may choose to create a default workspace with

default project name simply by clicking the “Create” button or double click the selected

module.
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Figure 2.3: Create a new workspace dialog

2.2.2 Save a workspace

After the calculation in Pandat, user can save the workspace through the menus (File
- Save Current Workspace as) and select the destination location to save the
workspace. After you saved a workspace, you will find besides the .pndx file, there are
some other one or more folders next to the .pndx file. These folders contains all the files
needed for the workspace. Actually, each folder represents one project in the workspace.
The calculated table and figure files are saved in these subfolders. So the .pndx file
should be always kept together with these folders, and when you reopen the workspace, all

the results will be opened as well.

(&) = | Example_Workspace

E T micvicw pane v; e haincans I 7] Group by ~ [ ttem check boxes
fi22 Details i Add columns [l File name extensions
Navigation | se Hide selected  Options
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> 30 Objects
> I Desktop
>[5 Documents
> < Downloads
> B Music default Example_Workspace.pndx

> = Pictures

> [§ Videos

> i Windows-SSD (C)

> 4w Data(Dy)

> T Libraries

> ¥ Network

Figure 2.4: Workspace pndx file and the corresponding folder.
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2.2.3 Open an existing workspace

The user can open a saved workspace next time by clicking on the "Open a
Workspace" link on the start page, or the icon (g on the toolbar, or going through the
menus (File - Open — Workspace). For some most recent workspaces and files, the
shortcuts listed on the start page allow the user to open them directly.

In Pandat, only one workspace is allowed. When creating a new workspace, the user
will be asked if the current workspace needs to be saved. Think twice before clicking the
‘Create” button. The old workspace will be lost if it is not saved when a new workspace is

created.

2.3 Project

In Pandat, a workspace may contain several projects of different types. For example, a user
creates a project for PanPhaseDiagram module which contains all calculations for phase
diagrams. User can then create a new project of precipitation simulation in the same
workspace using menus (File — Add a New Project). In this case, the workspace
name and the working directory cannot be changed, but the user needs to give a new
project name. The database file, table, graph and other data associated with one project

can be viewed in individual tabs in the Display window.

When more than one project is created in a workspace, only one project will be
activated at a time, and only those functions and toolbar icons associated with the activated
project are available to the user at the time.

The name of the activated project will be highlighted as blue and be underlined. To
select a project as the activated project, right click the mouse on the project name in the
explorer window and choose “Set as Active Project”in the popup dialog as shownin

Figure 2.5.
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Figure 2.5: Set an active project Figure 2.6: Set an active database

When switching between projects, the user may also need to switch between different
databases so that the right database is used for the calculation. In the Databases view
dialog in explorer window, all the loaded databases are listed and the name of currently
activated database is also highlighted with blue and be underlined. To activate another
database, right click the mouse on the database name and choose “Set as Activate
TDB” as also shown in Figure 2.6 . Inside one project, the user may also load several
databases and carry out different calculations of the same type. The user needs to make

sure that the correct database is activated when performing a calculation.

2.4 Graph

In each project, the calculated results are presented in two different formats: Graph and
Table. Graph is one of the most important parts in Pandat interface. A typical Pandat graph
includes at least three elements: a set of X and Y coordinate axes, one or more data plots
and associated text and drawing objects. Each graph can have one or more data plots and
these data plots can be configured individually. Each data plot corresponds to a data set

which can be either calculated results or experiment data.
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The graph is plotted in the main display window with Pandat logo. The Property window
defines the properties for all the elements in the graph in detail. When a typical element is
selected, the property of this element will be displayed in the Property window and the user

may modify the graph through the Property window.
2.4.1 Property

The overall property of a graph consists of six categories: Title/Line Width, Scale,
Grid/Ticks, Tieline Property, Component Label and Margin, as shown in the
red box area in Figure 2.7 All six categories will be shown in “Property” window when the
whole graph is selected. The “Title” property defines the axis line width, the title, title font
size and tick font size for both X axis and Y axis. The “Scale” property defines the minimum
and maximum values, increment and Log scale status for both X and Y axises and a flag of
“Ternary Plot’. If this flag is set as “True”, the figure is plotted as Gibbs triangle for a
normal isothermal section and only the increments are also shown in the Scale property. If
the flag is set as “False”, a Cartesian coordinate figure will be plotted. The “Grid/Ticks”
property defines whether to show grids on the graph or ticks on the axis. The “Tieline”
Property defines whether to show the tie-lines and the density of the tie-lines. The
‘Component label” defines the labels on the origin, right corner and Top corner of the

graph. The “Margin” property defines the position of the plot in the Main display window.

The other properties of the tie-lines, such as the color, the style, are defined by
individual property window associated with these tie-lines. These properties can be
modified when only the tie-lines on the Main Display window are selected and highlighted
as shown in Figure 2.8. User can change the appearance of a set of lines belonging to the
same group by selecting this line (or a group lines) only. The properties for such data plots,
such as the line color, thickness, marker type, will show up in the Property window for user
to modify. The data points and lines selected will be highlighted in the graph while the
others will be grey. As shown in Figure 2.9, the phase boundary lines are selected as a
group of lines to be modified in this case. The properties of this group lines are defined in

the “Plot Property” window as “Blue, Solid, None marker’ lines. All these
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properties can be modified in the Property Window as framed by the red line in Figure 2.9.
The “Line Property” defines the property of the line and the “Marker Property”
defines the property of the point on the graph.

User can add texts and lines/arrows freely to the graph. The “Text Property” defines the
position, content, font size, color and rotating angle of the text, as shown in the red box in
Figure 2.10 when the text box is selected. The “Line Property” defines the color, width, start

cap and end cap of the line as shown in the red box in Figure 2.11 when the line/arrow is

{3 Pandat Software by CompuTherm, LLC - o %
File Edit View Databases BatchCalc PanPhaseDiagram  PanPrecipitation  PanOpti PanDiff PanS: Property Tsble Graph Help
CDEEZEHAE = DO X BEIFISACEMLE DR EE el 1o )e = B G A o L)E T2
% 2D_AlZngrph X
B |3
¥ 1.TitlelLine Width 700
Axis Line Width 1
AxisX Title x(Zn)
> AxisX Font Arial, 36pt
> AxisXTickFont  Arial. 2dpt 600
AxisY Tille el Liquid
> AxisY Font Arial, 36pt
7 AxisY Tick Font Arial. 24pt
¥ 2 Scale
TriangularPlot  False 500
AxisX Min o
AxisX Max 1
AxisX Increment 0
AxisX Log Scale  False
Axis Min 0 400+
AxisY Max 700 b
AxisY Incremenl it 100 U
AxisY Log Seale  False = F
v cctHe|
v 3. GridTicks 3004 Fec+Fee R
Show Major Grid  False
Show Minor Grid  False
Show Minor Ticks False
~ 4 Tieline Property
Show Invariant Tie False 200
ShowTieline  False
Tieline Steps 2
¥ 5.Component Label
Qrigin Al FectHep
Right Zn 1004
Top
Bottom Distance 0
Top Distance: 0
¥ 6. Margin 0
Clip Data On Boun True T T T T
Top 0 0 0.2 0.4 0.6 08
Lef 0
Bt 0 a Al X(Zn) Zn
Right [

Figure 2.7: Graph property window
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{3 Pandat Software by CompuTherm, LLC
File Edit View Datobases BatchCalc  PanPhaseDiagram  PanPrecipitation  PanOpt PanDiffi PanS: Property Teble Graph  Help

=ls D EHXIBEIFSADEMARI AR IR Ry

= ) Pandat Workspace ‘default’ =~
£-5 default

i [ invariant
i [ invariant tieline

=-[F) Table
[ Default
[F] tieline

[E] invariant

Workspace [PFCIIY

=

~ 1. Plot Property
Plot Type Line

¥ 2. Line Property
Line Golor [ Lime
Line Width 1
Line Style Solid

~ 3. Marker Property
Marker Color Lime
Marker Border Col [ Lime
Marker Style None
Marker Size 15
Marker Step 1
Marker Border Wic 1
OpenMarker  False

Figure 2.8: Tie-Line property window

Pandat Software by CompuTherm, LLC
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-[E] Default
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Workspace IR
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¥ 1. Plot Property
Plot Type Line
¥ 2 Line Property
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Line Width 2
Line Style Solid
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k
;
:
o
g
B
2

MarkerColor [l Blue
Marker Border Col lll Blue

Marker Style None
Marker Size 15

Marker Step 1

Marker Border Wic 1 0 = =

OpenMarker  False 0 0.2 0.4 0.6 0.8 1

Mg X(Zn) Zn

Figure 2.9: Plot property window
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&3 Pandat Software by CompuTherm, LLC

e Edit View Dotobases BotchColc PonPhaseDiagrem  PanPrecipitation  PanOpti PanDiff P Property Teble Graph  Help
&= Wl =8 DEXIBBEIY el 5B ol ]

2D_AIMgZngraph*  x

5% Pandat Workspace default’ “**
-5 default

0.084635941120002026
Y 0.43950069989273464
v Text Property
Text ‘ala)
> Font Arial, 36pt
Color I Red
Angle 0
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Figure 2.10: Text property window

£ Pandat Software by CompuTherm, LLC
File Edit View Databases BatchCalc PanPhaseDiagram  PanPrecipitation PanOpti PanDiff P Property Table Graph  Help
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=-[F) Table
-[E] Default
[ tieline
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Workspace [FE

=]
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Line Style Solid
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Clipto Chart Area  False

Mg X(Zn)

EE D E 05RO oD EE 2
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Figure 2.11: Line property window for added line
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2.4.2 Export Graphs

The user can output the Pandat graph to other popular formats such as emf, bmp, jpg,
png, gif and tif. The command is located on the menus: “Graph — Export”, or right

click the mouse on the graph and choose “Export” from the popup menu.

2.4.3 Icons for Graph on Toolbar

“EBdit Plots for the Current Graph’ button[% , allow the user to modify the plots,

such as add data plots with mouse drag and drop to set up x and y of the new plot as shown
in Figure 2.12, delete data plots using button [x, exchange x and y of the plots using button

%! . The available columns can be imported from a file or from Clipboard if the check box in

front is selected.

Setup Plot *

Choose Data Source

Clipboard {Check this option to import data from clipboard 0K

or press buttom below to import data from a table file ) ey

Clipboard

Available Columns: New Plots: S‘ ~

*(Al) X Axis Y Axis Source

x(Mag) -

x(Zn) x(Zn)[mole/mole] x(Al[mole/mole] tieline
x(Zn)[mole/mole] x(Al[mole/mole] Default

Drag and drop available columns to setup a new plot.

Figure 2.12: Set up data for X and Y for a plot

The table file to be imported can be Pandat table format or AsC11 text format. For a general

Microsoft Excel table, the user can copy the selected columns in the Excel file and check
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the Clipboard option, and then the column names will show up in the “Available

Columns” dialog for the user to select, which is also shown in Figure 2.12. User can also

copy the data from the table columns in the Pandat calculation results.

Select Objects button [; , allow the user to select drawing elements in a graph such

!

as line, arrow or text.
Zoom Mode button ', use the Zoom mode to enlarge a small part of a graph. Hold

the left button of the mouse and move the mouse to select a rectangular area on the
graph to enlarge. The graph will zoom in to the selected area when the left button of
the mouse is released. Double click this button will bring the zoom image back to the

whole diagram again.
Pan Mode button &7, when this mode is on, put the cursor on the plot and roll the

mouse wheel to enlarge or shrink the graph, keeping the current center of the graph
unchanged. Hold the left button of the mouse on the graph and move the mouse, the

user can move the whole graph.
Label Phase Region button [[}], label the graph with text. Pandat can not only label

the normal T-x or x-x phase diagrams from calculations, but also label those user
generated graphs using the table data from calculation, i.e., G-x and p-x diagrams.
The user can modify the labeled text like normal text. If the user holds the <Cctrl>
key first and then click the mouse on the diagram with the [[| function, the program
will do a point calculation at the composition and temperature where the cursor
locates. A new window will pop out to show the calculated result in detail as shown in
Figure 2.13. The user can choose Label after reading or Cancel to close this

window.
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o5l Point Result

AlMg_Gamma + Hep + T_AlNgZn

T P

K °C Pa atm
573. 15 | 300 | 100000 | 0. 986523

Component X

Al 0. 182467 | 0. 169894 | -26722. 3
Mg 0. 715659 | 0. 600233 | -21540. 1
Zn 0. 101873 | 0. 220874 | -43780. 9

w n{I/mol)

G(J/mol) H(J/mol) S(J/E - mol) |Cp(J/K - mol)
-24751. 4 | G5EER. 84 52,936 29. 0797

There are 3 stable phases

£

fw G H DF
(J/mol) | (J/mol) | (J/mol)

0. 324334 | 0. 319261 | -25038. 8 | 5B0Z. 61 |0

Component
A1
Me
in

x w P(meﬂl)
0.325173 | 0. 307576 | -26T722. 3
0.593284 | 0.506501 | -21540. 1
0. 0815429 | 0, 186923 | -43780. 9

Alllz Gamma

in

Sublattice Size |Species v

LES 1

[m]

Label

Cancel

*

Figure 2.13: Point calculation result for the combination of the “Ctrl” key and

Labeling function
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. Add Legend for Graph button [:z] , add legend to the graph. The user can modify the

legend using the Property window, as shown in Figure 2.14(a). Double click on the

inserted legend will open a new Text Editor window as shown in Figure 2.14(b), and

the user can input complex text, such as symbol, superscript and subscript in this

windows.
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Property
Hz=| A -
o=l 2} | =
¥ Legend Property EditLegend X
» Font Arial, 18pt a|x]x, —
Color - Black \L (1) x (A1) Cancel
. \L (2) X (A1)
Background Gradin None
Background Color |:| Transparent
Background Semr[' Transparent
Line Color |:|
Line Width 1
. . ~ Legend Property
Line Style Solid e Aot
Shadow Color [ 128.0.0.0 T Y
Shadow Offzet 1] E:;kg:::\d Secondary Color % Transparent
Line Width 1
Line Style Solid
Shadew Color M 12z0.00
Shadow Offset ]

(@)
Figure 2.14: (a) Legend property window and (b) Legend editor window
.« Add Text or Label button LTr add text to the graph. Change the text content, size,

color and rotating angle in the Property window. Double click on the text also open
the Text Editor window which allows user to input complex text in it as shown in

Figure 2.15

Edit Text X
alx’x, -
T=300\+ (0) ] =

“ Position

X 0.035
Y 0.905

¥ Text Property

> Font Arial. 36pt
Calor I Biack
Angle o
Clip to Chart Area False

Figure 2.15: Text editor window
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. Add Line button 47 , add line with or without arrow to the graph. Change the line or

arrow width and color in the Property window. The default line has one arrow at end

of the line. User can set the start cap and end cap in the Line Property window as

shown in Figure 2.11.

2.5 Table

The menu of Pandat Table includes: Add a New Table, Import Table from File,

Create Graph, and Export to Excel. A typical table is shown as Figure 2.16. Each

column of data is associated with a corresponding unit. The user can change the unit of

each column and observe the instant change of the table values

£ Pandat Software by CompuTherm, LLC — [m] e
File Edit View Databases BatchCalc PanPhaseDiagram  PanPrecipitation ~PanOptimizer ~PanDiffusion  PanSolidification  Property ~Table Graph  Help
DEISHE B =% D RN O] = PN 1651 ([ 1 51| o B | B 1o (=20 AOLIEL 2
¥ [ Defaulttable
= Pandat Workspace ‘default’ =+ T x(Al) (Mg} x(2Zn) phase_name (@AIMg_Beta)  f(@AIMg_Eps) "
15 default
tion c ~ |molelmole | mole/mole | molelmole moleimale moleimole
tion_1 1 300.0000 0860355 0.000742 0.138902 Foo+Mg2Zn11
Graph 2 300.0000 0860135 0.000741 0139124 Foo+Mg27n11
1§ 20AI-Mg-Zn
LB Table 3 300.0000 0850915 0.000739 0139346 Feo+Mg2Zn11
[RET Do ] 4 300.0000 0850474 0.000736 0139790 Fee+Mg2Zn11
L[ tieline 5 300.0000 0858594 0.000730 0.140677 FectMg2zn11
i [E invariant 6 300.0000 0.856832 0.000718 0.142450 FectMg2Zn11
i [F invariant_tieline
7 300.0000 0853308 0.000695 0.145997 FectMg2zn11
8 300.0000 0846255 0.000658 0153087 FectMg2Zn11
9 300.0000 0832140 0.000604 0.167256 FectMg2Zn11
10 300.0000 0828610 0.000594 0170797 FecrMg2Zn11
1 3000000 0826844 0000589 0172567 FecMg2Zn11
12 300.0000 0825962 0000587 0.173452 Foc+Mg2Zn11
ML) Databases 13 |300.0000 0.825520 0.000586 0.173894 FeorMg2Zn11
Property 3 x 14 300.0000 0825300 0.000585 0174115 Foo+Mg2Zn11
=2} \ = 15 300.0000 0.825189 0000585 0.174226 Foc+Mg2Zn11
~ Appearance 16 300.0000 0825137 0.000585 0.174278 Fee+Mg2Zn11
BackgroundColor 1] AppWorkspace 7
GridColor D ControlDark 18 300.0000 0825137 0.000585 0.174278 Fect+Fee
BorderStyle FixedSingle
CellBorderStle  Single 19 300.0000 0825268 0.000540 0174192 Fec+Fee
DefauliCellStle  DataGridViewCellStyle { | 20 300.0000 0825529 0.000452 0.174019 Fec+Fee
R Eeyeiit 21 300.0000 0826050 0.000275 0.173675 Fec+Fee
AutoSizeColumns! None
22 300.0000 0826572 9.723883E-005 | 0.173331 Fec+Fee
23 3000000 0826833 8.257670E-006 | 0.173159 Foc+Foc
24 3000000 0826849 2.692378E-006 | 0.173148 Foc+Foc
25 3000000 0826853 1.301357E-006 |0.173146 Foe+Fee
2
27 300.0000 0825137 0.000585 0174278 Foe+Mg2Zn11+Fee
28 300.0000 0824917 0.000585 0174499 Fee+Mg2Zn11+Fec .
< >

Figure 2.16: Table view of the calculation results in Pandat

2.5.1 Icons for Table on Toolbar

. Add a New Table button [F7 , click this button or right click the mouse on the Table

node in the Explorer window and select "Add a New Table", a window of

Table Editor as shown in Figure 2.17 will pop out. User can create a new table by

dragging and dropping the available properties in the left dialog to the right dialog as

shown by the red arrow in Figure 2.17, and then click "OK" to generate a new table
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with the selected properties.

Table Editor

Table Type:  Default ™

p
P()
Pl@gas)
log10{F}
phase_name

Hphases

Cp
mul’)
@)
fw(@7)
(@)

v

T ~

[Description: Gibbs energy of system

Drag and drop available columns to setup a new table. Double click property cell to edit.

Table Name:
generated oK

Columns Cancel
T
) Clear All

phase_name Original Strs

Double click to enter edit mode:
In edit mode. press 'Ctrl*+'m’ to show list of
Math functions___

Figure 2.17: Table Editor

* Import Table from File User can import a customized table from an existing file. This

can be done by choosing the command located on the menus: "Table - Import

Table from File", or right click the mouse on the Table node and choose

"Import Table from File" from the popup menu as shown in Figure 2.18.

Pandat can read data files with ".

dat" and ".txt" as default file extension names.

Figure 2.19 shows a typical data file for importing into Pandat. Different columns are

separated by Tabs. The first row defines the data name for each column. The second

row defines the unit for the data in each column and the following rows define the data

values. If the column names are the same as those in the default table, the second

row (the unit row) can be blank and Pandat will use the same units as those in the

default table.
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Pandat Software by CompuTherm, LLC - u] X
y Comp

File Edit View Databases BatchCalc PanPhaseDiagram  PanPre imizer PanDiffusion  PanSolidification  Propetty Teble Graph  Help

DEEHG B D oxXIBEEINISAL T E ol & IE 1807k A0DET2
B x 2D_Al- ph* [] Defaulttable >
x(Zn)

fl@AIMg_Beta)  f(@AIMg_Eps) "

phase_name

~ moleimole  ~ moleimole | moleimole mole/male mole/mole

300.0000 0860355 0.000742 0138902 Fec+Mg2Zn11
300.0000 0860135 0.000741 0139124 Foo+Mg2Zn11
3 300.0000 0859915 0.000739 0139346 Fec+Mg2Zn11
Add a New Table 300.0000 0859474 0.000736 0.139790 Fec+Mg2Zn11
Import Table from File 300.0000 0858594 0.000730 0.140677 FecrMg2Zn11

Rename F2 300.0000 0.856832 0.000718 0.142450 Foc+Mg2Zn11
Expand 300.0000 0.853308 0.000695 0145997 FectMg2Zn11
Collapse 300.0000 0.846255 0.000658 0.153087 FcctMg2Zn1l

Delete 300.0000 0.832140 0.000604 0.167256 Fec+Mg2Zn11
I — 300.0000 0.828610 0.000594 0.170797 Foc+Mg2Zn11

x
Property
g 3000000 0826844 0.000589 0.172567 FectMg2Zn11

Figure 2.18: Import a table from an existing file

| Al-Mg-Zn_300C - Notepad — O *®

File Edit Format VYiew Help

T x(Al) x(Mg) x(Zn) A
C mole/mole mole/mole mole/mole

E150% .8849 .1886 .Baes

366 L8844 .lega .gesd

E150% L8843 L1895 .Bee2

E150% .8838 1183 . Bas53

Jae .8828 L1121 .Bas2

388 . 8885 L1154 .gada ¥

Lo I v I o R v B v R %
oD R 33
oD 33

Figure 2.19: A typical data file for importing
. Create Graph button {=, create a new graph for the selected properties. Use the

<Ctrl> key and the left button of the mouse to select multiple columns in the table as
shown in Figure 2.20. The first selected column is set as the abscissa (x-axis), and
the other columns are set to be the ordinate (y-axis). After click on the button =, a
graph will then be generated in the Pandat main display window as shown in Figure

2.21.

&3 Pandat Software by CompuTherm, LLC - o X

ication  Property Table Graph  Help

FEAEB 22k AOLIEN2

f(@AIMg_Bets)  {{@AIMg_Eps *

moleimole  mole/mole

400.0000
400.0000 0.001483
0.010661

Figure 2.20: Select data for creating a new graph
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& Pandat Software by CompuTherm, LLC - o x
y Comp

File Edit View Datsbases BatchCalc PanPhaseDiagram  PanPreci

DEEHHID = x D5

ion  PanOptimizer PanDiffusion  PanSolidification  Property Table  Graph  Help
2 1B & &l B I3 180 3 LA 0DET 2

#| greph_g.greph® X

Z
o .

V1. Title/Line Width ~
Axis Line Width 3
AxisX Title (Al

> AxisX Font Arial, 36pt

> AxisX Tick Font Arial, 24pt
Axis Tite x(Zn)

> AxisY Font Arial, 36pt

> AxieY Tick Font Avial, 24pt
True

[

ShowMajorGrid ~ False.

ShowMinorGrid  False:

Show Minor Ticks  False:
V4. Component Label

Origin Mg v
— —

Figure 2.21: A new graph created from selected columns in the table
. Create Color Map button I§, create a new color map graph for the selected

properties. Use the <Ctrl> key and the left button of the mouse to select multiple
columns in the table as shown in Figure 2.22. The first selected column x (Mg) is set
as the abscissa (x-axis), the second column x (zZn) is set as the ordinate (y-axis), the
value of the third column T will be displayed as color map in a 2D plot. After click on
the 2§ button, a color map graph will then be generated in the Pandat main display
window as shown in Figure 2.23, where the liquidus temperatures are represented by

different colors.

T x(Al) x(Mg) x(Zn) phase_name
c v moleimole v moleimole v moleimole |
1 ' 382.0305 0.110828 0.000000 0.889172 Liquid+Hcp+Fec
2 381.5659 0.110287 0.001000 0.888713 Liquid+Hcp+Fec
3 381.0960 0.109748 0.002000 0.888252 Liquid+Hcp+Fec
4 '380.1405 0.108679 0.004000 0.887321 | Liquid+Hcp+Fec
5 378.1663 0.106569 0.008000 0.885431 Liquid+Hcp+Fec
6 [ 373.9677 0.102459 0.016000 0.881541 Liquid+Hcp+Fec
7 364.5839 0.094628 0.032000 0.873372 Liquid+Hcp+Fec
8 »35391 24 0.087229 0.048000 0.864771 Liquid+Hcp+Fec
9 348.1032 0.083663 0.056000 0.860337 Liquid+Hcp+Fec
10 345.0816 0.081908 0.060000 0.858092 Liquid+Hcp+Fec

Figure 2.22: Select data to create a new color map graph
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Figure 2.23: A new color map graph created from selected columns in the isotherm

table from the liquidus projection calculation
. Create 3D Surface Graph button g, create a new 3D surface graph for the selected

properties. Use the <Ctrl> key and the left button of the mouse to select multiple
columns in the table as shown in Figure 2.22. The first selected column is set as the x-
axis, the second column is set as the y-axis, and the third column is set to be the z-

axis for the new plot. After click on the button [g, a 3D liquidus surface graph will then

be generated in the Pandat main display window as shown in Figure 2.24.
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Figure 2.24: A new 3D liquidus surface graph created from selected columns in the

isotherm table from the liquidus projection calculation
. Create 3D Graph button [*2, create a new 3D graph for the selected properties. Use

the <ctrl> key and the left button of the mouse to select multiple columns in the
table as shown in Figure 2.22. The first selected column is set as the x-axis, the
second column is set as the y-axis, and the third column is set to be the z-axis for the
new plot. After click on the button |°=, a 3D graph will then be generated in the Pandat
main display window as shown in Figure 2.25 representing the monovariant lines of

the liquidus projection.
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&5 Pandat Software by CompuTherm, LLC - a X

File Edit View Databases BatchCalc PanPhaseDiagram  PanPreci
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izer  PanDiffusion  PanSolidification  Property Table Graph Help
1 Bl | e =124 AnOET2

graph_g.graphx® %
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> AxisX Tick Font Arial, 24pt ~

AxisY Title: x(Zn)
> AxisY Font Arial, 36pt
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AxisZ Title el 300
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Figure 2.25: A new 3D graph created from selected columns in the table

e User can add more plots to the 3D graph. First click on the table containing the data,
i.e. isotherm data in Figure 2.26, and the property window will show the column
names in this table. Then select the column "x (A1) " as x-axis in the property window,
drag and drop it to the graph; then hold the <Ctr1> key and select the second column
"x (zn)" as y-axis, drag and drop it to the graph; and then hold the <shift> key,
select the third column "T", drag and drop it to the graph. The new plot of the data will

be added to the original 3D graph shown as Figure 2.27.
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Pandat Software by CompuTherm, LLC - o x
y Compt

Eile Edit View Databases BatchCak P ipi i B i Property Table Graph Help
JEIEHHIA =4 D LXIBRIEANSH A B Io Q65 ERIE F ol %153 M L L OLET 2
—
Workspace 7 x [ @ grph_ggraphx  x
= i Pandat Workspace ‘default’ =™
9 default
L, projection 2
= [ Graph
) PP_Al-Mg-Zn
@] PP_A-Mg-Zn

[E] inveriant
[E] invariant_tieline

o 600

O\W
0 4 06 0.8

2
040605 ¢ 02 O

X(Al) *(Zn)

o

Figure 2.26: Add a plot to a 3D graph using selected columns in the table as follows:
(1) Solid arrow: drag and drop, (2) Dash arrow: drag and drop with the <Ctr1> key

held, (3) Dash dot arrow: drag and drop with the <shift> key held

{3 Pandat Software by CompuTherm, LLC
File Edit View Databases BatchCalc PanPhaseDiagram  PanPrecipitation  PanOpti BanDifft S Property  Teble Graph  Help
DEIEHGIE =% b =R=Rar- o= ~ A A 1 [E | g1 & I3 i aE s QOLIET2

x PP_AIl-Mg-Zn.graph ® raphx B Default.table [@ graph_g.graphx %

(=) bt Pandat Workspace ‘default’ *
55 default

-4 projection 2
=[5 Graph
[

=

¥ General Info
Folder Name projection_21T:

Path C

Vv Table Columns

0.20'40-608 g 0.8

X(A]) ’ x(Z")

O

Figure 2.27: 3D graph with multiple plots
. Export to Excel button| s allow user to export the table data directly to a Microsoft

Excel file, when the table is open in the main display windows to activate this function.

Excel must be pre-installed in the user’'s computer.
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* Export to a Text File: From the menu "Table - Export to a Text File",

user can export the table datato .dat or . txt file.

2.5.2 Table Format Syntax

Pandat table column lists a series of property string switch that can be used to extract the
corresponding properties from the calculation results. A property string can be simply a
property name (e.g. T, P, G, H, and S) or an expression including property name and

special symbols (e.g. mu (MgRFcc) ). Generally, a property string has the following format:

Z (component@phase:reference phase[component])

orin a simple form as
Z(*@*:ref ph[*])

where Z is the property name and "*" represents a wild card which can be phases,
components, or species. The first "*" after " (" is the name of a selected component or
species. If "*" is used, it means all the components or species in the system. The second
"*x" represents the name of the selected phase, which must follow "@". Again, if "*" is used, it
means all the phases. For example, x (*@*) means to list the composition of every element
in every phase. The colon ":" is used for defining reference states. The reference phase
name "ref ph" must be given explicitly and the wild card "*" cannot be used for the names
of reference phases. It should be pointed out that different element can have different
reference state. For example, a (*@*:Fcc[Al],Hcp[Zn]) meansthatAl uses fccasits
reference state and zn uses hcp as its reference state. Similarly, a (*@*:Fcc [*],Hcp

[zZzn]) means Hcp is selected as the reference state of zn, while Fcc is selected for all the

other components in the system.

If the property string has the following format:

Z(@*:ref ph[*])
i.e., no component or species is specified, and the first “x” after “ (” is missing, it defines the
property of a phase or phases. For example, H (@Liquid) means the enthalpy of the liquid

phase, and H (e*) lists enthalpies of all the phases in the system. If the reference state is

not specified, it means to refer to the default reference state defined in the database which
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is usually the standard element reference state. When the reference state is selected, H
(RLigquid:Fcc[Al],Hecp[Zn]) represents the mixing enthalpy of liquid phase referring

to Fcc Al and Hep Zn at the same temperature.

If the property string has the following format:
Z(:ref ph[*])

i.e., both component and phase names are missing; it represents the property of the
system. For example, G (: Fcc[*]) represents the Gibbs energy of the system (equilibrium

phases) referringto Fcc phase.

It is worth to pointing out that the wild card “*” is very convenient to extract properties
for all the components and all the phases, especially in multicomponent, multiphase
system. It should also point out that if no reference states are specified, it refers to the
default reference state used in the database. Table 11.4 in Section 11.2 lists the syntaxes

in the Table format.

2.5.3 Table Column Operations

When creating a new table in Pandat, user can select the properties listed in the left column
and drag them to the right column as shown in Figure 2.17 in Section 2.5.1 . Pandat allows
user perform algebraic calculations and simple logic operations on the properties and

create a customized table.

Table 11.1 and Table 11.2 in Section 11.1 list the mathematical algebraic functions
available for table column expressions with examples. Nested functions are also allowed.
Table 11.3 in Section 11.1 lists the logical expressions that can be used to extract a set of
specific data from Pandat calculation results. These expressions can be applied to default
table or other types of tables obtained from the calculation results. For example, user needs
the first melting temperatures after a section calculation. A constraint can been easily set as
“f (@Liguid)=0". Multiple constraints can be realized by setting one constraint in a row in
the Table Editor shownin Figure 2.17 in Section 2.5.1 .

Here an example is given to demonstrate how to use the logical expression to obtain
useful information from the calculated results. Figure 2.28 shows the calculated Al-Mg

binary phase diagram. After the calculation, a table is generated with the constraint of £
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(RLiguid) =0, as seen in Figure 2.29. The new generated table is shown in Figure 2.30,

which is a subset of the phase boundaries of Al-Mg where liquid phase exists and has

phase fraction of zero, the so-call “first melting” boundary. This set of boundaries can

be plotted on the Al-Mg phase diagram following the approach in Section 2.4 . The first

melting line is shown in red as in Figure 2.31. More examples will be presented in Section

3.3.11
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3.1 Thermodynamic Database

PanPhaseDiagram is for phase diagram and thermodynamic property calculation.
Thermodynamic database is the prerequisite to fulfill such calculations. A thermodynamic
database represents a set of self- consistent Gibbs-energy functions with optimized
thermodynamic- model parameters for all the phases in a system. The advantage of
CALPHAD method is that the separately-measured phase diagrams and thermodynamic
properties can be represented by a unique “thermodynamic description” of the materials
system in question. More importantly, on the basis of the known descriptions of the
constituent lower-order systems, the thermodynamic description for a higher-order system
can be obtained via an extrapolation method [1989Cho]. This description enables us to
calculate phase diagrams and thermodynamic properties of multi-component systems that

are experimentally unavailable.

In the following, thermodynamic models used to describe the disordered phase,
ordered intermetallic phase, and stoichiometric phase are presented. The equations are
given for a binary system, and they can be extrapolated to a multi-component system using
geometric models [1975Mug, 1989Cho].

The Gibbs energy of a binary disordered solution phase can be written as:

Gﬁz — Z miG’?’o + RT Z z;Inx; +x42B ZLV(Q'?A - mB)V

3.1
i=A,B i=A,B v (-1

where the first, second and third terms on the right hand of the equation represent,
respectively, the reference states, the entropy of ideal mixing, and the excess Gibbs energy

of mixing. Here z; is the mole fraction of a component ;, Gf’o is the Gibbs energy of a pure
component ;, with ¢ structure, R is the gas constant, 7 is the absolute temperature, L, is

the interaction coefficient in the polynomial series of the power .. When p, — (, itis a regular
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solution model, and when  — (0 and 1, it is a sub-regular solution model. Eq. 3.1 can be

interpolated into a multi-component system using geometric models, such as the Muggianu

model [1975Mug].

For a multi-component solution phase with ¢ components, the following equation is used:

G? = Z T G"l” + RTZ z; Inz; +% GHn?¢
=1 =1 (3.2)
+EGtern,¢ 4.,

All excess contributions originating from all the binary interactions or ternary interactions

are:
FGhne = Z Z Lilj Z LW (i —25)" (3.3)
=1 j>i
—2 ¢c—1 ¢
i=1 j>i k>j (3.4)
zgk (17.7 + 61.7"7) + szk (wJ + 67'.1"’)}
where

ik = (L —ai —x; —zx)/3 (3.5)

For ternary systems, x; + x; +x; = 1 and §,;;, = 0. But for a quaternary or higher system, 3, #

0. In a ternary system, if all the three L parameters are identical,

0,6 _ 7Lé _ ¢
ngk - Lijk - Lz]k ngk (3.6)

Then

c—2 c-1 ¢

Fgremd =3 % ) @i ka?jk 3.7)

i=1 j>i k>j
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0, . . .
In Pandat, if only one ternary interaction parameter Lijlf , is provided, Pandat will treat

three ternary interaction parameters as the symmetrical case, i.e. all three parameters have
the same value. Users can refer to [2005Jan] for more information about ternary interaction

parameters.

An ordered intermetallic phase is described by a variety of sublattice models, such as
the compound energy formalism [1979Ans, 1988Ans] and the bond energy model
[19920at, 1995Che]. In these models, the Gibbs energy is a function of the sublattice

species concentrations and temperature. The molar Gibbs energy of a binary intermetallic
phase, described by a two-sublattice compound energy formalism, (4, B), : (A, B)4, can be

written as:
¢ _ I PRl b q ; .
On= 2o, 2 viv'Cly + BT (m D vty + o > yiiny )
= ) J_ ) = s i= \
+ 3 vhvhy 20 R Ty + 3 o S0 ) B O
7=4,B v i=A,B v
+yL ypYL vE Lap.as

where y{ and yz-H are the species concentrations of a component, 3, in the first and second

sublattices, respectively. The first term on the right hand of the equation represents the
reference state with the mechanical mixture of the stable or hypothetical compounds: Apq,

A,By, By Ay, and Bpyyg. GZ]' is the Gibbs energy of the stoichiometric compound, #pJq, with a

¢ . . ee e
¢ structure. The value of Gi,j can be obtained experimentally if 25 J4 is a stable compound; or

it can be obtained by ab initio calculation if ,j4 is a hypothetical compound. Sometimes,
GZ]’ are treated as model parameters to be obtained by optimization using the experimental

data related to this phase. The second term is the ideal mixing Gibbs energy, which
corresponds to the random mixing of species on the first and second sublattices. The last
three terms are the excess Gibbs energies of mixing. The 1, parameters in these terms are
model parameters whose values are obtained using the experimental phase equilibrium
data and thermodynamic property data. These parameters can be temperature dependent.
In this equation, a comma is used to separate species in the same sublattice, whilst a colon

is used to separate species belonging to different sublattices. The compound energy
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formalism can be applied to phases in a multi-component system by considering the
interactions from all the constituent binaries. Additional ternary and higher-order interaction

terms may also be added to the excess Gibbs energy term.

For a reciprocal system with two sublattices, sometimes the interactions among the two

species on each sublattice are considered, (4, B),(C, D), . The interaction parameter is
expressed as [2007Luk]
Lapop = Lypop + Wy — ¥p) Lapep + W6 — 95 ) scn (3.9)
Pandat treats the term (yﬂ - yé)LhB:CD as the interaction on the first sublattice and the
term (y(’} - yﬁ)LiBZCD as the interaction on the second sublattice.Pandat does not use the

alphabetical order of species.

The Gibbs energy of a binary stoichiometric compound A4, By, Gf}“ is described as a

function of temperature only:

G? = Zwin"’ + AfG(A,By) (3.10)

where z; is the mole fraction of component ; , and Gf’o represents the Gibbs energy of
component ; with ¢ structure, AsG(A,By), which is a function of temperature, represents
the Gibbs energy of formation of the stoichiometric compound. If AfG(A,By,) is a linear
function of temperature:

AfG'(Aqu) = AfH(Aqu) - TAfS(Aqu) (3.11)
Then, AsH(A,By) and AsS(A,By) are the enthalpy and entropy of formation of the

stoichiometric compound, respectively. Eq. 3.11 can be readily extended to a multi-

component stoichiometric compound phase.

The strategy of building a multi-component thermodynamic database starts with
deriving the Gibbs energy of each phase in the constituent binaries. There are C?

constituent binaries in an n-component alloy system, where

; !
CL = m (3.12)
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To develop a reliable database, the Gibbs energies of these binaries must be
developed in a self-consistent manner and be compatible with each other. Three binaries
form a ternary, and a preliminary thermodynamic description can be obtained by combining
the three constituent binaries using geometric models, such as the Muggianu model
[1975Mug]. In some cases, a ternary database developed in this way can describe a ternary
system fairly well, while in most cases, ternary interaction parameters are necessary to
better describe the ternary system. If a new phase appears in the ternary, which is not in
any of the constituent binaries, a thermodynamic model is selected for this ternary phase,
and its model parameters are optimized using the experimental information for this ternary

phase. There are a total of C2 ternary systems in an n-component system. After

thermodynamic descriptions of all C3 ternaries for an n-component system are established,

the model parameters are simply used to describe quaternary and higher-order systems
using an extrapolation approach. High-order interaction parameters are usually not
necessary because although interactions between binary components are strong, in ternary
systems they become weaker, and in higher-ordered systems they become negligibly weak
[1997Kat, 2004Chal]. It is worth noting that the term, "thermodynamic database" or simply
"database", is usually used in the industrial community instead of "thermodynamic
description", particularly for multi-component systems.

At CompuTherm, multi-component databases have been developed for a variety of
alloys, such as for Al-alloys, Co-alloys, Cu-alloys, Fe-alloys, Mg-alloys, Mo-alloys, Nb-
alloys, Ni-alloys, Ti-alloys, TiAl-alloys, high entropy alloys, and solder alloys. Information for
these databases is available in the Databases Manuals from CompuTherm LLC.

Note: The treatment of element sequence in interaction parameters, such as the term
L3¢($i —z;)" in Eq. 3.3, differs slightly between Pandat and Thermo- Calc. These
differences depend on whether the interaction order v is even or odd:

For even values of v, the sequence of elements i and j has no impact because:

(zi — ;)" = (zj — zi)”

For odd values of v, the element sequence affects the sign due to the relationship:

(@ — z5)" = — (25 — @:)"
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Consequently, the sign of the interaction parameter L;jj(ﬁ must be adjusted accordingly

when reversing the element order.
Pandat strictly adheres to the element sequence defined in the TDB file. For example:
Ll,Hcp
G(Hcp,A,B:A;1) =~4AB

1,Hep
G(Hcp,B,A:A;1) = LB,A and

G(Hcp,A,B:A;1) =-G(Hcp,B,A:A;1)
On the other hand, Thermo-Calc automatically orders elements alphabetically for

interaction parameters, irrespective of their sequence defined in the TDB file. i.e.:

_ L]-)Hcp

G(Hcp,B,A:A;1) = G(Hcp,A,B:A;1) A,B

To align Pandat with Thermo-Calc’s alphabetical ordering convention, add the following
comment in your TDB file
$ software Thermo-Calc
Pandat will then automatically reorder interaction parameters alphabetically and display
a warning message confirming the adjustment.
Warning (2)
Line Statement Message

22 Parameter G(Fcc B A:1) 298 -1000+10*T; 6000 N ! | Species B and A not in alphabetical order, switched!

36 Parameter G(Hep B.A;1) 298 -1000+10*T; 6000 N ! | Species B and A not in alphabetical order, switched!

Figure 3.1: The warning message showing in Pandat and switch the sequence of the

elements.

3.2 Thermodynamic Calculations
3.2.1 Load Database

Pandat can load both TDB and PDB(Encrypted TDB) database files. This command can be
accessed through the toolbar icon ggi. User can also load a database file using the Menus
"Database — Load TDB or PDB (Encrypted TDB)"as shownin Figure 3.2. Selecta
database file from hard drive and click open button, or just double click the database file.

user can store the databases in any directory in the computer.
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Figure 3.2: Load a database from hard drive through Menu

When a database is successfully loaded, a popup window shown in Figure 3.3 will ask
the user to select the components for subsequent calculations. To add a component to the
list of selected components, click on the component on the list of Available
Components on the left column, and click on the [ button to send them to the Selected
Components on the right column. To select several components at one time, hold the Ctrl
key and use mouse to select multiple components. To remove a component from selected
components list, use mouse to select it, and click the [@ button.

When you want to change components during the calculations, or if the database has
already loaded in the system, this window does not popup after load the tdb or pdb, click the
menu “Databases — Select Components”, this window will popup for component

selection.
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Figure 3.3: Select components for further calculation

3.2.2 TDB viewer

While loading a database file, Pandat checks the self-consistency of the database. A

message will be displayed if the database is not internally consistent such as duplicated

definitions of a function and missing definition of components or species in a sublattice.

There are two types of messages: Error and Warning, as shown in Figure 3.4. The

warning message can be ignored but the errors must be fixed, otherwise the database

cannot be loaded. It is recommended to correct both error and warning before performing

calculation. If you have difficulties loading a particular TDB or PDB file, please contact

CompuTherm, LLC, and we will help resolve the problem.
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Figure 3.4: A typical message when loading a database
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The successfully loaded database will be automatically summarized in the TDB Viewer
mode in the main Display window as shown in Figure 3.5. For a TDB format database, the
summary includes elements, type definitions, phases with name and thermodynamic model,
model parameters and defined functions. For a PDB format database, the model parameters
and functions will not be displayed. The user can open a TDB format database with the Text
Editor mode by right click of the mouse on the database name in the explorer window. The
Text Editor is actually a built-in notepad for text files. User can use the Text Editor directly

within Pandat workspace to edit the TDB database, or he/she can always use his/her

favorite text editor to do it.

£ Pandat Software by CompuTherm, LLC - o X
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Figure 3.5: The TDB viewer mode for database summary

Multiple databases can be loaded into the same workspace but only one is activated.
The current calculation will use the activated database, which is highlighted in the explorer
window at Database view. The user may set the inactive database to be active with right

click of the mouse as shown in Figure 3.6.
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Figure 3.6: Setan inactive database to be active

3.2.3 Options

To configure the calculation options, go through the menus (View — Options), or click on

the icon on the toolbar. A pop-up dialog box allows the user to change the units, and

output formats of default Table and Graph.

* Units: This dialog box allows the user to choose the units to be used in the

calculation. Use the left button of the mouse to select a proper unit for each property

and click “OK” to complete the unit setting as shown in Figure 3.7.

Options
=) Calculation Pressure
PanEngine Settings ® Atmosphere O Pascal O Bar O GPa
= Table
Default Table
Temperature
= Graph
Graph Seifings O Kelvin @® Celsius O Fahrenheit
Plot Settings
= Workspace
General Composition

® x O x% Ow O wx O mole O kg
Time

O second O Minute @® Hour

Length

® Meter O Millimeter O Micrometer O Nanometer O Angstrom

Reset Load from File | Save toFile Cancel

Figure 3.7: Set units for a calculation in Options
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* PanEngine Settings: This dialog box allows the user to change the PanEngine

Parameter and TDB Parsing parameters as shown in Figure 3.8 When “Extensive
Search” is checked, PanEngine will perform a more thorough search of the global
equilibrium state in case the Normal Search missed it. For majority of cases
Extensive Search is not necessary and will give the same answer as that of
Normal Search. The calculation will take longer time when Extensive Search is
chosen. Extensive Search is recommended only when the user found

metastable equilibrium in a particular calculation.

Options X
= Calculation .
) PanEngine Parameters
Units
PanEngine Settings
- = [ Extensive Search
=) Table
Default Table By choosing "Extensive Search’, program will do more aggressive search for equilibrium calculation
= Graph It will give even more reliable results. But the calculation speed will be slower.
Graph Settings
Plot Settings
=) Workspace TDB Parsing
General

O case Sensitive

By choosing 'Case Sensttive', all components, species, phases, functions, etc
defined in TDB must match exactly. The names will be parsed in a way of case senstive.

¢

'dG'is the Gibbs energy difference between Gibbs energy expressions of the two adjacent
temperature ranges, at the transttion temperature. dG MUST be zero for stable equilibrium states
However, due to numerical truncation, dG may not be exactly zero. A large value of dG will cause
inconsistency during calculation and must be taken care. By setting a value for dG’,

the TDB-checker will produce a waming message only if the calculated value of Gibbs energy
difference is larger than 'dG

Reset Load from File Save to File Cancel

Figure 3.8: PanEngine Settings in Options

If the “Case Sensitive” box is checked, all the components, species, phases,
functions, etc. defined in the TDB will be parsed in a way of case sensitive and should
match exactly, in other words, the uppercase letters are treated as different from the

corresponding lowercase letters.

The "Case Sensitive" function assists users in converting TDB files obtained from
other softwares—where components are typically in uppercase—to proper case (first

letter uppercase, subsequent letters lowercase). To achieve this, follow these steps:

* Save the database in Pandat: Use the menu option "Database — Save

Subsystem to TDB File".
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* Open the TDB file in Pandat: Change the element names, species names and
phase names from all capital case to proper case formatting in the definition
lines as shown below, and then save the revised TDB file.

Element Al Fcc Al 26.982 4540 28.3 !
Element La Dhcp 138.906 6665.1 56.902 !
Element Mg Hcp A3 24.305 4998 32.671 !
Element /- Electron Gas 0 0 0 !
Element Va Vacuum 0 0 0 !
Species Al2La (Al)2(La)l !
Phase Liquid % 1 1 !
* Load the TDB file again in Pandat: Several warning message will appear shows

the upper case element, species, and phase names in the parameters are

replaced by proper case.

* Resave the database: Navigate to "Database — Save Subsystem to TDB File"

again.

The resulting TDB file will now display all component and phase names in proper
case across all parameters. This ensures consistency and alignment with standard

naming conventions.

The Gibbs energy of a pure component with a certain crystal structure is usually
segmental function of temperature and is represented by different Gibbs energy
expression at different temperature range. dG represents the Gibbs energy difference
obtained from the two Gibbs energy expressions at adjacent temperature ranges at
the transition temperature. Ideally, dG is zero if the two Gibbs energy expressions
give the exact same value at the transition temperature. However, due to numerical
truncation, dG is usually not zero. The default setting of dG in PanEngine is 1.0
J/mole atom. A warning message will be sent to TDB viewer if dG is greater than 1.0. A
large dG will cause calculation fail, therefore should be fixed in the TDB file. User can

set this value to a bigger or smaller value according to his/her tolerance.

* Table: This dialog box allows a user to customize the default output table with the
properties the user needs. As shown in Figure 3.9, user first needs to choose the

‘Calculation Type to Configure” which includes point, line, section,
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solidification and so on. Once the Calculation Type is selected, all the possible

properties for the chosen Calculation Type will be listed in the “Choose Table

Columns”. The user can check the box in front of each item to select the column to be

shown in the default output table. All the selected properties will be listed in the

“Choose Y Axis Properties”. In this same dialog, user can also define the X

axis and Y axis of the default graph that is automatically shown when a calculation

finishes.

Options

= Calculation
Units
PanEngine Settings
= Table
= Graph
Graph Settings
Plot Settings
=) Workspace
General

Calculation Type to Configure:

point

Choose Table Columns:

'T

Or
aree)

[ P(@gas)
O log10(P)
phase_name
[] #phases
x(*)

w(*)

G

OH

Os

Oce

O mu()
f@")

0 we)

Default Graphs:

X Axis

Choose Y Axis Properties:

arT

[] phase_name
O x)

O w)

(mfe]

O f@

v

a4

Load from File

Save to File Cancel

Figure 3.9: Set default table output and default dataset for graph output

* Graph: This dialog box allows the user to set up the appearance of the output graph.

As shown in Figure 3.10, user can set the font and size of the texts, color and width of

the lines, color, shape and size of the symbols, and logo size and positions for the

default graph. User can also set the color and width of the lines, color, shape and size

of the symbols for different plots in one graph as shown in Figure 3.11



Figure 3.10:

Set the appearance parameters for graph

Options X
= Calculation Select Plot to Configure:
Units Plot 1 v
PanEngine Settings
& Table Plot Type
Default Table Line v
= Graph
. Line
Graph Settings
Il Blue v Solid v owian [ 2
= Workspace
General Symbol
Symbol Color: [l Blue | [None v symbolSize: | 15|
Border Color: [l Blue vl sep: [ 1] Borderwidth: [ 1]
Note: This page allows the user to customize the default settings for each plot from index
1 to 20. The newly generated graph will following these settings.

Reset | | LoadfomFile | SavetoFile Cancel

3 PanPhaseDiagram 46
Options X
= Calculation Axis
Units AxisX Title: |Arial, 36pt AxisX Ticks: |Arial. 24pt
PanEngine Settings
&= Table AxisY Title:  Arial, 36pt AxisY Ticks: |Arial, 24pt
Default Table
& Graph Linewidth: [ 1]
Plot Settings Special Lines
= Workspace Tieline: [ Lime v Solid v Width: [:]
General
iso. line: [l Red | [ Lime vlowidh: [
Inv. Tieline: [l Red v solid (v width:
Text'Legend
Text Arial, 28pt Legend: Arial. 28pt
Others
Logo Size: 100 dx | o
ComponentLabel:  Top Dist BotomDist | o
Reset ‘ Load from File Save to File Cancel

Figure 3.11: Set the appearance parameters for each plot in the graph

* Workspace: This dialog box allows the user to set up the default working directory for

Pandat workspace as shown in Figure 3.12.
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Options X

= Calculation

Units

PanEngine Settings
-] Table

Working Directory

C:\Pandat
Choose a different working directory other than the default one

Default Table * \Documents\CompuThemm LLC\Pandat’
=) Graph
Graph Sgnlngs Default Directory for All Batch Calculation
Plot Settings
=) Workspace C:\Pandat l E

Ge |
et Choose a default directory for all batch calculation

Reset Load from File = Save to File OK Cancel

Figure 3.12: set up the default working directory for Pandat workspace

It should be pointed out that “Options” gives user the opportunity to change the
PanEngine Setting and customize the output of Default Table and Graph. However,
user do not have to do anything if not necessary. By default, the most popular setting has

been selected for each type of calculation.

3.3 Tutorial

In general, user should follow four steps to carry out calculations in PanPhaseDiagram

module:

* Create a Workspace and Project: Create a PanPhaseDiagram module projectin an

existing or a new workspace.

* Load the Thermodynamic Database: Load a thermodynamic database (.tdb or .pdb
file). The Al-Mg-Zn system is used for these tutorials. The A1Mgzn. tdb file is located

in the "PanPhaseDiagram" directory under Pandat 2025 examples folder.

» Set Calculation Conditions: Set up the calculation conditions in the condition

setting-up dialog.

* Post Calculation Operation: Edit tables and graphs obtained from the calculation.
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3.3.1 Point Calculation (0D)

This function allows the user to calculate the stable phase equilibrium at a single point in a

multicomponent system

Go to PanPhaseDiagram on the menu bar and select Point Calculation or click
the icon [+] on the tool bar. The dialog box for Point Calculation as shown in Figure
3.13(a) allows the user to set up the calculation conditions: composition and temperature.
User can either input the conditions manually or use the Load Condition function to load
from an existing batch file. User can always save the current calculation condition to a batch
file by clicking the Save Condition button, or save the alloy composition on hard disc by
clicking save Chemistry button. User can load the alloy composition for the future

calculation using the function Load Chemistry following Figure 3.13(b).

Point Calculation x

Material Chemistry DB X

Point Defined Materials:

OK Name Base e
flaltie) oot T Ihrem " O vole ® weiant
T(C) 1000 AABODS Al ® Percent O Fraction

Cptions Mg254125Zn Mg

Extra Outputs Mg5AI5Zn
x(Mg) 0.2 MgBAIEZn
Load Condttion tempNamed

X{Al) 05

» x(Zn) 03

Total 1 tempName1
Select Phases 17-4PH Steel

™
™
.

Save Condition AZO1SIU Mg w(Y) 525
N
F
™

Select Comps
Mobile Comps.

Save Chemistry

b
(@) (b)

Figure 3.13: Set alloy composition and temperature for point calculation

The functions of other buttons as shown in Figure 3.13(a) are given below. User can
access the Options window again by clicking Options and make changes for the units.
Please refer to the previous section for information on the Options window. The Extra
Outputs button allows the user to modify the default output table and graph and add more
tables and graphs as needed. A pop out window as shown in Figure 3.14(a) provides the
access to the table and graph for output. User may add or delete output table/graph using

the buttons 4 or % , or modify the selected table/graph by clicking the “edit..” button.

Please refer to Section 2.5.3 for information on Table Edit. The operations for editing the
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table are the same as those described in the previous section as shown Figure 3.14(b).The

Graph dialog is slightly different from that described in the previous section. As shown in

Figure 3.14(c), data source for the graph can only be the tables generated from the

calculations and there is a check box for the triangle plot.

Table Editor

Set Extra Outputs X

x

[T

PC)
P(@gas)

log 10(P)

phase_name

#phases

mu()
fl@)

= . —
Edit P »

()

phase_name

fl@)

G

w(

IDescription: Temperature

fwi@) Double click to enter edit mode:
In edit mode. press "Ctri"+"m’ to show list of
e v| Math functions._.

[Prag and drop available columns to setup a new table. Double click property cell to edit.

Graph Options =
Tebie St Graph Norre O e Taanole? g
Cancel

Available Columns: Plots:
T X Axis ¥ Axis Source

(")

phase_name

@)

G

wi*)
Drag and drop available columns to setup an extra plot.

(c)

Figure 3.14: Set extra output table and graph dialog

The Select Phases button in Figure 3.13(a) leads the user to a dialog which allows

the user to select or deselect phases to be involved in the calculation as shown in Figure

3.15. The default setting is that all the phases in the system are selected and listed in the
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Entered Phases column, which means all the phases are involved in the equilibrium
calculation. User can select the phases that will not participate in the equilibrium calculation
by sending them to the Dormant Phases or Suspended Phases column using mouse to
drag and drop or using the [@ button. To select several phases at one time, hold the “Ctrl”
key and use mouse to select multiple phases. The Suspended Phases means that the
phases in that column are excluded in any calculations. The Dormant Phases means that
the phases in that column are excluded from the equilibrium calculation but will be included
for the property calculations, such as driving force, after the equilibrium calculation is
finished. The Dormant Phases option mainly works for point calculation and line
calculation. The Suspended Phases option is usually used for metastable phase

equilibrium calculations.

Select Phases X

Suspended Phases (0) Dormant Phases (0) Entered Phases (12)

AlMg_Beta oK
AlMg_Eps Cancel
AlMg_Gamma

c14

Fec Sus/Ent Al
Hep

Liquid

P Pl [Mg2zZn1

Mg2Zn3

Mg7Zn3

< MaZn

T_AIMgZn

Figure 3.15: Select Phases dialog

The Select Comps button in Figure 3.13(a) allows user to make last minute change
on the component selection. Please refer to the previous section for information on the
Select Components window.

After the calculation is completed, the calculated results are displayed in the Pandat
main display window as shown in Figure 3.16. The listed properties include thermodynamic
properties at this point, such as Gibbs energy, enthalpy, entropy and heat capacity. It also

lists the stable phases and the fraction of each phase.
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Liquid
T P
K °c Pa atm
1273.15/1000|101325 |1
Component x w n(J/mol) H(J/mol) S(J/Kmol)
Al 0.5/0.355316|-69753.7|41481.3 |87.3698
Mg 0.2/0.128025|-89785.3|25793.6 |90.7819
Zn 0.3/0.516658 | -95576.5|37298.7 |104.367
n(mol) G(J/mol) H(J/mol) S(J/K'mol) Cp(J/K 'mol)
1 -81506.8 |37089 93.1515 31.7387
Vm(cm?3/mol) density (g/cm”3)
10.541 3.60202
There is 1 stable phase
Component | x w n(J/mol) H(J/mol) S(J/K'mol)
Al 0.5/0.355316|-69753.7 | 41481.3 |87.3698
Mg 0.2]0.128025|-89785.3|25793.6 |90.7819
Zn 0.3/0.516658|-95576.5|37298.7 |104.367
f fw n(mol) G(J/mol) H(J/mol) Cp(J/K'mol) G_ex(J/mol) H_ex(J/mol) HSN
111 |1 -81506.8 | 37089 31.7387 185.724 57165.6
eVec
eVal
Al Zn
Liquid
137.403|-0.774654 | 0.632385
416.043|-0.632385|-0.774654

Figure 3.16: Results of the point calculation

3.3.2 Line Calculation (1D)

This function allows the user to perform a series of point calculations along a line in a

multicomponent system.

Go to PanPhaseDiagram on the menu bar and select Line Calculation or click

the (< button on the tool bar. The Line Calculation (1D) dialog box allows the user to

set the start and end points of the line, and the number of steps to calculate along the line

as shown in Figure 3.17. User can also access the Options, Extra Outputs, Load

Condition, Save Condition, Select Phases, and Select Comps the same way as

those in point calculation. Note that the line calculation set up in Figure 3.17 is along the line

of fixing alloy chemistry with varying temperature.



3 PanPhaseDiagram 52

Line Calculation X
Start Point End Point
Value Value
> T(C) 800 » T(C) 0 | Cancel |
x(Al) 0.1 x(Al) 0.1 Options
Extra Outputs
x(Mg) 0.85 x(Mg) 0.85
0.05 0.05
x(Zn) @ x(Zn) Condtion
Total: 1 Total: 1
K]
Number of steps: [ Individual Phases

Figure 3.17: Set calculation conditions for a line calculation

The calculated results are stored in both graph and table. The default graph plots the
variation of fraction of each phase with respect to temperature, as shown in Figure 3.18.
User can modify the graph through the Property window by modifying the title, scale and
add legend to get a better view as shown in Figure 3.19. In the Explorer window, user
can double click the “Default” under the “Table” tree to view the default table. User can
select any columns to create new plots. Furthermore, select the “Table” and right click the
mouse, user has the option to Add a New Table to generate new tables and then plot

other figures as needed.
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Figure 3.18: Default graph view of the line calculation result
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Figure 3.19: Modify the graph with a better view

It should be pointed out that user can certainly choose to fix the temperature and vary

the alloy composition for a line calculation.
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3.3.3 Pressure-Composition-Temperature (PCT) Curve

A Pressure-Composition-Temperature (PCT) curve is a graphical representation of the

relationship among pressure, composition (hydrogen concentration), and temperature of a

material. It is typically used to evaluate the hydrogen storage capability of a metal alloy. The

PCT curve illustrates the amount of hydrogen that can be absorbed or released at different

pressures and temperatures. It is straightforward yet provides crucial information for

guiding the design of hydrogen storage systems.

A function is developed in Pandat which allows a user to calculate the PCT curve by a few

mouse-clicking.

Below is an example for calculating the PCT curve of the Ti-H system at 1273 K:

* Navigate to the PanPhaseDiagram menu bar and select Line Calculation, or

click the [—| button on the toolbar.

* In the Line Calculation (1D) section, select the PCT curve calculation function, as

shown inFigure 3.20. Set up the composition range from pure Ti to pure H, the

temperature at 1273 K, and the total pressure of the system at 1000 Bar.

* The calculated PCT curve under such conditions is shown in Figure 3.21. The

experimental data are also plotted in the figure for comparison.

Line Calculation

Start Point

End Point

Value

Value

rOTK) 1273

bOTK)

1273

P(ear) 1000

P(bar)

1000

x(H) 0

x(H)

x(Ti) 1

]

«(Ti)

Total 1

Number of steps: | 100

Total

O Individual Phases | @ PCT

X
Cancel

Options
Extra Outpuis

Load Condtion

Save Condition

Select Phases
Select Comps

Stability (J

Figure 3.20: Set calculation conditions for PCT curve calculation
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1 T T T

0 05 1 1.5 2
‘3 x(H)/(1-x(H))

Figure 3.21: The calculated PCT curve of Ti-H system at 1273K compared with

experimental data.

3.3.4 Section Calculation (2D)

This function allows user to calculate any two-dimensional section of a multicomponent
system. Three non-collinear points in the calculation space are required to define a 2D

section. Common 2D section diagrams are isotherms and isopleths.

Go to PanPhaseDiagram on the menu bar and select Section Calculation or
click the [={ button on the tool bar. The Section (2D) Calculation dialog box allows
the user to set up the calculation conditions in terms of composition and temperature.
Figure 3.22 shows the two most common 2D calculations for a ternary system: (a) Isotherm
which is a horizontal section that fixes the temperature and (b) Isopleth which is a vertical

section that uses the temperature as the Y axis.
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Figure 3.22: Set calculation conditions for section calculation

The composition at each point should be self-consistent. For example, x (A1) +x
(Mg) +x (zn) =1 for the A1-Mg-2zn ternary system. It is not necessary to have a correlation
between the Y-2Axis point, the Origin point and the Xx-2Axis point. User can also access
the Options, Extra Outputs, Load Condition, Save Condition, Select
Phases, and Select Comps windows through this dialog box. The Contour Lines option

allows the user to add special lines to the output results, such as T, curve and T, curve as
shown in Figure 3.23.

Set Contour Lines *
Pre-Defined Contour Types: Properties:
User Customn Ty Contour Type T-Te(@*)
éu Stop 0
s Step 1
@) Constraints Contour Constraints
HSN(@*)
Remae
Contour Curves:
Name
Contour_T-Tc{@")
Contour Type
Contour Type.

Figure 3.23: Contour Lines dialog
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The setting on Figure 3.22(a) defines a calculation of an isothermal section for the Al-
Mg-Zn ternary system at 300°C. The setting on Figure 3.22(b) defines a vertical section
calculation from the middle of the Al-Mg binary to the middle of the Mg-Zn binary in the
temperature range of 300-800°C. The results from a section calculation are displayed in two
types of format in the PandatTM main window: Graph and Table. Figure 3.24 and Figure
3.25 show the graph view of the calculation results for the settings in Figure 3.22(a) and (b),
respectively. Figure 3.26 shows a table view of the isotherm calculation result. User can
switch between Graph view and Table View by double clicking on the graph name or table
name in the Pandat Explorer window. Other operations on Graph and Table, such as

labeling and adding a legend, have been discussed in detail in Section 2.4 and Section 2.5

£ Pandat Seftware by CompuTherm, LLC - [w] X
Ele fdr  View Databases BatchCak  PanPhaseDiagram  PasPreciptation PanOptimizer PanDiffusion PanSoldfication Propety Tible Guph Hep
JEE2rHia = QDX BB IACBSRAE | ol L o B o ol & i 2l LA0LET 2

ot bl

® _A-Mg-Zngaph' X

S Al
i e N T=300°C

B3 Geaph 1%

0 0.2 0.4 06 0.8 1
Mg x(Zn) Zn

Figure 3.24: Isothermal section of the Al-Mg-Zn ternary system at 300°C
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Figure 3.25: Isopleth of the Al-Mg-Zn ternary system at 50 at.% of Mg
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Y s 64603436 42745310 50.000000 1254590 AlMg_Gamma+Liquid
BackgroundColor  [I0] AppWorkspace 17 4809625 48.868730 50.000000 1131270 AlMg_Gamma+Liquid
GridColor I contolDark 18 461.0201 48930487 50.000000 1069513 AlMg_Gamma+Liquid
BorderStyle FixedSingle

CellBorderStyle Single 19 |4610485 48961377 50.000000 1038623 AlMg_Gamma+Liquid
DefaultCeliStyl D IIStle { Ba 20 |461.0626 48976825 50.000000 1023175 AlMg_Gamma+Liquid
¥ Layout 21 |4610838 43.000000 50.000000 1.000000 AMg_Gamma+Liquid
AutoSizaColumnshing Hons 22 4610933 49.010793 50.000000 0989207 AlMg_Gamma+Liquid
23 4611071 49.026247 50.000000 0873753 AlMg_Gamma+Liquid
24 4611346 49.057161 50.000000 0.942839 AlMg_Gamma+Liquid
25 |4611885 48119011 50.000000 0.880089 AMg_Gamma+Liquid
26 |4612026 43242801 50.000000 0757200 AMg_Gamma+Liquid
27 4614852 49490732 50.000000 0508269 AlMg_Gamma+Liquid

28 4618033 40987013 50.000000 0.012087 AlMg_Gamma+Liquid .

< >

Figure 3.26: Table view for the 300°C isotherm calculation results
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3.3.5 Pseudo Binary Section

Sometimes a ternary isoplethal section is so special that all the tie-lines are within this
section to form a pseudo binary section. To calculate this type of section, a special
algorithm is designed in Pandat and a special keyword “pseudo” is required. In the folder

where Pandat software is installed:

Pandat 2025 Examples/PanPhaseDiagram/Pseudo Binary/,

There is an example A-B-C system with “ABC. tdb”. After load the database file, click on
“Section Calculation”; the normal section calculation conditions can be set as shown
in Figure 3.27 for AB-AC isoplethal section calculation. The advanced Pseudo section
calculation function is introduced in Pandat. Once the “Pseudo” box is checked, the select
species dialog will pop out as shown in Figure 3.28 for users to select or define the species
for Pseudo section calculations. For example, users can define A1B and A1C as two
species for the AB-AC Pseudo binary section in A-B-C system. After the two species are
defined, the “Section Calculation” interface changes to using the defined species for
conditions setting as shown in Figure 3.29. The calculated pseudo binary section is shown

in Figure 3.30.

Note: The species defined here is used as two end members for Pseudo section calculation.
They are different from the species defined in the database. The species name must

separate with a number, for example, A1B.
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Figure 3.27: Set calculation condition for a

normal AB-BC section based on elements
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Figure 3.29: Set calculation condition for an

AB-BC pseudo-binary section based on

defined species

Figure 3.28: Define A1B and A1C as

species for a Pseudo section calculation
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Figure 3.30: A calculated pseudo-binary

section in ternary A-B-C system
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3.3.6 Material-to-Material Calculation

The Material-to-Material function is designed to perform calculations from one Material to
another Material, which allows users to understand the phase equilibrium and phase
transformation between two multi-component Materials. This functionality will derive many

applications.

Under the PanPhaseDiagram menu, as shown in Figure 3.31, two new functions have been

added
* "Line Calculation — Material to Material"
 "Section Calculation — Material to Material"

PanPhaseDiagram | PanEvolution/PanPrecipitation  PanOpt

[+]

Point Calculation
rlE' Line Calculation

Section Calculation

Phase Projection

Solidification Simulation

Line Calculation - Material to Material

Section Calculation - Material to Material

& ©

Section Calculation - Martensite Start Ternperature

All Binary Phase Diagrams
All Ternary Liquidus Projections

|sothermal Sections

Figure 3.31: The PanPhaseDiagram menu shows the Material-to-Material calculation

functions
3.3.6.1 Line Calculation — Material to Material

Figure 3.32 shows the condition setting interface for the "Line Calculation — Material to
Material" function. Contrast to a standard line calculation, this interface includes two
additional fields: "Start Material" and "End Material", which are marked with red frames in

Figure 3.32. These fields define the names of the materials.



3 PanPhaseDiagram 62

Note: The material names must not contain spaces. If a material name is identical to an
element name, Pandat will automatically add the prefix "M_" to distinguish it from a

chemical element.

Line Calculation - Material to Material *
'Start Material: AlMg = @ End Material; AlZn = ﬁ
4
Value Value OK_
Cancel

» T(C) 100 » T(C) 100 e

x(Al} 05 *(Al} 05 _ Options
Extra Qutputs

x(Mg) 05 x(Ma) 0 R T

. o = 05 Load Condition

e '1 2es) . _Sa\re Condition

Total: |1 Total: |1 S

[ ] Select Phases )

' f Select Comps_

[ Individual Phases

Number of steps: 100 EI

Figure 3.32: Condition-setting interface for the Line Calculation — Material to Material

function
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Figure 3.33: Material Chemistry Database (DB): (a) Save material composition into

(a)

Material Chemistry DB

Defined Materials:
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Total

® +
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(b)

Material Chemistry DB; (b) load material composition from Material Chemistry DB
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Material compositions can be entered manually or imported from the Materials
Chemistry Database (DB) using the green-framed icon #7 in Figure 3.32. The left icon &

allows users to save custom compositions and material names into the DB with the current
unit settings (Figure 3.33a) . The right icon £ enables users to load material compositions
from the DB (Figure 3.33b) : select a material and click "Load." If unit settings differ from
those saved, Pandat will automatically convert the composition to match the current units.
Set material names and compositions, then click “OK” to run the calculation (Figure
3.32). By default, the graph plots phase fractions against the Material AlZn content (Figure
3.34a). Unlike a standard line calculation, where the X-axis represents an elemental
composition (at a fixed temperature), the default X-axis is the amount of the second
Material for Material-to-Material Line Calculation (Figure 3.34a). Moreover, the elemental
composition data is also stored in the output table, which allows users to plot a diagram

using elemental axes if needed (Figure 3.34b).

——f(@AIMg_Beta) | —f(@AIMg_Beta)

—f(@AMg_Gamma) / —f(@AIMg_Gamma)
—f(@c14) —f(@C14)

08 f(@Fcc) 08 f(@Fcc)
—f(@Hcp) / —f(@Hcp)

—f(@T_AIMgZn) ——f(@T_AIMgZn)

£ /
| P> ®
A N

o |

AlZn 6 AlMg

f(@Mg2zn11) / (@Mg2zn11)

02 08

(a) (b)
Figure 3.34: Line Calculation — Material to Material: (a) Default plot with Material

composition as X-axis; (b) Element composition as X-axis.

3.3.6.2 Section Calculation — Material to Material

The Section Calculation — Material to Material function includes two types: Vertical Section

and Isothermal Section.

Figure 3.35 illustrates the condition-setting interfaces for these two types of calculations:
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Vertical Section (Figure 3.35a): The X-axis represents the compositions of the two

Materials, while the Y-axis represents the temperature (T).

Isothermal Section (Figure 3.35b): A phase diagram at a constant temperature, where three

different Materials define the three points in the composition space.

The calculated phase diagrams for these settings are shown in Figure 3.36.

Section (2D} Calculation - Material to Material X Section (20) Calculation - Material to Material X
Y-Axis Material: AlMg =& Y-Axis Material: AIMg B &
Value Y Value Y
> e e Cancel > T e Cancel
«a) |05 Sptirs, &) 05 L
- Exra Outputs . Edra Outouts
xMg) |05 Qrigin X x(Mg) |05 Qrigin X
Load Condilion Load Condilion
x(Zn) 0 xzn) 0
Save Condtion Save Condition
Tol: |1 Total 1
Select Phases Select Phases
Select Comps Select Comps
Peeudo (] | Contour Lines Pseudo (] | CorourLines
Scanline Density: 0 (31| | Mobile Comps. Scanline Densit: 0 2 | Mobie Comps.
¥ @ - =2
Origin Material: AMg B & X-Axis Material: AlZn B & Origin Material: Pure_Al B|& X-Axis Material: AIZn B &8
Value Value Value Value
r T(E) 0 »T(E) 0 [ (e] 100 »oT(E) 100
x(Al) 05 " x(Al) 05 x(Al) 1 " x(Al) 05
*(Ma) 05 x(Mg) 0 x(Ma} 0 x(Mg) o
x(Zn) 0 K xzn) |05 xzn) 0 K x(Zn) 05
Total 1 Total: |1

Total: 1 Total 1

(b)

(a)

Figure 3.35: Condition-setting interface for the Section Calculation — Material to Material:
(a) vertical section of two alloys from AIMg alloy to AlZn alloy; (b) isothermal section of

Pure_Al, AIMg alloy, and AlZn alloy at 100 °C.
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Figure 3.36: Calculated phase diagrams using the "Section Calculation -

Material to Material function: (a) vertical section of two alloys from AIMg alloy to
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AlZn alloy; (b) isothermal section of Pure_Al, AIMg alloy, and AlZn alloy at 100 °C.

3.3.7 Stability Diagram with Pressure as a Variable

This section describes how to perform Point (0D), Line (1D), and Section (2D) calculations
when gas pressure is one of the variables. For such calculations, the gas phase must be

included in the database used for the calculation.
3.3.7.1 2D Calculation

A 2D diagram that shows the stability of condensed phases as a function composition or
temperature (one axis) and pressure (the other axis), or both axes with the partial pressure
of gas species, is commonly referred to as a stability diagram or predominance diagram.
Here, the Fe-Cr-O system is used as an example to demonstrate how to calculate a stability

diagram.

1. Go to the PanPhaseDiagram menu bar and select Section Calculation or
click the f=4 button on the tool bar.

2. Select the "Stability" as shown in Figure 3.37(a), In the pop-up window "Set Variable
for Stability Diagram", select Cr and Fe as metal alloying components, and O2 as the

gas species for chemical potentials, as illustrated in Figure 3.37(b).

Section (2D) Calculation X

Y-Axis Point

Value Y oK
b o 00 Cancel
Plbar) Cptions
<& Origin X Exra Outputs ‘Set Variables for Stability Diagram X

1
1

Load Condtion Selected Amounts (2): Selected Chemical Potentials (1),
(FE) 0
0

Save Condtion oK
%(0) — Cancel
Select Phases o
Set Variables T
el/Clr
oty 8 | Pecudo [ Contourines
Scanline Density 0 [+
%
Origin Point &4 - ¥-Axis Point
Value Value
»oT(E) 700 L] 700
P(bar) 1 Pibar) 1
«CR) |0 n xCR) 0
*(FE) 1 @ x(FE} 0 Use CTRL + select for multiple selection and deselection.
%(0) 0 x(0) 1

Figure 3.37: Select components and gas species for stability diagram calculation
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3. Set the calculation conditions at a fixed temperature of 1000 °C and a total pressure
of 1 bar. The X-axis is the composition of Cr varying from 0 to 1 mole. The Y-axis is
the partial pressure of O2 ranging from 102% bar to 1 bar ( Figure 3.38 ). After setting

these parameters, click "OK" to perform the calculation.

Section (2D) Calculation X
-Axis Point
Value Y OK
» TC) 1000 Cancel
P(bar) 1 Options
_— Extra Outputs
n(CR)[male] 0 Qrigin X

Load Condition

n(FE)[male] 1
Save Condition

logP(02)[bar] 0

Select Phases

ozt L Set Variables
Scanline Density: |0 =
] A
Origin Point =4 - X-Axis Point
Value Value

b T(C) 1000 T(C) 1000

P(bar) 1 P{bar) 1

nCRImole] |0 ] n(CR)mole] |1

n(FE)[mole] 1 ¥ n{FE)[mole] 1]

<]
logP(02)[bar] 25 logP(02)[bar] 25
Total: 1 Total: 1

Figure 3.38: Set up calculation conditions for a stability diagram

4. After the calculation is completed, Pandat displays the calculated 2D stability

diagram, as shown in Figure 3.39, with the phase fields labeled afterward.
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-
o
1

logP(O2)[Bar]

-20-
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‘3 0

Fe-Cr-O system
T=1000°C
Corundum P=1Bar
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Halite
Halite+Spinel
Fcc+Spinel
Fcc + Corundum
Bee+Corundum
Fce Beo
0.2 0.4 0.6 0.8 1
n(Cr)

Figure 3.39: Stability diagram of Fe-Cr-O system at 1000°C and 1 bar.

3.3.7.2 1D Calculation

The Fe-Cr-O system is used again as an example to demonstrate how to perform a line

calculation at fixed composition with varying gas pressure.

1.

Navigate to the PanPhaseDiagram menu bar and select Line Calculation or
click the [ button on the tool bar.

Check the "Stability" box. In the pop-up window "Set Variable for Stability Diagram",

select Cr and Fe as the metal alloying components, and O, as the gas species. Then

set up the calculation conditions as shown in Figure 3.40. This setting sets the

temperature at 1000°C, and the total pressure at 1 bar. The composition is set as

0.6Fe-0.4Cr, and the partial pressure of O, changes from 1025 bar to 1 bar, i.e. logP

(O,) varies from -25 to 0. This setting corresponds to the line calculation indicated by

the red line in Figure 3.39. Click "OK" to perform the calculation.
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Figure 3.40: Set stability line calculation conditions

3. The line calculation result is shown in Figure 3.41, which displays the fraction of each

stable phase as a function of the partial pressure of O,.

1
FegsCroa
T =1000°C
0.8
0.6 —f(@Bcc)
%o —f(@Corundum)
@ — f(@Fcc)
w= — f(@Halite)
0.4
K ——f(@Spinel)
0.2
0 T T T T
-25 -20 -15 -10 -5 0
‘3 logP(O2)[bar]

Figure 3.41: Line calculation result showing the phase fraction vs partial pressure of
O,.
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3.3.7.3 0D Calculation

The Fe-Cr-O system is again used as an example for a OD (point) calculation.

1.

perform the calculation.

Point Calculation

FPoint
Value

T(C) 1000
Pibar)} 1
n(CR)[male] 0.4
n(FE[maole] 0.6
logP(02)[bar] -10
Total: 1

s

Cancel

Options
Extra Outputs

Load Condition

Save Condition

Select Phaszes
Set Variables
Maobile Comps.

Stability €

Figure 3.42: Set stability point calculation conditions

Navigate to the PanPhaseDiagram menu bar and select Point Calculation or
click the[+] button on the tool bar.

. Check the "Stability" box. In the pop-up window "Set Variable for Stability Diagram",
select Cr and Fe as the metal alloying components, and O, as the gas species. Then,
set the calculation conditions as shown in Figure 3.42. This setting sets the
temperature at 1000°C, and the total pressure at 1 bar. The composition is set as
0.6mol Fe 0.4mol Cr, and the partial pressure of logP (O5) is -10. This setting

corresponds to the “point” indicated by the red cross in Figure 3.39. Then click "OK" to

3. The calculation result is shown in Figure 3.43, which shows that spinel is the only

stable phase under the setting-up conditions of Figure 3.42.
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Calculation Name Database Name cpu time

Point Calculation| CrFeO.tdb 0.257s

Spinel
T P
K °c Pa atm
1273.15|1000 100000 0.986823
logP (02)
bar
-10
Component x w n(mol) n (kg) n{J/mol) |H(J/mol) | 8 (J/K 'mol)
Ccr 0.171415 0.274%6 |0.171415|0.008%12% | -285326 |-341710 |-44.287
Fe 0.257123|0.442987|0.257123|0.0143585 | -139515 |-152444 |-10.1553
o 0.571462 | 0.282053|0.571462|0.00814282 -266038 |-115822 |117.%88

n(mol) n (kg) G(J/mel) H(J/mol) |S({J/K mel) Cp(J/K 'mol)

1 0.0543066 |-236812 |-159626 |60.6263 27.3617

Vm(cm*3/mol) |density (g/cm”3)

G.46134 3.42607
There is 1 stable phase
Component x w n{mol) n (kg) n(J/mol) |H(J/mol) |8 (J/K 'mol)
Ccr 0.171415|0.274%6 |0.171415|0.008%12% | -285326 |-341710 |-44.287
Fe 0.257123|0.442%87 | 0.257123|0.01435%5 | -13%515 |-152444 |-10.1553
o] 0.571462|0.282053|0.571462|0.00914282 | -266038 |-115822 |117.%88

Figure 3.43: Stability point calculation results showing the single phase of spinel.
3.3.8 Contour Diagram

Contour diagram shows how a property changes in a 2D or 3D diagram [2015Che]. The
most commonly used contour diagram is the ternary isothermal lines superimposed on a
liquidus projection. Another example is the activity contour diagram. Pandat extends
contour diagram to many other properties including thermodynamic properties, physical
properties and any combination of them. A few examples of useful contour diagrams are
given in the following sections. Please keep in mind that Pandat can plot many other

contour diagrams beyond these examples.
3.3.8.1 Activity Contour Diagram

Let’s use the contour diagram of Mg activity in AI-Mg-Zn as the first example. Figure 3.44(a)
shows the input window for calculating the isothermal section of Al-Mg-Zn at 500°C. Click
on the “Contour Lines” button, a new window “Set Contour Lines” will pop out, as
shown in Figure 3.44(b). Click on “Add” button and change the “Contour Type” to “a

(Mg :Hcp)”, which means that the contour diagram is for the activity of Mg with reference
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state of Hcp. There are three initials related to which values of the contour lines to be
calculated: “start”, “Stop” and “Step”. In this example, “start” and “Stop” can be left as
empty and Pandat will search for all possible values. User can set values for “start” and
“stop” for specific range of the contour lines. However, the value of “step” must be given.
Another condition “Constraints” will be explained later. Figure 3.44(b) sets the initial
condition to calculate the contour lines for the activity of Mg referring to Mg in Hcp phase
with the step size of 0.1. Click “OK” in this window and also in the “Section (2D)
Calculation” window to proceed the calculation. The calculated isothermal diagram with

the contour lines of Mg activity is shown in Figure 3.45 after labeling.

If user want to calculate the contour lines of the Mg activity only in the liquid phase, it
can be achieved by setting a constraint in the contour diagram input condition. In Figure
3.44(b), click on “Contour Constraints”, a small button [..| will show up. Click on it, A
window of “Set Contour Constraints” will pop out as shown in Figure 3.46. Add “f
(@Liquid)=1" as the constraint in this window and then click “OK” to return to “set
Contour Lines” window as in Figure 3.47. This will set a constraint on the contour line
calculation that only the contour lines satisfying the constraint “f (@Liquid)=1" will be
calculated. Figure 3.48 is the calculated phase diagram with the contour diagram of a (Mg)

only in the liquid phase region in the isothermal section of Al-Mg-Zn at 500°C.
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Figure 3.44: Input windows for contour diagram of activity of Mg at 500°C: (a) 2D Diagram

input window; (b)Contour Diagram input window.
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Figure 3.45: Contour diagram of Mg activity in the isothermal section of Al-Mg-Zn at 500°C
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window
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&) T=s00°C Al

——Phase Boundary
——a(Mg:Hcp) in Liquid

Liquid

O

0 0.2 04 0.6 0.8 1
Mg x(Zn) Zn
Figure 3.48: Contour diagram of Mg activity only in liquid phase in the isothermal section of

Al-Mg-Zn at 500°C
3.3.8.2 Driving Force Contour Diagram

Contour diagram is also useful in viewing the stability of a phase comparing to the
equilibrium state. Figure 3.50 shows the driving force contour lines of the Hcp phase in the
Al-Mg-Zn system at 500°C. The contour type is defined as DF (@ | Hcp) as shown in Figure
3.49 (see Table 11.4 in Section 11.2 for the definition of DF). Since Hcp phase may not be
stable in all the phase regions in this isothermal section, in between “@” and “Hcp” a vertical
bar symbol “|” is added to specify that the phase Hcp is in the “entered” status. From
Figure 3.50, we see that Hcp phase has less driving force to be stable in the central region

of the compositional triangle.
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Set Contour Lines X

Pre-Defined Contour Types: Properties:

Contour Type DF(@|Hep) oK
Start Cancel
Stop
500
Constraints Contour Constraints
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Contour_DF(@Hcp)
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Figure 3.49: Set driving force contour
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—DF(@]Hep) in Jimol
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Figure 3.50: Contour diagram of the driving force of the Hcp phase relative to the

equilibrium phases in Al-Mg-Zn at 500°C
3.3.8.3 Partial Molar Property Diagram

Partial molar properties such as partial molar enthalpy and entropy of a component can also
be calculated as a contour diagram along with the phase diagram. The red curves in Figure
3.51 and Figure 3.52 are the calculated contour curves of the partial molar enthalpy and
entropy of Zn in the liquid phase for the Al-Zn system. The constraints in both calculations

are £ (@QLiuid) >0 since the calculation is for the stable liquid phase only.
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Figure 3.52: Contour diagram of the partial

molar enthalpy of Zn in the liquid phase of Al- molar entropy of Zn in the liquid phase of Al-

Zn system

3.3.8.4 Excess Molar Property Diagram

Zn system

Sometimes we have interest in the excess properties, such as excess Gibbs free energy,

excess enthalpy and excess entropy of a phase. These properties are available from the

property definitions of G_ex, H ex and S_ex in a contour diagram. Figure 3.53, Figure

3.54 and Figure 3.55 show the calculated contour curves for the excess properties of liquid

in the Mg-Zn system.
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Figure 3.53: Contour diagram of the excess
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Figure 3.55: Contour diagram of the excess entropy in the liquid phase of Mg-Zn system
3.3.8.5 User Defined Contour Diagram

Contour diagram can be any type of customized properties defined by the user using a
mathematical expression. Contour diagram can therefore be used to plot some special
property lines. For example, we want to calculate Curie temperature Tc curves in the Fe-Cr
system. A Tc curve can be considered as a special contour line when T equals to Tc, which
means the constraint: T-Tc=0 is set on the Tc curve. Figure 3.56 is the input window for
calculating the Tc contour curves. Since the constraint is T-Tc (@*) =0, the “Start” and
“stop” values are both set to be zero, and “Step” value is ignored. @* means in every
phase. Figure 3.57 is the calculated Fe-Cr phase diagram with the Tc curves of the Bcc

phase.
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Figure 3.57: Phase diagram of Fe-Cr with Curie

temperature curves (in red color) of Bcc phase

A second order transition curve could also be calculated as a contour curve. Fe-Al
binary system [2009Sun] is given as an example here. Figure 3.58 is the calculated Fe-Al
binary phase diagram with Tc curves and the second order transition curves. The Tc

curves can be calculated the same way as that shown in this section for the Fe-Cr system.
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Figure 3.58: Phase Diagram of Fe-Al with the Tc curves and the 2nd order transition

curves between Bcc and B2 and between B2 and D03
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The calculation of the second order transition needs special contour property definition.
For the Bcc/B2, the contour property is defined as

abs (y (Fe#2@BCC_4SL) -y (Fe#3@BCC_4SL))

which represents the absolute value of the difference between the site fractions of Fe on the
2nd and 3rd sublattices. The “start” and “stop” values are set to be “0.05”, which avoids
the numerical difficulty in calculation and gives a very good approximation of the

order/disorder transition curves.

The contour property for the second order transition between B2 and D03 is defined as

abs (y (Fe#3@BCC_4SL) -y (Fe#4@BCC_4SL) )

with the “start” and “stop” values of “0.05”. A constraint is also added in this contour

calculation to make sure that the first and second sublattices have the same site fractions,
abs (y (Fe#1@BCC_4SL) -y (Fe#2@BCC_4SL))<0.001
Pandat batch file is written in the language of xM1(Extensible Markup Language). The
less-than “<” and great-than “>” characters are reserved as the XML special characters. In

an XML file, the less-than “<” and great-than “>” symbols are written as “s1t;” and “sgt;”.

Above constraint is written in a Pandat batch file as

abs (y (Fe#1@BCC_4SL) -y (Fe#2@BCC_4SL))&lt;0.001

3.3.8.6 Partial Pressure Contour Diagram

The following example shows how to calculate the contour lines for the partial pressure of
the gas phase in the Ti-N system [1996Zen]. Figure 3.59 (a) is the input condition window
and Figure 3.59 (b) is the calculated phase diagram of Ti-N with the contour lines of log (P
(N2@gas) ) (pressure unitis Pa), which is the common logarithm of the partial pressure of
N2 in gas. Figure 3.59 (c) is another input condition window and Figure 3.59 (d) is the
calculated phase diagram of Ti-N with the contour lines of log (P (@gas) ), which is the

common logarithm of the total pressure of gas with the gas species N, N2, N3 and T1i.

More examples can be found in the Pandat example folder:

/PanPhaseDiagram/Contour/
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Figure 3.59: Contour diagrams of partial pressure of gas in the Ti-N system

3.3.9 Phase Projection

This function permits the calculation of a phase projection diagram for a system with two or

more components. PanEngine automatically searches the univariant phase projection lines.

Go to PanPhaseDiagram on the menu bar and select Phase Projection or Click
the 4 button on the tool bar. The Phase Projection dialog box shown in Figure 3.60
allows the user to calculate projection of any phase in the system. If “Liquid” is selected
as Target Phase, liquidus projection for the system is calculated. Isothermal curves
involving the selected phase in a ternary system can also be calculated by checking the box
Calculate Isotherms. The density of isothermal curves depends on the scale of
Temperature Interval. A larger value for the temperature interval leads to fewer
isothermal curves but with faster speed of calculation. The default Compositional
Range is full range for each component. User can define the default output graph by
selecting the X and Y axis. User can also access the Options, Extra Outputs, Load

Condition, Save Condition, Select Phases, and Select Comps windows through
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this dialog box. If the Show Results for Subsystems box is checked, the output files
will include the results for the subsystems together with the multicomponent system. Be
aware that the output table will be huge if the box is checked for a calculation with a higher
order multi- component system. User can choose the specific phase for projection
calculation in the Target Phase dialog, such as Fcc phase. If “*” is selected, the
projection for all the phases will be calculated. If the Show 3D Diagram box is checked,
there will be an extra 3D diagram showing the calculation results as well as the original 2D
diagram. For the 3D diagram, user can rotate the diagram by holding the left button of

mouse and move it around.

Phase Projection X
Isotherms 0K
Calculate Isotherms: M Cancel
Temperature Interval [C]: Options
Extra Outputs
Default Axis Names
X Axis:  [x(A) v] Lo Condiion
Save Condition
Y Axis:  [x(Zn) v|
Select Phases
Select Target Phase ; Comos

Target Phase: [quuid v ]

Show Results for Subsystems:
Show 3D Diagram:

Figure 3.60: Phase projection calculation setting dialog

The results from a liquidus projection calculation are displayed in two types of format in
the PandatTM main window: Graph and Table. Figure 3.61 to Figure 3.64 show the 2D and
3D graph view, default table and isotherm table for the liquidus projection calculation
results, respectively. user can switch between Graph view to Table View by double clicking
on the graph name or the table name in the PandatTM Workspace window. Extensive
operations on Graph and Table, such as labeling and adding legend, have been discussed

in detail in Section 2.4 and Section 2.5 .
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Figure 3.61: Liquidus projection in 2D of the Al-Mg-Zn ternary system
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Figure 3.62: Liquidus projection in 3D of the Al-Mg-Zn ternary system
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Figure 3.63: Phase projection calculation setting dialog

43 Pandat Software by CompuTherm, LLC - o X
Flle Edit View Databases BatchCalc PanPhaseDiagram  PanPrecipitation PanOptimizer PanDiffusion PanSolidification Property Teble Graph Help
BIEHH =4 b 1B B[ 6l IEE dEEDFNREERAHN BEHBCEIBEILAODELRZ
Workspace isotherm.table
= Pandat Workspace 'default' = phase_name x(Al) (Mg} *(Zn) wiAly wiMg)  ~
=54 default
o, projection moleimole | moleimole | moleimole | kalka v kakg v
} Graph 1 650.0000 Liauid+Fec 0977405 0.022505 0.000000 0.979601 0020389
@ ggﬁm:i: 2 650.0000 Liauid+Fec 0.977368 0.021632 0.001000 0.978075 0.019500
& J@ Table 3 650.0000 Liquid+Fec 0977332 0.020668 0.002000 0.976554 0.018603
(] Defautt 4 650.0000 Liquid+Fee 0.977264 0018736 0.004000 0973530 0.016813
(] invariant 5 650.0000 Liauid+Fes 0977146 0.014854 0.008000 0.967553 0013249
(] inveriant tietine 6 650.0000 Liquid+Fee 0976981 0007019 0016000 0.955876 0.006126
7 650.0000 Liquid+Fec 0.976937 0.003063 0.020000 0.950175 0.002684
8 650.0000 Liquid+Fec 0976924 0.001076 0.022000 0.947358 0.000940
9 650.0000 Liauid+Fes 0976021 7.921784E-005 | 0.023000 0.045058 6.009663E-008
10 |650.0000 Liauid+Fec 0.976921 1.688000E-005 |0.023063 0.045870 1.473062E-00¢
1 650.0000 Liquid+Fec 0.976921 1.306765E-006 | 0.023078 0.945849 1.139676E-00€
12 650.0000 Liquid+Fec 0976921 0.000000 0.023079 0.945847 0.000000
Workspace [PTE .
14 |600.0000 Liauid+Fee 0872071 0127020 0000000 0884113 0115887
2l ‘ =] 15 600.0000 Liquid+Fec 0872726 0.126274 0.001000 0.882526 0.115023
v Appearance 16 '600.0000 Liquid+Fec 0.872482 0.125518 0.002000 0.880945 0.114167
BackgroundColor l:l AppWorkspace 17 '600.0000 Liquid+Fec 0.871996 0.124004 0.004000 0.877797 0.112444
GridGolor & conroipark 18 |600.0000 Liquid+Fee 0871028 0120072 0.008000 0871564 0.100036
BorderStyle FixedSingle
CellBorderStyle Single 19 '600.0000 Liquid+Fec 0869118 0.114882 0.016000 0.859341 0.102320
DefaultCellStyle DataGridViewCellStyle { Ba: 20 '600.0000 Liquid+Fec 0.867246 0.108754 0.024000 0.847439 0.095727
¥ Layout 21 600.0000 Liauid+Fes 0865418 0.102582 0032000 03835851 0089248
AutoSizeCelumnsios None 22 |600.0000 Liquid+Fee 0853639 0006361 0.040000 0824572 0082874
23 '600.0000 Liquid+Fec 0861917 0.080083 0.048000 0.813599 0.076596
24 '600.0000 Liquid+Fec 0.860260 0.083740 0.056000 0.802926 0.070405
25 '600.0000 Liquid+Fec 0.858675 0.077325 0.064000 0.792552 0.064290
26 |600.0000 Liauid+Fee 0857170 0070830 0072000 0782473 0058243
27 '600.0000 Liquid+Fec 0.855754 0.064246 0.080000 0.772688 0.052254
28 '600.0000 Liquid+Fec 0.854439 0.057561 0.088000 0.763195 0.046313 v
< >

Figure 3.64: Phase projection calculation setting dialog
3.3.10 Solidification Simulation

Two simple models, equilibrium solidification and Scheil solidification, have been integrated
into Pandat for calculating solidification pathways. The equilibrium model, also called the

lever rule model, assumes that complete diffusion occurs in both liquid and solid phases,
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and the compositions of solid and liquid always follow the phase boundaries defined by the
equilibrium phase diagram. The fractions of liquid and solid can be calculated through the
lever rule. In contrast, Scheil solidification assumes that no diffusion occurs in the solid
phases, that the composition of liquid phase is uniform (infinite diffusivity in liquid) and that
local equilibrium at the solid-liquid interface is always maintained. The Solidification
Simulation function calculates the solidification path of an alloy using either the 1lever

rule or Scheil model as being decided by the user.

Go to PanPhaseDiagram on the menu bar and select Solidification
Simulation or click the [&] button on the tool bar. The dialog box as shown in Figure 3.65
allows the user to set up the alloy composition for the solidification simulation. User can
choose the simulation under either Non-Equilibrium (Scheil) or Equilibrium
(Lever Rule) condition. There are two check boxes at the bottom of the input dialog:
Start simulation from liquidus surface, and End when no more liquid. If
both boxes were checked, the solidification simulation will be carried out in the temperature
range when solid start to form from liquid (liquidus surface) to the point when liquid just
completely disappear. Pandat software will find these two points automatically. If one or
both of the check boxes are not checked, user will need to define the start or/and the end

temperature for the solidification simulation proceeds.
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Figure 3.65: Set calculation conditions for solidification simulation

The results are displayed in either Graph View or Table View. Figure 3.66 and Figure

3.67 show the graph view and table view for the solidification simulation results with the

calculation condition shown in Figure 3.65. Extensive operations on Graph and Table, such

as labeling and adding legend, have been discussed in detail in Section 2.4 and Section

25 .
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Figure 3.66: Graph view of the solidification simulation result
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Figure 3.67: Table view of the solidification simulation result

PanSolidification module considers the back diffusion in the solid phase during
solidification. Detailed description on PanSolidification module is in Chapter 7

PanSolidification.
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3.3.11 Table Column Functions

Examples are given in this section show how to use the table column property names and

functions to obtain more information from the calculated results.
3.3.11.1 Activity and Activity Coefficient
The activity of a component}, a;, is defined by
pj = p; + RT Ina; (3.13)

where p; is the chemical potential of the component j in equilibrium state and K5 is the

chemical potential of this component at its reference state. For example, the activity of

component A1 in the 1iquid Al1-Mg system referring the A1 in Fcc phase is calculated

by
liquid  o,fcc
Par THal
The corresponding Table column name is a (Al@Liquid:Fcc [Al]), Or a

(Al@Ligquid:Fcc).
If a reference state is not specified in Table column name, the default reference state in

the database is taken as the reference state. For example, a (A1@Liquid) is calculated by

liquid
Fal
ayp =€ kT (3.15)
Activity coefficient is defined as
. = aj
M= (3.16)

which is available from Table by defining Table column name similar to that of activity.
Table column name for the activity coefficient of A1 in ligquidis r (Al1@Liquid:Fcc
[Al]),0Orr(Al@Liguid:Fcc).

Figure 3.68 to Figure 3.71 show the screen images for creating a table of activity and
activity coefficient from a line calculation result at 1000K in the Al-Mg-Zn ternary system.

The two end points are at x (Mg)=0.2,x (A1)=0.8 and x (Mg)=0.2,x (Zn)=0.8. The
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liquid phase is the stable phase under this condition. The setting in Figure 3.68 is to choose

Fcc Al, Fcc Mg, and Hcp 2zn as the reference state for the activities and activity

coefficients.
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Figure 3.68: Table editor for creating activity and activity coefficient table
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Figure 3.69: Table of activity and activity coefficient
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Figure 3.70: Graph of activity vs. x(Zn)
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Figure 3.71: Graph of activity coefficient vs. x(Zn)

3.3.11.2 Tielines

A special column property name “tieline” is introduced to create a table of tielines from
the calculated results. It can be combined with other column constraints to select a special

set of tielines.

Figure 3.72 is a 3D ternary phase diagram calculated from the database file “ABC. tdp”
which is provided in the PandatExamples folder. This system has three binary eutectic
reactions. To show the invariant tielines in these binaries, set the “Show Invariant
Tieline” in the Property window as “true”, then the invariant lines will be plotted on it as

shown in Figure 3.73.
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Figure 3.72: 3D phase projection of a simple ternary system with eutectic reaction in every

binary system
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The ternary univariant lines (L+Bcc+Fcc, L+Bcc+Hep, and L+Fcc+Hep, red color)

connects these reactions can be highlighted as follows. First, create a new table as shown

in Figure 3.74. The purpose of the new table is to extract the boundary line(s) that connect

Liquid, and the other two solid phases, and the fraction of Liquid on this boundary line is 1.

After the table is created, select this new table in the Explorer window, and drag x (C) from

the Property windowtothe Main Display window, and dropitasthe x-axis; press

“‘Ctrl” and then drag x (a) from the Property window tothe Main Display window,

and drop it as the y-axis; press “shift” and then drag T from the Property window to

the Main Display window, and drop it as the z-axis. This line showing the gradually

change from the peritectic reaction to the eutectic reaction is then highlighted (green color),

as shown in Figure 3.75.
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Figure 3.74: Create a new table to extract the ternary univariant lines
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Figure 3.75: The ternary univariant lines (dark green lines) connecting the invariant

reactions in the binaries

Figure 3.76 shows how to create 4 new tables to plot the 3D diagram in Figure 3.77,
which shows the ternary three-phase equilibrium tie-triangle volume. The 4 tables include a
set of the tie-triangles by setting its density as "tieline=5" and the phase lines for the

liquid, Bcc, Fcc phases by setting the fraction of the corresponding phase to be 1.
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Figure 3.76: Create tables to extract tie-triangles and the three edges of the three-phase

volume
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Figure 3.77: 3D diagram of the three-phase volume
3.3.11.3 Numerical Derivative

o e dY .
The derivative 3z can be calculated numerically from the two columns of v and z. The
operator for numerical derivative is “//”, double slashes. The numerical derivative of 37 is

written in the form of “y//z” as the column name. Only one numerical derivative operator is
allowed in one column. In other words, user cannot type in “v//z//x”.The derivative
“v//z” will be parsed into three columns in the new table: “v”, “z” and “v/ /7", which makes

it easy for the user to view the original data set “v”, “z” and choose to plot either % VS 7 or

dy
3z VS Y.

The example given here is to find the “effective heat capacity” of the system
during solidification (H_tot//T). A system of Al-Mg-Zn is chosen and the composition is
shown in Figure 3.78. After Scheil simulation is done, a new table is created with the

definition of the column names shown in Figure 3.79. Figure 3.80 is the newly generated

dH,
table. Select the columns “T” and “H_tot//T", we have the d—}“ vs T diagram as in Figure
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3.81. This diagram shows the effective heat capacity change during the solidification by

Scheil simulation. There are two peaks in Figure 3.81, which represent roughly the phase

transformation from liquid to Hcp+y and that from liquid to Hcp + =, respectively.
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Figure 3.78: Solidification
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Figure 3.79: Create a table for the numerical

derivative of H_totw.r.t. T.
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Figure 3.80:

The table for the numerical derivative of H_tot w.r.t.T.
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Figure 3.81: Plot of effective heat capacity change during the solidification

3.3.12 Append Database

On top of the original database (*.tdb or *.pdb) loaded from Pandat GUI, users can
append a customized database (*.tdb) by selecting the Append TDB function from the

Databases menu as shown in Figure 3.82.
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Figure 3.82: Append TDB function under the Databases menu
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Using this function, the user can (1) replace the value of an existing parameter, (2) add
value to an existing parameter, (3) add new parameters to an existing phase, (4) add new
phases to the original database, (5) add user-defined properties and (6) add a value to the
Gibbs energy of a phase. In the following, the hypothetical A-B system will be used as an

example to explain the Append TDB function in detail:
3.3.12.1 Replace the Value of an Existing Parameter

In this example, we are going to replace the interaction parameter of the liquid phase: G
(Liquid, A, B;0) within the original AB original.tdb database. Load the AB
original.tdb from the Databases menu by selecting the Load TDB or PDB function.
The interaction parameter of G (Liquid, A,B;0) described in the original database is

expressed as:

Parameter G(Liquid,A,B;0) 298 3000; 6000 N !

In the TDB Viewer, one can see the original value of G (Liquid, 2A,B;0)=3000.

Name | Property x-Term | x-order | Parameter  T-limit (K)

L (AB) 0 3000 6000

In the AB replace parameter.tdb, only the interaction parameter for G
(Liquid, A, B;0) is defined, but with a different value:

Parameter G(Liquid,A,B;0) 298 -2000; 6000 N !

Load the AB replace parameter.tdb via the Append TDB function, one can see
from the TDB Viewer that the interaction parameter of G (Liquid, A, B; 0) is replaced with

the value (-2000) from the appended database.

Name | Property | x-Term | x-order Parameter | T-limit (K)

Liquid |L (AB)y 0 -2000 6000

The calculated phase diagrams using both original database and original + appended

databases are shown in Figure 3.83.
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Figure 3.83: Calculated A-B phase diagram using both original database and original +

appended databases with adjusted parameters
3.3.12.2 Add Value to an Existing Parameter

In this example, we are going to modify the interaction parameter of the liquid phase G
(Liquid, A, B;0) within the original AB original. tdb database by adding a value to it.
As shown in the AB modify parameter.tdb, the interaction parameter is expressed as
GG (Liquid, A, B;0), which means adding this assigned value to the original value rather
than replacing it.

Parameter GG(Liquid,A,B;0) 298 -2000; 6000 N !

As shown in the above Section 3.3.12.1 , the original value of the G (Liquid, A, B;0)
interaction parameter is +3000. When we append the AB modify parameter.tdb tothe
original database, the value of -2000 will be added to the original value +3000 for the G
(Liguid, A, B;0) interaction parameter. As shown in the TDB viewer below, one extra
term “GG” is listed. For this case, the total value of the interaction parameter of G

(Liquid, A, B; 0) willbe modified tobe 3000 + (-2000) = +1000.
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Name | Property | x-Term | x-order Parameter T-limit (K)

L (AB) |0 3000 6000
Liquid
GG (AB) 0 -2000 6000

The calculated phase diagrams using both original database and original +

appended databases are shown in Figure 3.84.
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Figure 3.84: Calculated A-B phase diagram using both original database and original +

appended databases with adjusted parameters

Note that, the Append TDB function allows user to append only one database to the
original database. When user wants to append another database to the original database,
the previously appended database will need to be removed first. Pandat will notify the user

as shown in Figure 3.85 and user need to click Yes to confirm.
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Figure 3.85: Append database confirmation
3.3.12.3 Add New Parameter to an Existing Phase

In addition to replace or modify the existing parameters for an existing phase in the original
database, one can also add new parameters to this phase. In the AB Original.tdb
database, there is only one interaction parameter for the Liquid phase G (Liquid, 2, B;0).
Using the Append TDB function, we can add more interaction parameters to the Liquid
phase. As shown in the AB new parameter.tdb, another interaction parameter for the
liquid phase, G (Liquid, 2, B; 1), is given as:

Parameter G(Liquid,A,B;1) 298 -2000; 6000 N !

Load the original AB_original.tdb and then load the AB new parameter.tdb via
the Append TDB function. As shown in the TDB viewer, the new interaction parameter (x-

order value is 1) is added.

Name | Property | x-Term x-order Parameter | T-limit (K)
L (A,B) 0 3000 6000

Liquid
L (A.B) 1 -2000 6000

The calculated phase diagrams using both original database and original + appended

databases are shown in Figure 3.86
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Figure 3.86: Calculated A-B phase diagram using both original database and original +

appended databases with new parameters

3.3.12.4 Add New Phases to the Original Database

In addition to modify the parameters for existing phases within the original database, one
can also add new phases via the Append TDB function. A new phase AB is introduced in

the AB new phase. tdb, which is described as:

Phase AB % 2 0.5 0.5 !
Constituent AB :A:B:!
Parameter G(AB,A:B;0) 298.15 -10000+6*T; 6000 N !
Load the AB original.tdb first and then load the AB new phase.tdb via the Append

TDB function. As shown in the TDB Viewer, a new AB phase is introduced.

Name | Property  x-Term x-order Parameter  T-limit(K)

AB ‘LO (A)B) 0 -10000+6*T | 6000
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The calculated phase diagrams using both original database and original + appended

databases are shown in Figure 3.87.
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Figure 3.87: Calculated A-B phase diagram using both original database and original +

3.3.12.5 Add User-defined Properties to the Original Database

appended databases with new phase

As is well known, the CALPHAD method has now been used to describe various types of

phase properties in addition to thermodynamic properties. Mobility databases, molar

volume databases and other thermo-physical property databases can be developed via

similar route as that of developing a thermodynamic database. The Append TDB function

allows a user to add user-defined properties to an original database. In this example, we

add molar volume to AB Original.tdb via the Append TDB function. The molar volume

parameters of A and B within the Bcc, Fcc, and Liquid phases are described in the AB_

property.tdb database as listed below:

Parameter
Parameter
Parameter

Parameter

Vm (Bcc,A;0)
Vm (Bcc,B;0)
Vm (Fcc,A;0)

Vm (Fcc,B;0)

298
298
298
298

+7.
+8.
+7.

+8.

de-6*exp (le-6*T) ;
Jde-6*exp (1le-6*T) ;
Oe-6*exp (le-6*T) ;
Oe-6*exp (le-6*T) ;

3000
3000
3000
3000
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Parameter Vm(Liquid,A;0) 298 +8.0e-6*exp (le-6*T); 3000 N !
Parameter Vm(Liquid,B;0) 298 +9.0e-6*exp(le-6*T); 3000 N !

Load the original database AB original.tdb and then append the AB
property.tdb database via the Append TDB function. The currently combined AB
original + AB property database enables us to calculate molar volume of the A-B
binary system in addition to the phase diagram. The molar volume contour lines are shown
in Figure 3.88 (refer to Section 3.3.8 for calculating contour diagrams). Moreover, density
and linear thermal expansion coefficient can also be calculated with this AB original +
AB property database.

Please note that, various types of user-defined properties including but not limited to
atomic mobility, molar volume, viscosity, surface tension can all be combined with the

original thermodynamic database via the Append TDB function.
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Figure 3.88: Calculated A-B phase diagram using both original database and original +

appended databases with specific property
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3.3.12.6 Add a Value to the Gibbs Energy of an Existing Phase

In this example, we are going to add a certain value to the Gibbs energy of a specific phase
through a "DG" parameter. This parameter shows the value added to the Gibbs energy of

the phase. The syntax is defined as below:

Function Delta G 298 200; 6000 N !

Parameter DG(Fcc) 298 Delta G; 6000 N !

When we append the AB_add DG. tdb to the original database AB original. tdb,

the TDB viewer shows the information as below:

G @A) 0 -10000+10*T | 6000
Fee |G ®) 0 -1000+10*T | 6000
DG Q) 0 DELTA_ G | 6000

Name  Expression T-limit (K)
DELTA_G 200 6000

The calculated phase diagrams using both original database and original +

appended databases are shown in Figure 3.89.

800

Liquid
600+
5 Fec Bee
O, 400
|_
——COriginal database
——Original + DG
2004
0 T T T T
0 20 40 60 80 100
O A X%(B) B

Figure 3.89: Calculated A-B phase diagram using both original database and original +

appended databases with DG parameter
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Note that adding a value to the Gibbs energy of a phase is different from adding a value to a

specific parameter term.
3.3.13 User-Defined Property

This section is an extension of the above Section 3.3.12 to develop and add user-defined-
property database to the original database. Pandat allows user to define any property of a
phase in a format similar to that of the Gibbs energy describing a disordered solution phase.

Let U be the user-defined property and it is expressed as:

° —1
U= E;,';l m'LUz + 21?:1 E;=i—|—1 TiZj Zk (w’t - m.1)15‘1-’1’,‘_;7 (3.17)

where z; is the molar fraction of component i and Uio is the property of the pure component

. . th . . . .
i, LZ’ is the k order interaction parameter between components j and j.

User can also define special properties associated with the properties of phases in the
original database. Any phase property available from Pandat Table can be used for user-
defined property, such as G, H, mu, and ThF. However, the star symbol in a property, like
mu (*), cannot be used. User may refer to Chapter 9 Property for more properties in

detail.

3.3.14 Advanced Features

In this section, we are going to cover some advanced features of the PanPhaseDiagram

module.
3.3.14.1 Local Equilibrium

In default,Pandat always calculates global stable phase equilibria. Even some phases are
suspended, the calculated phase equilibria are still global stable ones for those “Entered”
phases. The current version of Pandat enables us to calculate a “real” local equilibrium.
The Al-Zn binary system is used as an example to demonstrate how to calculate the local
phase equilibrium between the Fcc and Hcp phases. Note that, there is not GUI for the local

equilibrium function and user has to run it through the batch file (. pb £ x).

As shown below, a point with initial values needs to be defined in the batch file.

<point>
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<statespace>
<T value="500"/>
<P value="1"/>
<n component="Al" value="0.5"/>
<n component="Zn" value="0.5"/>
</statespace>

<initial value>
<mu species="Al" value="-16000"
<mu species="Zn" value="-22000"
<phase point phase name="Fcc">
<y species="Al"
<y species="7Zn"
</phase point>
<phase point phase name="Hcp">
<y species="Al" sublattice="1"
<y species="Zn" sublattice="1"
</phase point>

</initial value>

</point>

sublattice="1"

sublattice="1"

value="0.01"

value="0.99"

/>
/>

/>
/>

value="0.9"

value="0.1"

/>
/>

In addition to the point with initial values, equilibrium type needs to be set as “1ocal”

(as shown below)
<condition>
<equilibrium type type="local"/>

</condition>

Figure 3.90 is the calculated stable A1-zn binary phase diagram with the local-

equilibrium between Fcc and Hep phases.
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Figure 3.90: Calculated A1-7n stable phase diagram with local-equilibrium between Fcc

and Hcp phases

3.3.14.2 Para-Equilibrium

Pandat provides a function to calculate para-equilibrium. The detail description and

definition of para-equilibrium can be found in the book of Professor Hillert [1998Hil].

In a normal phase equilibrium, all components are considered to be mobile, freely to
move from one phase to another to reach the equilibrium state, in which the same

component in different phases has identical chemical potential.

The concept of para-equilibrium applies to alloy systems where there is a large
difference in mobility of the different components. Then some components can be treated
as mobile and others as immobile. In a para-equilibrium, the ratio of molar fractions of
immobile components in one phase is the same as that in other phases:

Ty wg = wﬁ wﬁ (i, and iy: immobile components) (3.18)
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However, the chemical potential of an immobile component in one phase is different
from that in other phases. In rare cases an immobile component may have the same
chemical potential in different phases. The same mobile component in different phases in

para-equilibrium has the same chemical potential: p5, = ug, (m: a mobile component)

The calculation for a para-equilibrium follows the same procedure as the normal
calculation except for setting the mobile components before calculation. In dialog window
for all three calculations of Point (OD), Line (1D), and Section (2D), there is a button
‘Mobile Comps.” After clicking on this button, a new dialog window pops up for setting the
mobile components. As shown below are the dialog windows for setting an isothermal
section calculation for Fe-Ni-C system with C is mobile. The default state is that the all the
components are immobile. When the element is set as “mobile comps”, After click “OK”,
the mobile component will be shown as orange at the calculation condition setting interface,
as shown in Figure 3.91. The calculated para-equilibrium isothermal section is shown in

Figure 3.92.

Section (2D) Calculation X
Y-Axig Point
Value Y
» Ti |00
. Extra Outputs
x(Fe) 0.95 Qrigin X
) Load Condition
«x(Ni} o
Total 1
Set Mabile Components X
I | Seloctod Gomponants:
- ile?
SrrsEEEy Mobile Comps, |3 [ Component | Mobie? 0K
‘
Origin Point @ @l X-Axis Point =
Value Value
POTK) 1000 T 1000
x(Fe) 1 @ x(Fe) 0.95
(i} 0 @ x(Ni) 0.05
et T Total |1

Figure 3.91: Set calculation condition for a para-equilibrium section calculation
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Figure 3.92: Set calculation condition for a para-equilibrium section calculation
3.3.14.3 Hessian Matrix of Gibbs Energy

Pandat can calculate the determinant of Hessian matrix of Gibbs energy of a phase and the

eigenvalues and eigenvectors of the Hessian matrix.

Since there is one dependent molar fraction for the molar fraction variables (x4,x2,-+;X,),
one of the components is selected as the dependent one. Without loss of generality, x,, is
selected as the one, i.e., the last component is considered as the solvent. Then, the second
derivatives of Gibbs free energy of a phase form the Hessian matrix, which is an (n-1)x(n-1)

symmetrical matrix.

’e _dc ¥e .. _¥¢
am% Oxr10xy Ox10z3 0x10x,1
’e ¢ ¢ .. _dG
6:?}2 8:1}1 6{1)% 6:132 6‘.1}3 6:132 6:1:,1,1
o el el e el
HSN - Ox30x; Ox30xs &zg 0x30x, 1
e, & a ’e . da
0%y, 1021 0x,10xy 0Oz, 103 6;1;3"_1

Its determinant is given by
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#c &6 _#c_ &G
6;1:% 0z10zy Or10z3 010z,

¥e ¢ e .. _ &G
Oy Oz, 03% 0903 090,

. G e 8@ e
|HSN| - Ox30r, Ox30x2 axg 030,
&G &G ’#c .. dG
0rp10x, 0x,1022 0Oz,1013 6:1:’27,_1

The determinant of Hessian matrix for phase f is available from “HSN (@f)”. The value
of “HSN (Qf)” is independent of the selection of the solvent component[2021Mor,

2022Che].

The above Hessian matrix has (n-1) eigenvalues and each eigenvalue has a corresponding
eigenvector. In general, both eigenvectors and eigenvalues depend on the choice of the
solvent component. These eigenvalues can be used to identify the spinodal boundaries. At
the spinodal boundary, one of the eigenvalues will be zero for every choice of the solvent
element. The eigenvalues and their eigenvectors are available from “eval (#*@f)” and
‘eVec (*#*@f)”, respectively. The individual eigenvalues can be accessed in the Table as
‘eval (#1@Qf)7, “eval (#2@f)”, ... “eval (#n-1@f)”". The eigenvalues are inherently
sorted in the ascending order. Thus, “eval (#1@f)” is the minimum eigenvalue and “eval
(#n-1@f) " is the maximum eigenvalue. Each eigenvalue has an eigenvector. For example,
eVal (#1Q@f) has an eigenvector of (evec (C1#1Q@f), eVec (C2#1@f),.., eVec (Cn-

1#1@£)), where C, is the name of the k" component. The keywords HSN, eval and evec

are listed in Table 11.4 in Section 11.2 .

The “solvent” component can be defined while using “Thermodynamic Property”
calculation, or defined in Pandat Batch file (.pbfx). Forinstance, “<solvent name="Fe"
/>" can be added to the batch file for choosing “Fe” as the solvent element. If “solvent”
component is not defined, Pandat will use a special treatment (called orthogonalization
[2022Kon] ) that ensures both the eigenvalues and the eigenvectors are independent of the
solvent component. This special treatment would be very helpful in analyzing spinodal
decomposition in high-entropy alloys. Note that eigenvalues are generally not calculated

during thermodynamic calculation for efficiency. But it can be calculated by adding the flag
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“<Hessian value="true" />" to the batch file. Sample batch files for calculating
eigenvalues/eigenvectors by choosing a solvent (Eigenvalues solvent Fe.pbfx) or
without choosing a solvent element (Eigenvalues nosolvent.pbfx) can be found in

the Examples folder (\Pandat 2025 Examples\PanPhaseDiagram\Eigenvalues).

There is 1 stable phase

Component | x w n (mol) n (kg) n{J/mol) H(J/mol) S(J/K 'mol)

Cr 0.6|0.576606 (0.6 0.0311976 | -35315.8 |26228.2 |63.242

Fe 0.2|0.206437 (0.2 0.01116%4 |-50%962 30620.1 |83.833

Ni 0.2|0.216957 (0.2 0.0117386 | -4%720.7 |33422.1 |85.4367
f|fw | fv|n(mol) |n(kg) |G(J/mol) H(J/mol) |Cp(J/Kmol) G ex(J/mol) |H ex(J/mol) HSN
1|11 |1 (1 1 -41326 28545.3 |32.7349 2548.75 5786.48 -1.26145e+09

eVec
eval
Cr Fe Ni

Bec || -17665.4 | 0.758541 | -0.117618 | -0.640923

71407.9 |0.30213 | -0.8079%81 0.50585

Vm(cm*3/mol) | density (g/em”3)

7.0753 7.64711
Sublattice Size | Species vy dedy
Cr 0.6 |-23674.6
1 Fe 0.2 -3%320.8
Ni 0.2 -38079.5
3 Va 1 0

Figure 3.93: Calculated eigenvalues/eigenvectors without choosing the solvent
component in Fe-Cr-Ni ternary alloy (from the batch file “Eigenvalues

nosolvent.pbfx”).
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There is 1 stable phase

Component | x W n{mol) n(kg) p{J/mol) |H(J/mol) |S(J/K mol)

Cr 0.6|0.576606|0.6 0.0311976|-35315.8|26228.2 |63.242

Fe 0.2(0.206437 0.2 0.0111654 | -505962 30620.1 [83.833

Ni 0.2(0.216957|0.2 0.0117386 | -49720.7|33422.1 |85.4367
f fw|fv | n(mol) |n(kg) |G(J/mol) |H(JI/mol) |Cp(J/K mol) G ex(J/mol) H ex(J/mol) HSN
1/1 |1 |1 1 -4132¢ 28545.3 |32.7349 2948.75 5786.48 —9.460%=+08

eVec
eval
Cr Ni

Beel | -8975.63 | -0.772088 | 0.635503

105406 -0.635503|-0.772098

Vm(cm*3/mol) density(g/cm”3)

7.0753 7.64711

Sublattice Size  Species| y dedy

Cr 0.6|-23674.6

1 Fe 0.2|-3%320.8
Ni 0.2|-38078.5
3 Va 1 0

Figure 3.94: Calculated eigenvalues/eigenvectors by choosing “Fe” as the solvent element

in Fe-Cr-Ni ternary alloy (from the batch file “Eigenvalues solvent Fe.pbfx”)
Calculation of Spinodal Curve Using the Eigenvalue of Hessian Matrix

One of the important application using the eigenvalues of Hessian matrix is to calculate the
spinodal line of a spinodal decomposition phase. The eval (@*) can be added as an
condition in the batch file to find the spinodal line as contour line. Below is the example to
calculate the spinodal line of the Bcc phase, and the calculated spinodal line is

superimposed on the Fe-Ni-Cr isothermal section as shown in Figure 3.95.

<condition>

<contour name="Spinodal" property="eVal (#1@Bcc)" start="0"
stop="10" step="100" />

<equilibrium type type="individual" />
<scanline density value="1" />
<Hessian value="true" />

</condition>
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T=700°C

Spinodal line
Bcc)

Miscibility Gap
(Metastable Bce+Bcce)

0 0.2 0.4 0.6 08 1
Fe x(Ni) Ni

Figure 3.95: Calculated Fe-Cr-Ni isothermal section at 700 °C together with the
metastable miscibility and spinodal lines (from the batch file “Spinodal boundary on

section.pbfx”)



4 PanOptimizer

PanOptimizer is a module of Pandat software designed for optimizing thermodynamic,
kinetic and thermo-physical model parameters using experimental data. The module allows
user to develop their own databases or model parameters for customized applications. This

module is also easy to master by students who want to learn thermodynamic modeling.

4.1 Features of PanOptimizer

Derived from the maximum likelihood principle, when the discrepancies between model-
calculated and experimental values are assumed to be independent, identically distributed
with a normal distribution function, a set of model parameters with the best fit to the given
experimental data can be obtained by the least square method. In the real world the
experimental data may come from different sub-populations for which an independent
estimate of the error variance is available. In this case, a better estimate than the ordinary
least squares (OLS) can be obtained using weighted least squares (WLS), also called

generalized least squares (GLS), then the sum of the squares can be written as

% ZT:I Wj [yj - ¢($’ Ti7 Cj)]2 (4.1)

The idea is to assign each observation a weight factor that reflects the uncertainty of the
measurement. According to our previous experiences this method is efficient and reliable in

the optimization of model parameters and develop variety of databases.

4.2 Functions

The major functions included in the PanOptimizer menu are shown in Figure 4.1.
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£ Pandat Software by CompuTherm, LLC — [m] X
File Edit View Datsbases BatchCalc PanPhaseDiagram PanPrecipitation | PanOptimizer | PanDiffusion PanSolidification Property Table Graph Help
S WG | & 181 B | [¥) |58 [] = 4 4 B b Lozd/Compile Experimental Data File i 1l e 2 Ao LET2
o T08 Viemer x Append Experimental Data File
(1% Loaded Databases Optimization Control Panel
g Thermodynamic or Mobility Database Name : C:'Pr e Pandat 2020'Pandat 2020 A
e o Examples| PanOptimize ew Optimization Parameters
o Phases Database Version : AlZ Open Optimization Results
- Components Case Sensitive : Yes Save Optimization Results
Al
i zn Add Exp. Data to Current Graph
(o Precipitation Elements (2) Add Exp. Data to All Opened Graphs
gl Solidification
Name | Structure | Atomic Number | Atomic Weight () | H298 (J/mol) | $298 (J/K-mol)
Al Fec 13 26.982 4540 283
In Hep 30 6539 5657 4163

Figure 4.1: The PanOptimizer Menu

The shortcut of the three commonly used functions Load/Compile Experimental
File, and Optimization Control Panel are also displayed in the Toolbar as shown

in Figure 4.2.

4% Pandat Software by CompuTherm, LLC — O x
Eile Edit View Databases BatchCalc PanPhaseDiagram  PanPrecipitation  PanOptimizer  PanDiffusion  Pangelidification  Property Table Graph  Help
MEIEHE 3 1 =R=NEA el == el i A ReaBEIhAnDET2

Figure 4.2: PanOptimizer toolbar
The functionality of each function is given below:

°* Load/Compile Experimental File: Load/Compile experimental data file for

model parameter optimization

* Append Experimental File: Append more experimental data from different

data file

* Optimization Control Panel: Allow user to set boundaries for the model
parameters to be optimized, select experimental data to be used, and assign weight

to each set of experimental data
°* View Optimization Parameters: View/Edit model parameters to be optimized

°* Open Optimization Results: Open the saved intermediate optimization

results including the model parameters and experimental data

* Save Optimization Results: Save the intermediate optimization results
during the optimization process including the model parameters and experimental

data
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4.3 Optimization Procedures

In general, user should follow a few steps below to perform the model parameter

optimization.
4.3.1 Step 1: Prepare Files

4.3.1.1 Prepare the Thermodynamic Database file (.TDB)

In order to do the optimization, user must first define the model parameters to be optimized
in the thermodynamic database (.tdb). The model parameters to be optimized can be
defined in Pandat workspace where all the built-in keywords are automatically highlighted.
It can also be done through outside text editor such as “Notepad”. Each model parameter
that needs to be optimized is defined by the keyword “Optimization”. The format of

defining a model parameter is:

Optimization [parameter name] [low bound] [initial wvalue] [high bound] N

A definition sample for liquid phase in binary Al-Zn system is given as follows

$ Keyword Name Low Bound Init. Value High Bound

Optimization LIQ AA 00; 60000 N !

Optimization LIQ AAT -200; 20 N !

Optimization LIQ BB -600000; 60000 N !

Optimization LIQ BBT -200; 20 N !

Phase Liquid % 1 1 !

Constituent Liquid : Al, Zn : !

Optimization G(Liquid,Al;0) 298.15 G Al LIQUID; 6000 N !
Optimization G(Liquid,Zn;0) 298.15 G Zn LIQUID; 6000 N !
Optimization G(Liquid,Al,Zn;0) 298.15 LIQ AA+LIQ AAT*T; 6000 N !
Optimization G(Liquid,Al,Zn;1) 298.15 LIQ BB+LIQ BBT*T; 6000 N !

Two modes of optimization are allowed in the current version: one is “bounded” optimization
and the other one is “no bound” optimization. Even though the low and high bounds will be
in effect in the bounded optimization only, they are required for definition of model
parameters in a TDB file. The model parameters can be named at user’ choices. It is

suggested that the name is related to the phase to be optimized.
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4.3.1.2 Prepare the Experimental File (. POP)

user need to provide their own experimental data file for optimization of model parameters.
The most widely accepted format for experimental data file in the CALPHAD society is a
pOP file. PanOptimizer accepts most of the keywords in the POP format and adds a few
special keywords. In a poP file, a phase can have four statuses: ENTERED, FIXED,
DORMANT, and SUSPEND. The first two statuses were used most frequently. When
phases are in the ENTERED status, PanOptimizer does not require user to input any initial
values for calculation since the truly stable phase equilibria will be found automatically in
this case with the built-in global optimization algorithm. On the other hand, for those phases
in FIXED or DORMANT status, the initial values should be provided by the user. A detail
description on keywords and syntax of a POP file recognized by PanOptimizer is given in

Section 11.4 . Example POP files are provided in the installation dictionary of Pandat.
4.3.2 Step 2: Carry Out Optimization

Once above files have been prepared, user is ready to carry out optimization.
4.3.2.1 Load thermodynamic database file

First of all, the database file (. TDB) containing the phases to be modeled is loaded by click
the g3l icon. This database file defines the model type and model parameters of each phase
in the system. The model definition is consistent with the currently accepted format in the
CALPHAD society, and the model parameters can be real numbers or variables to be

optimized.
4.3.2.2 Load and compile experimental file

After loading a TDB file with defined model parameters to be optimized, user should then
load and compile the experimental poOP file. Go to PanOptimizer menu and choose
Load/Compile Experimental File, user can then select the pPOP file already prepared as
shown in Figure 4.3. User can also choose Append Experimental File to append new

experimental data stored in a separate file to the currently opened pOP file.
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£ Load/Compile Experimental File for optimization X
K > ThisPC > OS(C:) » Pandat v Search Pandat yed
Organize v New folder =~ M @
Ml Desktop  # A Name - Date modified Type Size
& Downloads # default 11/11/201910:54AM  Fille folder
5] Documents # | AiZn_OPT 1/29/2018 12:24 PM POP File
=] Pictures b g
2020
Pandat
Pandat
Test
vl >
File name: | AiZn_OPT v| | Experiment Files (*pop:*.dop:*.

Figure 4.3: Dialog window of loading an experimental file

4.3.2.3 Perform Optimization

Once the TDB file and the experimental pop file are loaded, user is ready to do the
optimization. In the current version of PanOptimizer, the optimization is controlled through
the optimization control panel as shown in Figure 4.4. There are four control areas in the
optimization control panel. They are: Histogram (A), Bound/Unbound Variables (B),

Optimization (C), and Optimization Results (D).

PanOptimizer - Optimization X

Histogram Sum of Squares:|854250.81297| Number of Function Calls: E

25000000.00

20000000.00

A

10000000.00

Sum of Squares

5000000.00

15000000.00 \
\
\
|

0.00
0 20 40

Window (Number of Function Calls)

Opt‘ln'zi\gPaandE Optimization C PimmetmD
O No Bound MaxFon.Cals: 50 | | 1kemton Experimental Data

® Bounded Done

Figure 4.4: Optimization control pane
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4.3.2.4 Histogram (A)

Histogram is for displaying and tracing the history of the discrepancy between model-
calculated values and experimental data, which is characterized by the Sum of Squares
displayed during the whole optimization procedure. The histogram plots the sum of squares
vs. the number of function calls. The exact value of the sum of squares in the current step

can be found at the up-right corner of this area.
4.3.2.5 Free Bound/Unbound Variables (B)

The user can choose the model parameters to be optimized in either the bounded or the
unbounded mode. In the bounded mode, the low and high bounds defined in a TDB file will

take into effects.
4.3.2.6 Optimization (C)

The goal of the optimization process is to obtain an optimal set of model parameters so that
the model calculated results can best fit the given experimental measurements. The
optimization process can be controlled by choosing “1 Iteration” or “Run”. With “1
Iteration”, the maximum number of function calls is set to be 2(N + 2), where N is the
number of model parameters to be optimized. The user can click “Run” mode several times
until the optimal solution is found or the designated maximum number of function calls is

reached.

Here we take the binary Al-Zn system as an optimization example. The TDB and POP files

“

are available at the installing directory of Pandat /Pandat

Examples/PanOptimizer/”. In this example, there are totally 11 parameters to be
optimized and all the initial values are set to be zero. The available experimental data

include:
* mixing enthalpy of liquid phase at 953K
* invariantreaction at 655K: Liquid - Fcc + Hcp
* invariant reaction at 550K: Fcc#2 — Fcc#l + Hcp

* tie-lines: Fcc#l+Fcc#2, Liquid + Fcc, Liquid + Hcpand Hcp + Fcc
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Before the optimization, user may want to check the calculated results using the initial set of
model parameters without optimization. Phase diagram calculation can be done through 2-
D section calculation, and enthalpy calculation can be done through the 1-D line calculation.
Figure 4.5 shows the calculated Al-Zn phase diagram and enthalpy of mixing for liquid
phase at 953K along with the given experimental data, respectively. The parameters before
optimization result in large discrepancies between the calculated values and the
experimental measurements. Optimization of these model parameters (initially set as zero)

is needed.
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Figure 4.5: Comparison between calculated results and experimental data before the

optimization

By clicking “Run” twice (two rounds), and each run performs 50 function calls, the sum of
squares decreases from 854251 to 403 as shown in Figure 4.6(a). After another round of
Run, the sum of squares decreases from 403 to 3.15 as shown in Figure 4.6(b). Now, we
can do the real time calculation using the instantly obtained optimized parameters. The two
comparisons in Figure 4.7 show excellent agreements between the calculated results and
the measured data. By selecting the command from PanOptimizer menu: “PanOptimizer
- Add Exp. Data to the current Graph”, user can add the corresponding

experimental data defined in the pop file directly to the calculated diagram for comparison.
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Figure 4.6: (a) Sum of squares after two rounds of optimization (b) Sum of squares after

another two rounds of optimization
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Figure 4.7: Comparison between the calculated results and the experimental data after

optimization

4.3.2.7 Optimization Results (D)

During optimization, user can check model parameters through the Parameters button as

shown in Figure 4.4. For each model parameter, user can change its low bound, upper

bound and initial value in the dialog window as shown in Figure 4.8. User can “Include” or

“Exclude” a certain parameter in the optimization through the “check box” in front of the

parameter. If a set of optimized parameters is satisfactory, user can save this set of values

as default ones through Set Default shown in Figure 4.8. Otherwise, user can reject

this set of values and go back to previous default values through Get Default. User also

can save the TDB file with the optimized model parameters through Save TDB. The

standard deviation and relative standard deviation (RSD) of each parameter are computed

during optimization. The parameter evolution during the last 100 iterations can be tracked
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by clicking the parameter name in the table as indicated in Figure 4.8. It should be noted
that any changes on model parameters made by user will take into effect only after the

button Apply is clicked.

By clicking the “Experimental Data” button onFigure 4.6(b), a table which lists the
calculated values together with the experimental data will pop out as shown in Figure 4.9.
This table allows user to view how well the current optimized parameters describe each set
of experimental data. If the discrepancy is found to be large and not satisfied for a certain
set of data, a larger weight factor for this set of data can be given in the next round of
optimization. Through the column of Residual shown in Figure 4.9, user can see different
color after each comparison. The green means satisfactory results are achieved, while the
red color means large deviation remaining. Again, user can Include or Exclude a
certain experimental data set for the optimization through the check box in front of each
experimental data Name. Also, more detailed experimental data information can be viewed

by clicking the Equilibrium ID of the experimental datain the table.
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4.3 Optimization Procedures

o

# Optimization item Information

[2N=R0

Eile Edit View Databases BatchCalc PanPhaseDiagram  PanPrecipitation PanOptimizer PanDiffusion PanSolidification Property Table Graph Help

SALB R AR IEE DRI

X

[CREATE_NEW_EQUILIBRIUM 2, 1

ICHANGE_STATUS PHASE *=SUSPENDED

SET_CONDITION T=599
EXPERIMENT X("Fcc#1, A")=0.52:DX1
EXPERIMENT X("Fcc#2, A")=0.78.DX1
SET_START_VALUE Y(Fcc#1 A)=0.52
SET_START_VALUE Y('Fcc#2Ar)=0.78

Calculated Phase Equilibrium
T=599K (325.85C)

System composition and chemical potential
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G =-24354.2 (J/mol)
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Fcc#2 (f=1)
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Figure 4.9: Dialog windows of Experimental Data and Optimization Item Information

4.3.3 Step 3: Save and Open Optimization Results

During optimization, the user may save and load optimization file through save

Optimization Results and Open Optimization Results (see Figure 4.10). The

optimization results file has the extension name of POR that can only be read by

PanOptimizer. Intermediate optimization results can be saved and restored through these

two operations. These functions are very useful especially when a user is optimizing model

parameters for a complicated system. The user can always go back to a certain middle

stage and restart from there. This will save user’s time by avoiding some repeated work.
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Figure 4.10: Dialog window of open the saved optimization results

4.4 User-Defined Property Optimization

The parameters for physical property, kinetic property, and user-defined property can also
be optimized with respect to experimental data just like the parameters in a thermodynamic
database. User can refer to Section 9.4 for the format to define user-defined property in a
database. Similar to the optimization of thermodynamic model parameters, user needs to
define the parameters to be optimized in the database and prepare a pop file with
corresponding experimental data. An example for the parameter definition in the database

is shown below:

$Thermal conductivity of pure element in the Fcc phase

PARAMETER ThCond (Fcc,Al;0) 298.15 +311.72511-0.09661*T-13510.26/T;
3000 N !

PARAMETER ThCond (Fcc,Cu;0) 298.15 +417.28065- 0.06598*T+944.065/T;
3000 N !

SThermal conductivity interaction parameters for Fcc phase to be
optimized

OPTIMIZATION Fcc _TC 0 0; 60000 N

OPTIMIZATION Fcc TCT -50 -24.6; 0O N !

OPTIMIZATION Fcc _TC 1 -60000 0; O N

OPTIMIZATION Fcc TCT 1 0 28; 50 N !

PARAMETER ThCond (Fcc,Al,Cu;0) 298.15 +Fcc TC+Fcc TCT*T; 3000 N !

PARAMETER ThCond (Fcc,Al,Cu;1) 298.15 +Fcc TC 1+Fcc TCT 1*T; 3000 N !

And an example pop file for the experimental data is shown below.
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4.4 User-Defined Property Optimization

$SThermal Conductivity of the Fcc phase at 1000K

TABLE HEAD

CREATE NEW EQUILIBRIUM @@,1

CHANGE STATUS PHASE * = S

CHANGE STATUS PHASE Fcc = FIX 1

SET CONDITION T=1000, P = PO, X(Fcc,Cu) = @1

EXPERIMENT ThCond (Fcc)= @3 : @4

TABLE VALUES

.1
.2
.8
.9

o O o o O WU

9
8
.2
1

(@) (@) (@) (@)
. . .

X (Cu)

x (Al) TC DTC
.05 0.95 194 50

295 50
750 50
3116 50
2122 50

0.95 0.05 1343 50

TABLE END

The optimization procedure is the same as that for thermodynamic parameters. User may

refer to the previous section for details and get the optimization result step by step.



5 PanEvolution/PanPrecipitation

The new PanEvolution module (an extension of the previous PanPrecipitation) enables the
concurrent simulation of dislocation density, recrystallization, grain coarsening, in addition
to the traditional precipitation simulation. The module is seamlessly integrated with the
thermodynamic calculation engine, PanEngine, for the necessary thermodynamic input and
mobility data. It is built as a shared library and integrated into Pandat as a specific module
that extends the capability of Pandat for kinetic simulations, while taking full advantage of
the automatic thermodynamic calculation engine (PanEngine) and the user-friendly Pandat
Graphical User Interface (PanGUI). For this reason, precipitation simulations for highly
complex alloys under arbitrary heat treatment conditions can be accomplished with only a

few operations. Figure 5.1 shows the three-layered architecture of this modeling tool.

P e I s T S Y S Y N |

Problem To Be Solved

Calphad Modeling
(PanEngine)

Alloy Chemistry &Processing
Conditi

phase equilibrium
mobility data

Microstructure
Modeling

AN
' Modeling of

gy —— |

Precipitation

Figure 5.1: The three-layered architecture of the integrated modeling tool
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5.1 Features of PanEvolution/PanPrecipitation
5.1.1 Overall Design

* Concurrent nucleation, growth/dissolution, and coarsening of precipitates
* Simulation of concurrent grain growth and precipitation

* Temporal evolution of average particle size and number density

* Temporal evolution of particle size distribution

* Temporal evolution of volume fraction and composition of precipitates

* Simulation of dynamic recrystallization process

* Simulation of dislocation density evolution during thermo-mechanical processes
5.1.2 Data Structure

PanEvolution is a purely object-oriented module written in C++ with generic data structures
like PanEngine, balancing performance, maintainability and scalability. The basic data
structure for storing precipitation information in the system of interest is schematically

shown in Figure 5.2.

¥ Matrix Phase
¥ «interface»

i 1 J‘ ¥ «interface»
Virtual Grain ; 1 1 n Virtual Precipitate Phase
[ /1 JAY
| ¥ «interface» |
|
: Virtual Dislocation < i
| |
,,,,, | I '
¥ ! ] ¥ «impk ] '8 «implementation.. ] '3 «implement... ] ¥ «implem...
JMAK : One Size Class | Multi-Size Class Fast-Acting KWN
‘ \
[% «implementationClass»
Kocks_Mecking Model i
¥ «implementationClass» ¥ «implementationClass» ; ¥ «implementationClass»
User-Defined Grain Model User-Defined Dislocation Model User-Defined Precipitation Model

Figure 5.2: Data structure of system information in PanEvolution



129 5.1 Features of PanEvolution/PanPrecipitation

In general, a system contains a matrix phase, which is defined by a grain structure, and
a number of precipitate phases. Different precipitate phases may behave differently, which
should be described by different kinetic models. On the other hand, the calculation speed is
directly related to the complexity of the model. It therefore requires multi-level models for
different purposes. The current PanEvolution module includes two built-in models for
precipitation: the Kampmann/Wagner Numerical (KWN) model and the Fast-Acting model.
In order to simulate the grain growth/coarsening behavior, “one-size” and “multi-size”
models have been developed. One unique advantage is that this generic data structure
allows for concurrent simulation of grain growth and precipitation as well as easy integration
of other precipitation, grain growth, dislocation density and recrystallization models with the
PanEvolution module as shown in Figure 5.2. This gives users great flexibility in choosing
the proper kinetic models, including their own user-defined models, for custom applications.

Based on the above data structure, input parameters for the matrix and its
grain/precipitate phases are organized in “Extensible Markup Language” (XML) format,
which is a standard markup language and well-known for its extendability. In accordance
with the XML syntax, a set of well-designed tags are used to define the models for grain
evolution and for every precipitate phase along with the corresponding model parameters,
such as grain boundary energy, interfacial energy, molar volume and nucleation site
parameter. The defined models and model parameters, which should be calibrated by the
available experimental data, are stored in the so-called “Kinetic Parameters Database
(KDB)”. In PanEvolution, two kinetic models known as the KWN and Fast-Acting were
implemented for precipitation simulation and available for user’s choice. Both models can
be used to simulate the co-precipitation of phases with various morphologies (sphere and
lens), with concurrent processes of nucleation, growth and coarsening. With the selection of
the KWN model, the particle size distributions (PSD) of various precipitate phases can be
obtained in addition to the temporal evolution of the average size and volume fraction as
obtained from the Fast-Acting model. Therefore, the KWN model is recommended by
default.

It should be noted that in the KDB, models with closed-form equations can be defined to
replace the built-in sub-models. This provides a database/script file level plug-in method for

user-defined models.
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5.2 Kinetic Models

In PanEvolution , KWN model is based on the Kampmann and Wagner's work as
implemented in a numerical framework, and extended to handle both homogeneous and
heterogeneous nucleation, dealing with various morphologies for the simulation of
precipitation kinetics of multi-component alloys under arbitrary heat treatment conditions.
The following is a brief introduction to the KWN model along with its sub-models for

nucleation, growth and coarsening.

Specifically, in the KWN model the continuous PSD is divided into a large number of
size classes. The program takes a simulation step at every sample time hit. To maintain
both accuracy and efficiency between two adjacent simulation steps, a fifth-order Runge-
Kutta scheme is used to generate an adaptive step size based on the continuity equation.

Please note that all the variables used in the equations in this section are summarized
in the tables in Section 11.3 . Please refer to these tables and examples in Section 5.3 for

setting up these variables in the KDB files.
5.2.1 Precipitation Nucleation

(a) Homogeneous nucleation

At each simulation step, the number of new particles is first calculated using classical
nucleation theory and then these new particles are allocated to an appropriate size class.

The transient nucleation rate is given by,
_ AG* T

The pre-exponential terms in Eq. 5.1 are: N,, the nucleation site density, Z , the

Zeldovich factor and B*, the atomic attachment rate. t is the time, 1 the incubation time for

nucleation, kg the Boltzmann constant and T the temperature.

* 4m *)2
The nucleation barrier is defined as AG" = ?(R )*0ap where R* is the radius of the

20,
- x 9B . . .
critical nucleus and B = AG,, - The nucleation barrier can be written as,

0,3
A * 167 aff
¢ 3 (AGy+AGs) (5.2)
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where AGy is the chemical driving force per volume for nucleation and calculated directly
. W AQy = AGn . . .
from thermodynamic database with V= 7. , AGg is the elastic strain energy per

volume of precipitate. Oap is the interfacial energy of the matrix/particle interface. For a

Z — Va o'aﬂ
2N R\ k8T (5.3)

spherical nucleus,

4 R*2

B = Z i Desy (5.4)
_ 1

T= 272 p* (5.5)

Where V, is the molar volume of the matrix, and a is the lattice constant of the precipitate

(Cpi—Cii)?
Dess = [E?:l Do

-1
)
phase and Dy is the effective diffusivity ] and is defined by

[2004Svo], where Cp,- is the mean concentration in the precipitate andC; is the mean

concentration in the matrix phase. D) is the matrix diffusion coefficient of the component .

The calculation of the elastic strain energy is given by Nabarro [1940Nab] for a

homogeneous inclusion in an isotropic matrix,

AG, = pA* f(Ap) (5.6)
Where u is the shear modulus of the matrix. Thus the elastic strain energy is proportional to
the square of the volume misfit A2. The function f(Ag) provided in [1940Nab] is a factor that
takes into account the shape effects. For a given volume, a sphere (Ag= 1) has the highest
strain energy while a thin plate (Ag— 0) has a very low strain energy, and a needle shape
(Agp— ) lies between the two. Therefore the equilibrium shape of precipitates will be
reached by balancing the opposing effects of interfacial energy and strain energy. When A
is small, interfacial energy effect should dominate and the precipitates should be roughly

spherical.
In homogeneous nucleation, the number of potential nucleation sites can be estimated by,

N,
Ny = NfT: (5.7)



5 PanEvolution/PanPrecipitation 132

Where Np is the Avogadro number. The value of nucleation site parameter Nf is an
adjustable parameter and usually chosen close to solute concentration for homogeneous

nucleation.
(b) Heterogeneous nucleation

For heterogeneous nucleation on dislocations, grain boundaries (2-grain junctions), grain
edges (3-grain junctions) and grain corners (4-grain junctions), the potential nucleation

sites N, and the nucleation barrier AG* must be adjusted accordingly.

There are two ways to account for heterogeneous nucleation in PanEvolution. One way
is to treat nucleation site parameter Nfin Eq. 5.7 as phenomenological parameters and
replace Eq. 5.2 by a user-defined equation. An example is given at Section 5.3.4 . The
other way is to theoretically estimate the potential nucleation sites and calculate the
nucleation barrier by assuming an effective interfacial energy for each nucleation site. For
nucleation on grain boundaries, edges or corners, the nucleation barrier can be calculated
by [1955Cle],

«_ 4 (b0 op—00aa)’
AG* = 27T (cAGum) (5.8)
Where o, is the interfacial energy and o, is the grain boundary energy and a, b, ¢ are

geometrical parameters, which are evaluated for grain boundaries, edges and corners. By

introducing a contact angle, the grain boundary energy can be -calculated from
Oao = 2c0880,3. An effective interfacial energy oeys is then introduced and the nucleation

3
+ _ 16x (0eff)

barrier is given as T3 (AGu)? with
o boapg—a0aa s/ 1
Oeff = —3( %) (5.9)
c3

The effective interfacial energy oefs can be applied in the framework of classical

nucleation theory. One can verify that the homogenous nucleation equations are recovered
with a=0,b=41,c=41/3.

The potential nucleation sites on grain boundaries can be estimated from the densities
for grain boundary area, grain edge and grain corner, which depend on the shape and size

of grain in the matrix phase,
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N, \ /3
N; = p; (7") =3,2,1,0 (5.10)
and
N, = N¢N; =3,2,1,0 (5.11)

where p; are nucleation densities, /=3 for bulk nucleation, /=2 for grain boundary nucleation,
i=1 for grain edge or dislocation nucleation and /=0 for grain corner nucleation. The
nucleation densities for grain boundary, edge or corner are dependent on the grain size D

and the aspect ratio A=H/D in tetrakaidecahedron shape,

pi = fi (A) D>~ i=2,1,0 (5.12)

where f(A) is a function of A and can be estimated for each case.

For nucleation on dislocations, the potential nucleation sites can be calculated from Eq.

5.11 if a dislocation density p4=p is given.
(c) Estimation of interfacial energy

The interphase boundary energy between the matrix and a precipitate phase or interfacial
energy is the most critical kinetic parameter in the precipitation simulation. The generalized
broken bond (GBB) method is used to estimate the interfacial energy for different alloys and

temperatures,

~1/3

Ospheredff = 0.329ascrBaisr (NaVE) /" AH,q (5.13)

The prefixed structure factor of 0.329 reflects the average proportion of broken bonds due
to precipitations for fcc and bcc matrix. AHgg, is the solution enthalpy and calculated from
thermodynamic database. aggf is a correction factor for the size of the precipitate particle.
Bgfr is a correction factor for diffuse interfaces. It is a function of T7/T¢ with T being the
highest or critical temperature at which two phases are present in the system. At T, the
composition of matrix and precipitate phases is the same and the interface energy equals to
zero. At T=0 K, an ideal sharp interface is present. T can be provided by the user in the
kdb file. If T is unknown and not provided, Bys =1. Such an example is given inSection
53.2 .
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5.2.2 Precipitation Growth
Two kinds of precipitation growth models are implemented in current PanEvolution module:
(a) Simplified Growth model

The growth of existing particles for each size class is computed by assuming diffusion-
controlled growth, where the Gibbs-Thomson size effect is also taken into account. The
growth model for multi-component alloys proposed by Morral and Purdy [1994Mor] is
adopted in PanEvolution and modified to handle the growth/dissolution of various
precipitate phases with different morphologies. The motion rate of the curved interface,

e.g., the interface of a spherical or lens-like precipitate is given by,

d ~ R

R* R

V= dR __ K(20Vm 2an)

(5.14)

where R is the radius of the interface. R* is the radius of the critical nucleus and
=—L __ AC

AC M| AC) and AC® are the row and column vector of the solute

concentration difference between a (matrix phase) and B (precipitate phase), and [M] is the

chemical mobility matrix. One can verify that the Eq. 5.14 can be further simplified and

written as,

v= 2 = EAGy,

i R (5.15)

where K is the kinetic parameter, and AG%, is the transformation driving force defined as

25V,
AG:E, = AG,, — AGr with AG,, being the molar chemical driving force and AGr = UT

compensating the energy difference due to the Gibbs-Thompson effect.
(b) SFFK (Svoboda-Fischer-Fratzl-Kozeschnik) Model

The SFFK model [2004Svo] presents a set of linear equations describing the rate of change
of radius and chemical composition of each precipitate in the system. Let the system consist
of a matrix and a number of precipitates. The composition of each precipitate phase has
boundary, which is determined by the complex lattice structure of the precipitate and the

thermodynamic model used to describe the phase. The constraints can be written as,
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ZamC Uj,(j=1,...,p) (5.16)

where the parameters ajj ;take on the values 0 or 1.

For the description of the state of a closed system under constant temperature and
pressure, the state parameters ¢; can be chosen. Then under several assumptions for the
geometry of the system and/or coupling of process, the total Gibbs energy G of the system

can be expressed by means of the state parameters, and the rate of the total Gibbs energy
dissipation Q can be expressed by means of ¢, . In the case of Q being a positive definite

quadratic form of the rates ¢, , the evolution of the system is given by the requirement of the

maximum of the total Gibbs energy dissipation Q constrained by G+Q=0 and by

additional constrains which stem from the physical nature of the problem. Such a treatment
is based on the thermodynamic extreme principle, which was formulated by Onsager in
1931 [19310ns1, 19310ns2].

Let wg; (i=1,...,n) be the chemical potential of component / in the matrix and y; (i=1,...,n)
be the chemical potential ofcomponent i in the precipitate. All chemical potentials can be
expressed as functions of the concentrations C;. The total Gibbs energy of the system, G, is
given by,

n n
G= ZNOiMOz' + 471-;%3 (A+ ZCz'Mz’) +4rR%c

(5.17)

where o is the interfacial energy and A accounts from the contribution of the elastic energy

and plastic work due to volume change of precipitates.

The evolution of the system corresponds to the maximum total dissipation rate Q and
constrained G + Q = 0 where,

0G . <~ 0G .
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The problem can then be expressed by a set of linear equations. By solving the linear
equation Ay=B, one can obtain the particle growth rate as well as the composition change
rate of each precipitate phase. The detail description of the SFFK model can be found in

reference [2004Svo].
(c) Morphology evolution

The driving force for the evolution of the aspect ratio of the precipitate stems from the
anisotropic misfit strain of the precipitate and from the orientation dependence of the
interface energy. The SFFK model was modified to account for shape factor and its
evolution during precipitation process [2006Koz, 2008Svo]. In the model, the precipitate
shape is approximated by a family of cylinders having a length L and a diameter D as shown
in Figure 5.3. The aspect ratio Ar is used to describe the precipitate shape given by Ag =
L/D. The quantity R is the equivalent precipitate radius of the spherical shape with the same
volume of the cylindrical precipitate. With this definition, small values of Ag represent discs,

whereas large values of Ar represent needles as shown in Figure 5.3.

@

Y "
~— 1}

e

Figure 5.3: Schematic plotillustrating aspect ratio

4— p—»
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In PanEvolution, the aspect ratio Ag of a precipitate phase can be treated as either a
constant or a variable during evolution. In the former case, a set of shape factors are
calculated based on Ag and the growth models are adjusted accordingly [2006Koz]. The
shape factor S relating the surface of the cylindrical precipitate to the spherical precipitate is

given by,

g — Seylinder _ 07631AR1/3 + O.3816AR_2/3

Ssphere (5‘ 1 9)

The shape factor K for interface migration of the precipitate is given by
K = 0.2912A45% + 0.5824 A5 "/%. The shape factor / for diffusion inside the precipitate is

given by I =0.4239A4r"% + 0.6453A% %% . The shape factor O for diffusion outside the

precipitate is given by O = 1.069245%°.

In the latter case, the original SFFK model was modified and the evolution equations are
described by a set of independent parameters including the effective radius (R), mean

chemical composition (C;) and the aspect ratio A of each precipitate phase. The evolution

rates of these parameters R , C’m- and AR are obtained by solving the linear equation Ay=B

[2008Svo]. In the modified SFFK, the shape evolution is determined by the anisotropic
misfit strain of the precipitate and by the orientation dependence of the interface energy.

The total Gibbs energy of the system, G, is given by

G = ZNO”‘O’ + Z </\k (Arg) + Z%Mm)

i=1

(5.20)

+Z4 R2CE i = (of +24m07)

The first term is the chemical part of the Gibbs energy of the matrix, the second term
corresponds to the stored elastic energy and the chemical part of the Gibbs energy of the
precipitates and the third term represents the total precipitate/matrix interface energy. The
subscripts “0” denote quantities related to the matrix, e.g., Ny; is the number of moles of
component i in the matrix and p,; is chemical potential in the matrix. The quantity A Ag
accounts for the contribution of elastic strain energy due to the volume misfit between the
precipitate and the matrix and is calculated from Eq. 5.6.u; are the values of chemical

potentials in the precipitates corresponding to cy;. In the model, there are two interface
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o

energies that must be assigned: Uf at the mantle of the cylinder and 0 at the bottom and

_ 4/ 16
top of the cylinder. The shape factor Br =y 34g, is obtained by calculating equivalent

radius of a sphere Rir = Di/f;, with the same volume of cylinder.

5.2.3 Precipitation Strengthening Model

The precipitation hardening arises from the interactions between dislocations and
precipitates. Specifically, the dispersed precipitate particles act as pinning points or
obstacles and impede the movement of dislocations through the lattice, and therefore
strengthen the material. In general, either a dislocation would pass the obstacles by cutting
through the small and weak particles (the shearing mechanism) or it would have to by-pass
the strong impenetrable precipitates (the by- passing mechanism). The shearing
mechanism is believed to predominate in lightly aged alloys with fine coherent precipitates
or zones, while the by-passing mechanism is more characteristic of over-aged alloys with

coarser precipitates.

Following an usual approach to determine the critical resolved shear stress at which a
dislocation overcomes the obstacles in the slip plane, the response equation can be derived

and written as [1979Ger,1998Des],

__ MF
op = 3~ (5.21)

where M is the Taylor factor,  the mean obstacle strength, b the Burgers vector, and L the

average particle spacing on the dislocation line. It has been shown that the Friedel statistics
gives fairly good results in the calculation of the average particle spacing [1998Des].

Accordingly, this statistics is adopted and Eq. 5.21 becomes,

M 3V; %2

op =

where G is the shear modulus, 3 a constant close to 0.5, V¢the particle volume fraction and
R the mean particle size.

The calculation of the mean obstacle strength 7 in Eq. 5.22 is determined by the

obstacle size distribution and the obstacle strength:
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i NiF;

F=50 (5.23)

where N, is the obstacle number density of the size class R; and F; is the corresponding
obstacle strength, which is related to the size of the obstacles and how the obstacles are

overcome (particle shearing or particle by-passing).

In the case of particle shearing for weak obstacles, a rigorous expressions of the
obstacle strength is quite complex and depends on different strengthening mechanisms
(e.g., chemical strengthening, modulus hardening, coherency strengthening, ordering
strengthening and so on). Therefore, we will not consider the detailed mechanisms
involved. Instead, a more general model proposed by Gerold [1979Ger] is used in the

present study and the obstacle strength of a precipitate of radius R is given by,

where k is a constant and G is the shear modulus.

On the other hand, the obstacle strength is constant and independent of particle radius

in the case of particle by-passing [1979Ger],
— 2

where Sis a constant close to 0.5. From Eq. 5.24 and Eq. 5.25, one can find that the critical

26b
radius for the transition of the shearing and the by-passing mechanism is Ro = =+ . By

treating R¢ an adjustable parameter as suggested by Myhr et al. [2001Myh], the equations
Eq. 5.24 and Eq. 5.25 can be written as,

26GH? (= if R <R k particl
R { B (Rc) if R; ¢ (weak particles) 526
28GYH? if R; > R¢ (strong particles)

Combining equations Eq. 5.22, Eq. 5.23 and Eq. 5.26 gives the yield strength contributed by

a particle of radius R;,

W AN
kp ad ( _fe ) if R; < R¢ (weak particles)
L — R XN
OPi = (5.27)
VY
kp?f if R; > R¢ (strong particles)
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kp = 2B8GbM /3

where 27 . This leads to the expression for the yield strength arising from

precipitation hardening in the general case where both shearable (weak) and non-

shearable (strong) particles are present,

op = Z TP (5.28)
1

Vs

Eq. 5.27 and Eq. 5.21 yield the relationships 9P ~ ViR gng 7P ~ & ,respectively,

in the two extreme case of pure shearing (i.e., all particles are small and shearable) and
pure by-passing (i.e., all particles are bigger than the critical radius and non-shearable).
The two relationships are consistent with the usual expressions derived from the classical
models.

Besides the precipitate hardening op , the other two major contributions should be
considered in the calculation of the overall yield: 1) o, the baseline contribution including
lattice resistance o;, work-hardening oy and grain boundaries hardening ogg; 2) 0gg, the
solid solution strengthening. If all three contributions can be estimated individually, the
overall yield strength of the material can thus be obtained according to the rule of additions.
Several types of these rules have been proposed to account for contributions from different

sources [1975Koc, 1985Ard]. A general form is written as [1985Ard],
o= o} (5.29)

when g = 1, it is a linear addition rule and it becomes the Pythagorean superposition rule
when g = 2. The value of q can also be adjusted between 1 and 2 in terms of experimental
data. When applying to aluminum alloys, the linear addition rule has been shown to be the
appropriate one [1985Ard, 1998Des, 2001Myh, 2003Esm] and therefore the overall yield

strength is given by the following equation,
0=09+0ss+0p (5.30)
where o¢ = 0; + own + ogg ; it does not change during precipitation process. ogg is the

solid solution strengthening term, which depends on the mean solute concentration of each

alloying element [1964Fri, 2001Myh],

oss = X, W} (5.31)
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where Wj is the weight percentage of the jt alloying element in the solid solution matrix
phase and a; is the corresponding scaling factor. op is the precipitation hardening term
defined by Eq. 5.21. By applying a regression formula [1997Gro, 2001Myh], the yield

strength o in MPa can be converted to hardness HV in VPN as,

HV =Ac+ B (5.32)
where A and B are treated as fitting parameters in terms of experimental data.
5.2.4 Precipitation Hardening Model with Multiple Particle Groups

The calculation of precipitation strengthening op in Eq. 5.30 can be extended to multiple

particle groups with different strengthening mechanism.

Op = Ey o Zj Wjo'; (5.33)
Where g is the size group defined by a particle size range and fj is the volume fraction of
o Zi,R,->RC Ni
the group. j is the strengthening mechanism in each size group. "'/ — = >, N, is the

weight fraction of the mechanism with Ry the critical radius for transition from one

mechanism to another.

2n group

Weak shearing

bowing

-

Figure 5.4: Schematic plot for strengthening groups

As an example shown in Figure 5.4, the first group has three mechanisms “weak

shearing”, “strong shearing” and “bowing” while the second group has only one mechanism.

This is very typical in the y' strengthened Ni-based superalloys. The big primary y' acts to
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limit grain growth during solution treatment and enhances grain boundary strengthening
while the tertiary/secondary y' particles strengthen materials through the weak/strong
shearing and bowing mechanisms. In [2015Gal], Galindo-Nava proposed a unified model
for weak/strong shearing and bowing mechanisms. The transitions from weak to strong
shearing and to bowing are automatically taken care. The unified critical resolved shear
stress tspearing is calculated as,

T . _ Yarsh
shearing — 2b(A,—2R) (5.34)

where /4 is the length of the leading dislocation cutting the precipitates and defined as,

5 2R if R < R¢ (weak pair-coupling)
YT 1 2v/RE - (R-Ro)? if R > R (strong pair-coupling) (5.35)

with the critical radius defined as,

b2
Ro = 5 (5.36)

274pB

where y is the shear modulus and b is the magnitude of the Burgers vector. In Eq. 5.34, the

Tien 2
Ay = maz (L TanE L_ll> with Teen = 22

mean distance A; is given by YappR’ and
The Orowan yield stress is given by,
Obowing = M ?;—'f (5.37)

where M is the Taylor orientation factor. The total yield strengthen due to precipitation

hardening can be calculated by Eq. 5.33.
5.2.5 Grain Growth/Coarsening
(a) One-size model

As a first approximation, a one-size grain evolution model is implemented. In this model, by
giving an initial grain structure including average grain size and volume fraction, the new

grain size at each time step is updated based on the coarsening rate defined in Eq. 5.38:
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R = Mg P (5.38)

In this model, the growth rate of recrystallized grains, R is expressed by the product of an

effective mobility, Mcy¢, and the driving force P. The grain number density is then adjusted

according to the conservation equation by maintaining the constant volume fraction. The

grain boundary mobility is given by [2009Pay]:

A —_
Mgy = TZM (5.39)

where M is the effective atomic mobility for a multi-component system, which is computed

M =

n G -1
directly from mobility database [Zi=1 ,-] (C; is the instant composition of the

matrix phase and M; is the atomic mobility); o is the grain boundary width. A, is a factor
related to the fraction of atomic jumps which result in a 'permanent' motion of the grain
boundary in the direction of the driving force. The grain coarsening driving force P=Ps+P2,
related to the local grain boundary curvature Pc and the Zener drag force P due to the
pinning effect of the precipitates [1985Nes]. P is given by:

29V

Pc = R (5.40)

where R is the grain radius and y is the grain boundary interfacial energy.
Pr=py Y, 2
Z=PY2p, (5.41)

where fp and 7 are the volume fraction and average radius of each precipitate phase,

which can be obtained from the precipitation modeling. B is a Zener drag force factor and

the most used value is =3/2.
(b) Multi-size model

In order to track the evolution of grain size distribution (GSD), the Multi-size model is
implemented based on the KWN model developed for the simulation of recrystallization (not
implemented in this version) and grain coarsening processes. In the Multi-size model, the

continuous grain size distribution (GSD) is divided into a large number of size classes. The
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program takes a simulation step at every sample time hit. To maintain both accuracy and
efficiency between two adjacent simulation steps, a fifth-order Runge-Kutta scheme is used
to generate an adaptive step size based on the continuity equation and the

growth/coarsening rate.

The coarsening of existing grains for each size class is given by [2009Pay]:

1 1
Ri = aMefiyVm (E —®m T Z) (5.42)

':Ull":ﬂ,'

where R, is the critical radius and can be calculated from by “*¢ , ais a constant and a

= 2 for spherical grains. The effective grain boundary mobility M is defined in Eq. 5.39.

The Zener drag effect Z can be obtained from Eq. 5.41.

After the coarsening rate of each size class is calculated, the number of grains in each
size class is re-distributed and normalized to maintain the constant volume fraction of the
system. To improve the efficiency, the number of size classes is fixed in the Multi-size
model and the width of each size class is automatically adjusted according to the average

grain size.
5.2.6 Evolution of Dislocation Density

In PanEvolution, the evolution of dislocation density for the deformed (DEF) matrix grains
and new recrystallized (DRX) grains are both evaluated based on the Kocks-Mecking (KM)
model [2003Koc, 2016Lin]. For the DEF grains, the evolution of dislocation density is

calculated by,

. . .+ _ -

PDEF = P Pdrv (5.43)
where p* is due to work hardening, £z, is due to dynamic recovery. And the increase of the

dislocation density during hot deformation is termed as,

pt = (fuy/Pi +1/(bD))é (5.44)
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Where f,, is the work hardening coefficient and relevant to the dislocation substructures,
grain boundaries, precipitates, etc. p; is the mean dislocation density for the DEF grain or

the DRX grain. D is the average size of deformed grains and b is Burgers vector.

The dynamic recovery term p,.,, is proportional to dislocation density,

pc;rv = f’upze (5.45)

where f, is the dynamic recovery coefficient and depends on initial deformation conditions.
For the DRX grains, the evolution of dislocation density is also calculated by Eq. 5.43
with an additional softening factor £, is introduced as [2020Cai],

Pprx = JePt — Par (5.46)

Then the evolution of mean dislocation density can be obtained by,

Pmean = VDEFP ppr + YDRXP pRX (5.47)

where vpgr and vprx are the volume fractions of DEF and DRX grains, respectively. Then,

the relationship between the stress arising from the dislocation interactions, oy, and the

mean dislocation density of the material, p,,05,, , can be described as,

oM = Map,b,/ Pmean (5.48)

where M is the Taylor factor. a is a constant depending on the dislocation/dislocation

interaction and can be taken as 0.3. u is shear modulus, and b is Burgers vector. Then the
overall yield strength in Eq. 5.30 becomes o = 0; + 0, + op + 01 -

5.2.7 The JMAK Model for Recrystallization

As a first approximation, the phenomenological JMAK model (Johnson-Mehl- Avrami-
Kolmogorov) [1937Kol, 1939Joh, 1939Avr, 1940Avr] has been implemented to describe the

recrystallization process:

X()=1-exp[—In 2(%)"] (5.49)
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where X is fraction recrystallized at time t and n is a constant. The recrystallization kinetics

expressed as the time to reach a certain level of recrystallization depends on chemical
composition, applied strain ¢, strain rate ¢ , initial grain size Dy, and temperature T.

According to Sellars [1979Sel], the time for 50% RX can be estimated by,

tossrx = f(¢i)ZP (5.50)

where p is an exponent, f((; ) a function of a parameter set ¢; which often include strain rate,

initial grain size and temperature. Z is the Zener-Hollomon parameter and is defined as
. Qq
Z = ¢ exp(g7 (5.51)

with ¢ is the strain rate, R is the gas constant and Qg4 a deformation activation energy that is

a material parameter. Then the recrystallized grain size Dry can be estimated from a

relation in the form,

Drx = f(¢;)21 (5.52)

here g is an exponent and f(Cj) a function of a parameter set (j which often include the initial
average grain size and the accumulated plastic strain. These parameters are defined in

KDB file and can be adjusted based on the experimental data.

Thus, the average size of all grain D can be written as,

D= XDgrx + (1 - X)Dy (5.53)

where Dy and Dry are initial and recrystallize grain sizes, respectively. X is recrystallized

volume fraction.

5.2.8 The Fast-Acting Physical Model for Recrystallization

The Fast-Acting (F-A) model for RX is based on the mean field theory by considering both
nucleation and growth of the new recrystallized grains. The nucleation of recrystallization is
assumed to occur at deformed grain boundaries once the accumulation of dislocations

reaches the critical dislocation density.
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During deformation, the nucleation rate is evaluated as a function of both temperature T and
¢ strain rate. The growth of the new grains (mean grain size) is determined by both interface

mobility and nucleation rate of small grains at the critical size. The F-A model uses the
dislocation density model as input to estimate the driving force for the growth of the new

recrystallized grains.
5.2.8.1 Nucleation and growth of recrystallization

The recrystallization model is based on dislocation density theory where the generated
dislocations during deformation provide the driving force for recrystallization. The
nucleation of the DRX occurs at grain boundaries once the accumulation of dislocations

reaches the critical dislocation density defined by,

_ 20')’HBE =
Pe = (3bLMHB'r2) (5.54)
_Ke _ _k
Where vgp is high-angle grain boundary energy; = ¢ /P is the dislocation mean

10
free path, which is ~ /P for the most metals; 7= ﬂub2 is the dislocation line energy,

where (3 is a constant of the order of 0.5; Mg is the high-angle grain boundary mobility.

It is assumed that a nucleation event can occur during RX when a nucleus located on a
grain boundary reaches a critical radius, R;. The critical nucleus size corresponds to the

condition when the stored energy difference between the DEF grain and the new RX grain

or the nucleation driving force, AG = Bub? (pper — prx), is large enough to overcome the

capillary force of the nucleus. Then, the critical nucleus size is defined as,

_ 2ygp
R, = AC (5.55)

The nucleation rate for DRX as a function of both temperature T and strain rate ¢ is

calculated by [1993Pec]:
. L 9
Nprx = Cé"e 7 (1 — Xgx) (5.56)

where C is the nucleation parameter,
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N,
C = N;N; = Nypi(2)*3 (5.57)

with P = % being the nucleation densities, D the grain size and N; the nucleation site

parameter, which can be estimated either by experiment or the inverse analysis method; Qy
is the activation energy of nucleation and exponent n is usually set to be 1. Xgx is the

recrystallized volume fraction.

The nucleation rate for SRX (Static Recrystallization) is given by [20061va],
: _av
Ngpx = C(Egef — E;)e” 7 (1 — Xgx) (5.58)

where Eg.; is the deformation-stored energy and can be calculated from the dislocation

density, p, as Egey = Bub?p. E. is the critical stored energy for initiating SRX, which can be
_ 7 Ec
determined from the critical deformation strain as £ = 10"7aB 2.2¢,11.1 , Where the critical

strain £. generally ranges from 0.05 to 0.1 for different materials.

Once nucleated, the growth rate of recrystallized grains, R [m/s] is expressed by the

product of an effective mobility for high angle grain boundary, Mg, and the driving pressure

as:

R = My P (5.59)

In Eq. 5.59, the effective grain boundary mobility linking grain boundary migration velocity to
driving pressure is given by [2009Pay]:

_ A3VinDegs
Mest = —5g7— (5.60)

Where Dy is the effective self-diffusivity of the bulk atoms for a multi-component system,
which is computed directly from CompuTherm mobility database; V, is the molar volume. &
is the grain boundary width. A, is a factor related to the fraction of atomic jumps which result
in a 'permanent' motion of the grain boundary in the direction of the driving force and a value
of “1.0” is assumed. The driving pressure P contains one component Pc=—(2y4g)/R related
to the local grain boundary curvature. This pressure component is derived from the grain

boundary energy and is also a function of the local grain boundary curvature. Additionally,
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the driving pressure P contains a term Pp=t[p] that is derived from the stored energy and
hence related to the jump in dislocation density across the grain boundary. Finally, the
driving pressure P will also be influenced by a term P, due to the presence of second phase
precipitation. The influence of precipitates on recrystallization kinetics is incorporated via

the Zener pressure, which is given for a spatial distribution of spherical precipitates by

3f
Neset al. [1985Nes] as Pz = — ;fB with f the volume fraction of precipitates in mean

radius r. Then, the total driving pressure can be calculated by,

2 3f
P=Pp+Po+Py=1p] - 3> - 52 (5.61)

In the Fast-Acting model, only the mean radius R and mean dislocation density ppryx is
tracked for the recrystallized grains. At each time step, the mean values must account
concurrently for the increases of existing grains and the contributions due to the nucleation

of the new grains.

5.2.9 Analytical models for Stress-Strain (o-g) curve at low/ambient tem-
peratures

In PanEvolution, the modified tri-stage constitutive model [2023Yan] was adopted to

describe the 0-¢ behaviors at low to ambient temperatures as shown in Figure 5.5

I

A 4

Figure 5.5: The tri-stage model at low/ambient temperatures



5 PanEvolution/PanPrecipitation 150

In this model, before or after the yielding point A, the relationship between stress (o) and
strain (¢) can be described by the modified RO model by Hill [1944Hill]. Beyond the ultimate
strength point B, the recession branch of o-&¢ models is adopted [2019Tao]. Eq. 5.62 - Eq.

5.64 summarizes the models at different stages:

_ e
g0-4 = fy * (5o )™ (5.62)
E—E
oa-B = fu* (5™ (5.63)
—Ey _ f _fu
op-c=fu* A+ K= (—2)™) K=" (5.64)

Where fy (or €y), fu (or e,) and fr (or ez ) are yield strength (or strain), ultimate strength (or
strain) and fracture strength (or strain), respectively. ny and n, are the strain-hardening

indexes before and after yielding point while nr is the recessing index. These parameters

influence the material's behavior and are often different from alloy systems. Constant or
analytical expression of these parameters can be defined in the KDB and then optimized for

various applications.

5.3 The Kinetic Parameters Database (KDB file) Syntax and
Examples

The kinetic parameters database (.KDB file) uses the XML format, which defines the kinetic
model for each precipitate phase and its corresponding model parameters such as
interfacial energy, molar volume, nucleation type, morphology type, and so on. In the KDB,
a series of alloys can be defined. Each alloy has a matrix phase with one or multiple

precipitate phases. A sample kdb structure is shown as follows,

<Alloy name="Fe-Mn-C">
<MatrixPhase name="Bcc">
<ParameterTable type="kinetic" name="Parameters for Bcc">
</ParameterTable >
<PrecipitatePhase name="Cementite GB"
phase name="Cementite" model="kwn"
morphology="Sphere" nucleation="Grain Boundary" growth="simp">

<ParameterTable type="kinetic" name="Parameters for Cementite">
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<Parameter type="Molar Volume" value="6E- 6" description="Molar

Volume" />
<Parameter type="Interfacial Energy" value="0.2"
description="Interfacial Energy" />
</ParameterTable >
</PrecipitatePhase >
<PrecipitatePhase name="M7C3 GB" phase name="M7C3" model="kwn"
morphology="Sphere" nucleation="Grain Boundary" growth="simp">
<ParameterTable type="kinetic" name="Parameters for M7C3">
<Parameter type="Molar Volume" value="6E-6"
description="Molar Volume" />
<Parameter type="Interfacial Energy" value="0.1" description=
"Interfacial Energy" />
</ParameterTable >
</PrecipitatePhase >
</MatrixPhase >

</Alloy >

In this sample KDB, an alloy “Fe-Mn-C” is defined with the matrix phase “Bcc”, which
has two precipitate phases “Cementite GB” and “M7C3 GB”. The precipitate name, kinetic
model, morphology, as well as nucleation and growth model can be defined for each
precipitate phase. Available options for the kinetic models and morphology are given in
Table 11.6 in Section 11.3 . A set of parameters for each phase, such as molar volume,
interfacial energy, and so on, can be defined in “ParameterTable”. The kinetic and
mechanical model parameters that can be defined under “ParameterTable” are listed in

Table 11.8 to Table 11.11 in Section 11.3 .

A few examples are given below to explain the content of the precipitation database in
detail. In the reference folder, test batch files (.pbfx) are prepared with .kdb files for running

example simulations.
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5.3.1 An Example KDB File for Ni-14Al (at%) Alloy

Reference Folder: sPandat Installation Folder\Pandat 2025

Examples\PanEvolution\Ni-14%A1\Ni-14A1 Precipitation.kdb

This KDB file defines the kinetic parameters for the L12_Fcc (y’) phase in the Ni-Al binary
system at the Ni-rich side. The matrix phase is Fcc_A1 (y) phase. The detail explanations of
kinetic parameters are listed in Table 11.8 in Section 11.3 . This KDB file can be used for
multi-component Ni-based superalloys as well, but some of the key parameters, such as the
interfacial energy, and/or nucleation site parameter, may need to be calibrated accordingly.
The molar volume and atomic spacing for various types of crystal structures can be found or
estimated following reference of ASM handbook. The interfacial energy between y and y’ for
nickel alloys is usually in the range of 0.02-0.035 J/m2, it is given as a constant in this
example. Interfacial energy can be estimated as discussed in Section 5.2.1 , and an

example is given in the Section 5.3.2 .

<Alloy name="NI-14A1 KWN">
<MatrixPhase name="Fcc">
<ParameterTable type="kinetic" name="Parameters for gamma">
<Parameter type="Molar Volume" value="7.1E-6"
description="Molar Volume" />
</ParameterTable >
<PrecipitatePhase name="L12 FCC" model="KWN" morphology="Sphere"
nucleation="Modified Homo" growth="SFFK">
<ParameterTable type="kinetic" name="Parameters for Gamma prime">
<Parameter type="Molar Volume" value="7.1E-6"
description="Molar Volume" />
<Parameter type="Interfacial Energy" value="0.025"
description="Interfacial Energy" />
<Parameter type="Atomic Spacing" value="3.621E-10"
description="Atomic Spacing" />
<Parameter type="Nucleation Site Parameter" value="0.001"
description= "Nucleation Site Parameter" />
</ParameterTable >
</PrecipitatePhase >
</MatrixPhase >

</Alloy >
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5.3.2 An Example KDB File for Ni-14Al (at%) Alloy Using the Calculated
Interfacial Energy

Reference Folder: $Pandat  Installation  Folder\Pandat 2025

Examples\PanEvolution\Ni-14%A1 IFE CALC\Ni-14Al Precipitation.kdb

In KDB file, use keyword “IFE CALC (*)” to get the calculated interfacial energy. The value
can also be an expression, such as: value="1.2 * IFE CALC (*)". The optional
parameter “Interfacial Energy Tc” is used to define the temperature at which y’
forms from y congruently, and T represents the congruent point. In many cases this point
does not exist. This parameter is optional and users should not give an arbitrary value to
this parameter since it will lead to unrealistic results. In this example, this parameter is
commented out in the Ni- 14Al_Precipitation.kdb kinetic database. This means the

correction factor B¢ in Eq. 5.13 is set to be 1.

<Parameter type="Interfacial Energy" value = "IFE CALC(*)" description

= "Interfacial Energy" />

5.3.3 An Example KDB File for AA6005 Al Alloy

Reference Folder: $Pandat  Installation  Folder\Pandat 2025

Examples\PanEvolution\AA6005 yield strength\AA6xxx.kdb

This KDB file defines the kinetic parameters for the MgsSig (B’) phase within the Al-Mg-Si
alloys at the Al-rich side. The matrix phase is Fcc_A1-(Al) phase. This example
AA6xxx.kdb can be used for most of the AA6xxx and AA3xx series of alloys. Again, some
of the key kinetic parameters may need to be slightly revised according to the chemical
compositions. Note that, the strengthening model is also included, which enables us to
simulate the yield strength (o) as well as its contributions (oj, 0gs, 0p). Using the equation
Eq. 5.30, the hardness can then be obtained as well. Table 11.11 in Section 11.3 lists the
strengthening model parameters defined in the precipitation database. These model
parameters are adjustable and obtained via optimization to describe available experimental
data.
<Alloy name="AA6xxx">

<MatrixPhase name="Fcc">

<ParameterTable type="Strength" name="Parameters for Fcc">
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<Parameter type="Solution Strengthening Factor" name="Si"
value="66.3"
description="solid solution strengthening scaling factor" />
<Parameter type="Solution Strengthening Factor" name="Mg"
value="29"
description="solid solution strengthening scaling factor" />
<Parameter type="Solution Strengthening Factor" name="Cu"
value="46.4"
description="solid solution strengthening scaling factor" />
<Parameter type="Solution Strengthening Factor" name="Li"
value="20"
description="solid solution strengthening scaling factor" />
<Parameter type="Intrinsic Strength" value="10" description=
"intrinsic strength" />
<Parameter type="Hardness Factor" value="0.33" description=
"intrinsic strength" />
<Parameter type="Hardness Constant" value="16" description=
"intrinsic strength" />
</ParameterTable >
<ParameterTable type="kinetic" name="Parameters for (Al)">
<Parameter type="Molar Volume" value="1.0425E-5" description=
"Molar Volume" />
</ParameterTable >
<PrecipitatePhase name="Mg5Si6" model="KWN" morphology="sphere"
nucleation="Modified Homo" growth="SFFK">
<VariableTable name="Variables replacing built-in variables">

<Parameter type="Nucleation Barrier Energy" value="7.475e-12/dgm

(x)ra2n
description="Nucleation Barrier Energy" />
</VariableTable >
<ParameterTable type="kinetic" name="Parameters for kinetic
model">

<Parameter type="Molar Volume" value="3.9e-5"
description="Molar Volume" />

<Parameter type="Interfacial Energy" value="0.4"
description="Interfacial Energy" />

<Parameter type="Atomic Spacing" value="4.05E-10"
description="Atomic Spacing" />

<Parameter type="Nucleation Site Parameter" value="0.3e-5"
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description="Nucleation Site Parameter" />
<Parameter type="Steady State Nucleation Rate" value="1"

description="Indicate whether or not steady state nucleation

rate" />
<Parameter type="Driving Force Factor" value="1.0"
description="Driving Force Factor" />
<Parameter type="Kinetic Parameter Factor" value="3.0"
description="a factor for kinetic parameter" />
<Parameter type="Effective Diffusivity Factor" value="3"
description="a factor for effective diffusivity" />
</ParameterTable >
<ParameterTable type="strength" name="Parameters for
strengthening models">
<Parameter type="Strength Parameter" value="1l.le-5"
description="th k ppt in the equation" />
<Parameter type="Shearing Critical Radius" value="5.0e-9"
description="Critical size of shifting from shearing to
looping" />
</ParameterTable >
</PrecipitatePhase >
</MatrixPhase >

</Alloy >
5.3.4 An Example KDB file for Heterogeneous Nucleation

Reference Folder: $Pandat  Installation  Folder\Pandat 2025

Examples\PanEvolution\AA6005 yield strength\AA6xxx.kdb

There are two parameters need to be adjusted in order to consider heterogeneous
nucleation. In this example, the heterogeneous nucleation sites and barrier energy are

adjusted manually by user:

a. Nucleation_Site_Parameter; in the above example of AA6005 alloy, the value of 0.3e-

5 was chosen based on experimental data.

b. Re-define the nucleation barrier energy. In this example, the nucleation barrier
energy for the heterogeneous nucleation is manually adjusted. For homogeneous

nucleation, the nucleation barrier energy is defined by Eq. 5.2 with
AGH = 167 (o'aﬂ)s __ 16w (Vrn)2(°'aﬂ)3 _ 16w (Vm)z(a'aﬁ)s

3 (Amy T3 (AGw) 3 dgn(+)’ Taking Vm = 3.9e-5 and o = 0.4 in
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the kdb file as shown in Section 5.3.3 , we get the nucleation barrier energy for the
homogeneous nucleation as 1.63e-9/ dgm (*)~2. For heterogeneous, the
nucleation barrier energy is ~2-3 order smaller than that of homogeneous nucleation.
In this example, a value “7.475e-12/dgm (*) ~2” is used. This value is optimized by
using experimental data.

<VariableTable name="Variables replacing built-in variables">
<Parameter type="Nucleation Barrier Energy" value="7.475e-12/dgm(*)"2"
description="Nucleation Barrier Energy"/>

</VariableTable >

where dgm(*) is the calculated thermodynamic driving force, which will be update at every

simulation steps.
5.3.5 Another Example for Heterogeneous Nucleation

Reference Folder: $Pandat  Installation  Folder\Pandat 2025

Examples\PanEvolution\Fe-Mn-C Heterogeneous Nucleation\PanFe.kdb

In the example of Section 5.3.4 , the heterogeneous nucleation sites and nucleation barrier
energy were treated as adjustable parameters and were given manually by the user based
on available experimental data. In this example, the potential heterogeneous nucleation
sites and nucleation barrier energy are estimated by theoretical models as discussed in

Section 5.2.1 (b) depending on the selected nucleation type.

<PrecipitatePhase name="Cementite  GB" phase  name="Cementite"

model="kwn" morphology="Sphere" nucleation = "Grain Boundary"

growth="simp">
<PrecipitatePhase name="Cementite Dislocation" phase name="Cementite"

model="kwn" morphology="Sphere" nucleation="Dislocation" growth="simp">

The nucleation type can be specified when defining a precipitate phase. In this example,
two different type of heterogeneous nucleation are defined for “Cementite” phase: one at

“‘Grain Boundary” andthe otherat“Dislocation”.
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5.3.6 An Example KDB File for a Mg-based AZ91 Alloy Considering
Shape Factor and Shape Evolution

Reference Folder: $Pandat  Installation  Folder\Pandat 2025

Examples\PanEvolution\AZ91 Morphology\AZ91.kdb

* Consider shape factor but shape factor not evolve (AZ91_200C.pbfx)
<PrecipitatePhase name="ALMG GAMMA" model="kwn"
morphology="Cylinder" nucleation="Modified Homo" growth="sffk">
In this case, the morphology must be set to “morphology="Cylinder"” and the keyword
“Aspect_Ratio” or “A_R” is used to set the aspect ratio of the particles: <pParameter

type="A R" value="0.15" description="aspect ratio" />
In this example, the Aspect Ratio is set as a constant during the particle evolution.

* Shape evolution (AZ91_200C_shape_evolution.pbfx)
<PrecipitatePhase name="ALMG GAMMA" model="KWN" morphology="Cylinder"

nucleation="Modified Homo" growth="SFFK Shape Evolution">

In order to consider shape evolution, the morphology must be set to

“‘morphology="Cylinder"” and the growth model should be set to “growth="SFFK_Shape__

LLEH

Evolution"”.

In this case, the aspect ratio value set in “<Parameter type="A_ R" value="1"
description="Initial aspect ratio" />” will be used as a starting value and evolves during

precipitation process.

There are two sets of parameters that can control the shape evolution. The first set

includes the interfacial energies of the two different directions:

<Parameter type="Interfacial Energy" value="0.25" description=

"Interfacial Energy" />

<Parameter type="Interfacial Energy L" value="0.05" description=

"Interfacial Energy in L direction"/>
The second set includes the anisotropic misfit strain of the precipitate and its model
parameters can be defined as follows:

<Parameter type="Shear Modulus" value="30e9" description="the shear

modulus, in Pa"/>
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<Parameter type="Volume Misfit" wvalue="0.02" description="the volume
misfit"/>

It should note that user can set parameters for either interfacial energy or strain energy or

both to control the shape evolution.

5.3.7 An Example to Show How to Set an Initial Microstructure for Sim-
ulation

Reference Folder: $Pandat  Installation  Folder\Pandat 2025

Examples\PanEvolution\Ni-16%A1l Dissolution\Al-Ni.ini

This example is to demonstrate how to set up the initial microstructure for dissolution
simulation. In this example, the alloy composition is Ni-16Al at.%, which is isothermally
annealed at 1444K for 100 seconds. The alloy composition and heat treatment condition is
given in Ni-16Al_dissolution.pbfx. Initially, there is 10% (volume fraction) L12_Fcc (y’)
phase with average particle size 1.2um. The initial microstructure is set in Al-Ni.ini as shown

below:

<Condition name="C1">
<MatrixPhase name="Fcc">
<PrecipitatePhase name="L12 FCC">
<Parameter name="size" wvalue="1.2e-6" description="average size"
/>

<Parameter name="volume fraction" wvalue="0.1" description=

"volume fraction"™ />

<Parameter name="particle size distribution" wvalue="2" number

cells =
"200" sigma="0.25" description="initial psd shape: O-uniform;
l-normal; 2-lognormal;10: user-defined psd" />
<psd>
<cell size="1.2E-08" number density="170191212760.267" />
<cell size="2.4E-08" number density="199242482086.767" />
<cell size="3.6E-08" number density="232879833831.677" />
<cell size="4.8E-08" number density="271760886495.754" />
<cell size="6E-08" number density="316626417716.63" />
</psd>
</PrecipitatePhase >

</MatrixPhase >
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</Condition>

The “<psd> ” section can be empty if uniform, normal or lognormal distribution is selected
and the initial PSD is automatically generated based on the defined number_cells and
standard deviation sigma. If the “<psd> " section is given, the provided psd data will be used
and the defined initial psd shape (uniform, normal or lognormal distribution) is

neglected.

User can also define the initial structure from GUI. User first chooses the target phase to set
the initial structure and then set the average quantities including the volume fraction and
average size. The PSD type can be “uniform”, “normal”, “log normal” or “user
defined”. When “normal” and “log normal” are selected, the PSD data will be
generated and the corresponding plot is shown on the right panel. In order to load a user
defined PSD, the user can set PSD type to be “user defined” and then load the PSD
data file by clicking the import button. An example PSD data file “bsd test.dat” can be
found in the folder: $Pandat Installation Folder\Pandat 2025
Examples\PanEvolution\Ni-16%A1l Dissolution\.
Set Initol Structure

Select Precipitate Phase to Set Initial Structure

L12_FCC v
Average Quantities
Volume Fraction Average Size [m] 0
PSD
PSD Type I user_defined v I # of Cells Standard Deviation 0.250
168
Particle Size Distribution (PSD): 3.00787E-16
I Cell Size [m] Number Density [m*-3] Import
_ 0.001000 0. Import psd from a data file.
0.001100 0.000000 =
v
0.001200 0.000000 ‘E
0.001300 0.000000 =
0.001400 0.000000 2 L BORME-TS
0.001500 0.000000 8 :
0.001600 0.000000 k>
0.001700 2.000000E-026 g
0.001800 1.000000E-025 Z
0.001900 4.000000E-025
0.002000 1.460000E-024
0.002100 4.790000E-024 0
0.002200 1.436000E-023 0.001 0.01095 0.0209
0.002300 3.968000E-023 .
Cell Size [m
0.002400 1.019500E-022 | v [ ]

Figure 5.6: Dialog to define the initial structure from GUI
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5.3.8 User-defined Growth Rate Model for Grain Coarsening

Reference Folder: $Pandat  Installation  Folder\Pandat 2025
Examples\PanEvolution\Grain Coarsening\User Defined Model\Ni-14Al

Grain User Defined GrowthRate.kdb

This example is to demonstrate how to set up a user-defined growth rate model for grain
growth simulation. In this example, the built-in growth model can be replaced by the user-
defined variable “Growth Rate”. In the built-in growth model, the growth rate is given by
Egq. 5.38~Eq. 5.41, and it can be replaced by the expression value="KP
(@Grain) /2.86e-10*2*0.75*7.1e-6/s (@Grain)" where “KP (€@Grain)”is to get the
effective atomic mobility calculated from mobility database and “s (@Grain)” is to get the
average grain size. The grain boundary width is “2.86e-10", grain boundary energy is

“0.75” and molar volume is “7 . 1e-6". Below is the kdb defining the grain growth model

<Grain name="Fcc" model="Grain_  OneSize" morphology="Sphere"

nucleation=""growth="Grain Simplified">
<VariableTable name="Variables replacing built-in variables">
<Parameter type="Growth Rate"

value="KP (@Grain)/2.86e- 10*2*0.75*7.1le- 6/s (QRQGrain)" description="

Grain growth rate"/>
</VariableTable>
<ParameterTable type="kinetic" name="Parameters for grain">

<!- - Using Standard Unit - - ><Parameter type="Interfacial Energy"

value="0.75" description="Interfacial Energy" />
</ParameterTable >

</Grain >
5.3.9 Concurrent Precipitation and Grain Growth Simulation

Reference Folder: $Pandat  Installation  Folder\Pandat 2025
Examples\PanEvolution\Grain Precipitation\Ni- 14A1 Microstructure

Zener . kdb

This example is to demonstrate how to perform a simulation of concurrent precipitation and
grain growth. In this example, the alloy composition is Ni- 14Al at.%, which is first

isothermally annealed at 800 °C for 10000 seconds and then continuously cooled to 550 °C
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from 10000 to 30000 seconds. The alloy composition and heat treatment condition are
given in “Ni-14A1 Microstructure.pbfx”. In the first simulation, the Zener pinning
effect is not considered by default. Initially, there is no L12_Fcc (y’) phase and average
grain size is 1.0um in lognormal distribution. The initial microstructure is setin A1-Ni.ini

as shown below

<Grain name="Fcc">

<Parameter name="size" value="le-6" description="average size" />

<Parameter name="volume fraction" value="1" description="volume
fraction" />

<Parameter name="size distribution" wvalue="2" number cells="1000"
sigma="0.3" description="initial psd shape: O-uniform; 1-normal; 2-
lognormal;10: user-defined psd" />

</Grain>

——s(@Grain)[um]
——s(@L12_FCC)[um]

1.5

0.54

: "

-1 1 3 5
& log10(time)

Figure 5.7: Evolution of the average size of the grains and the precipitates
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Figure 5.8: Evolution of the volume fractions of the grain and the precipitate phase

Figure 5.7 and Figure 5.8 show the evolution of the average size and volume fraction of
the grain and precipitate phase. As can be seen, during the isothermal annealing at 800 °C,
the precipitate phase nucleates. Both grain and precipitate phase start to grow. At the end
of the isothermal annealing, there is around 10% y’ phase and the average grain size grows
from 1 ym to around 1.5 pm. In the following continuous cooling stage, secondary and
tertiary y’ form as indicated in Figure 5.9. Accordingly, the average particle size decreases
due to the precipitation of these small particles (Figure 5.7 in red color). The grain growth

rate slows down at low temperatures (Figure 5.7 in blue color).
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Tertiary '

0.1+
0.01-
Secondary v'
0.0014

0.0001

1E-05

Primary y'

psd_nnd(@L12_FCC)
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Figure 5.9: Particle Size Distribution (PSD) of y’ phase at the end of the simulation

5.3.10 Dynamic Recrystallization (DRX) Simulations with Built-in and
User-defined Models

Reference Folder: $Pandat  Installation  Folder\Pandat 2025

Examples\PanEvolution\Grain Recrystallization\Physicall\

In order to run a recrystallization simulation, four files are needed as shown in Figure 5.10:

1) “A1-Ni. tdb” —a Ni-Al binary thermodynamic and mobility database; 2) “Ni-14A1 RX

FA DRX.kdb” — a kdb file for kinetic models and parameters; 3) “A1-Ni.ini” — a file to
define the initial grain structure. The initial grain size (radius) is set to 25.0um in this case.
4) “Ni-14A1 RX 950 FA DRX.pbfx” — a Pandat batch file to set up the simulation

conditions including alloy chemistry, heat treatment schedule and output tables/graphs.

Name Date modified Type Size

::S] Al-NMiini 12/21/2022 1214 PM Configuration sett... TKB

Q{ AINi_Prep.tdb 3772019 6:15 PM TDE File GKE

Q{ Mi- 14A1_RX_IMAK kdb 23 10:41 AM KDE File 4KB

Q{ Mi-14A1_RK_IMAK. pbfx 2/10/2023 12:42 PM Motepad++ Docu... 3KB

Figure 5.10: Files need for a recrystallization simulation
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An emply project for grain growth and precipitation simulation

Location

Project Name: default
Drive\DocumentsiCompuTherm LLC _0\Default Workspace

Directory: i\l

Workspace Name: default

New project will be created at: G \PandatiTempltemp_O\Default

Create Cancel

@ Create workspace in a default temporary folder

Figure 5.11: PanEvolution project in Pandat workspace

For model validations, all the simulations were performed in Pandat under a PanEvolution
Project as shown in Figure 5.11. The first one is to simulate the dynamic recrystallization
process by using the “Fast-Acting” model with the built-in nucleation model “DRX” and

growth model “Rx_Simplified”. The processing history is defined in .pbfx file as:

<processing history useRate="true">

<node time="0" T="950" dT="0" EPS="0" dEPS="0.01"/>

<node time="260" T="0" dT="0" EPS="0" dEPS="0"/>

</processing history>
PanEvolution was designed to handle any arbitrary processing history. For demonstration,

the processing condition is set to be 950 °C with strain rate at 0.01s™!. The simulation

results are shown in Figure 5.12.
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Figure 5.12: Simulations of DRX with the Built-in and User-Defined models

In order to run a user-defined growth model in KDB, another simulation was performed with

the user-defined nucleation rate to overwrite the built-in model. In this case, a

“<variableTable>" sections is included in the KDB and the nucleation rate is defined by
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<Parameter type="Nucleation Rate" value="0.1* (6.02e23/7.1E- 6)"
(2.0/3.0)/ (max (le-6, Grain Size 0%*2))*fv (QGrain) *strain rate*exp (-

224000/Rg/T)" description="user defined nucleation rate"/>.

In this case, the potential nucleation sites are less, and the nucleation of DRX is

significantly lower and softening behavior due to DRX is also reduced as shown in Figure

5.13 (red color).
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Figure 5.13: Simulations of DRX with the User-Defined models

5.3.11 Create or Edit kdb Parameters Through Pandat GUI

Since Pandat 2022, a Pandat GUI interface is introduced for users to create or edit kdb
parameters, and then easily save and load the parameters. Click “Create or Edit KDB’
from the PanEvolution menu. The "Create or Edit kdb Parameters" dialog will pop
up as shown in Figure 5.14. Through this interface, users can set up the kinetic parameters

for their precipitation and grain growth simulations from the default values
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Pre-Defined Alloy Parameters
Al_Alloys

Alloy Parameters

o
Alloy Name: default Import from kdb ... [ Grain? l* Add Phase %
Cu-Alloys L ] —
Fe_Alloys (7] Rans 1
| Mg_Alloys ] Phase:
Ni_Alloys )

Kinetic Parameters
| _Default

| |default

Malar_Valume
Grain_Size
Dislocation_Density
Grain_Aspect_Ratio

Madified parameters are indicated with red and italic font.

Mechanical Parameters Q

Mechanical Parameters: Solution Strengthening (7]

Double click the selected Alloy to
import alloy parameters. Save Compact Format (] Save and Load Save As OK

L Currentkdb: C:\Userslsongm\OneDrive\Documents\CompuTherm LLC\PandatiTempltemp_0'__default_alloy_parameter kdb J

Figure 5.14: Dialog to create or edit kdb parameters

In this dialog, some pre-defined alloy parameters for Al alloys, Cu alloys, steel (Fe
alloys), Mg alloys and Ni alloys are aslo provided for users to get started for developing their
own kdb files. In order to import the parameters for a pre-defined alloy, one can just simply
select and double click the alloy from the list. For example, after loading the thermodynamic
and mobility database for Ni alloys, double click the IN100 alloy, the matrix Fcc (y ) phase
related kinetic parameters are imported as shown in Figure 5.15, and the precipitate L12_
Fcc (v ) phase related parameters in Figure 5.16. The parameters highlighted in red italic
are imported values different from the default values. User can further adjust the
parameters for their own alloys systems. After all the parameters are properly set, one can
click "save and Load", and then run the simulation. Or just click "Save As" to save a

new kdb file for future simulations.
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| Create or Edit kdb Parameters X
Pre-Defined Alloy P: et
re-Defined Alloy Parameters Alloy Parameters
Al_Alloys 9
Alloy Name: IN100 Import from kdb ... [ Grain? + Add Phase * Delete Phase
Cu-Alloys 9 —
Fe_Alloys Q| | Mavi: |EEEEE
oo © ol
| Ni_Alloys

IN100 Kinetic Parameters Name Grain_Aspect_Ratio
u720 Molzr_Volume Type Grain_Aspect_Ratio
IN718 Grain Size Value 1

Dislocation_Density Default Value !

Grain_Aspect_Ratio

The aspect ratio for the matrix grain

Mechanical Parameters 6

Mechanical Parameters: Solution Strengthening 6
_Default 8|
Double click the selected Alloy to
import alloy parameters. Save Compact Format (] 8ave and Load Save As OK

Current kdb:  C:\Userslsongm|OneDrive\Documents\CompuTherm LLC\PandatiTempltemp_0'__default_alloy_parameter kdb

Figure 5.15: Parameters for the matrix phase in the Create or Edit kdb Parameter dialog

| Create or Edit kdb Parameters X
Pre-Defined Alloy P: et
re-Defined Alloy Parameters Alloy Parameters
Al_Alloys 1¥]
Alloy Name: IN100 Importfrom kdb. [ Grain? &P Add Phase | 38 Delete Phase
Cu-Alloys ]
Fe_Alloys ]
Mg_Alloys (%] L12_FCC ~ Modified_ Simplified
| Ni_Alloys
= Nucleation Parameters
IN100
u720 Molar_Volume
IN718 Interfacial Energy
Nuclsation_Sits_Faramstsr
Aomic_Spacing
Driving_Force_Factor
Effective_Diffusivity_Factor
Steady_State_Nucleation_Rate
Strain_Energy
Contact_Angle Modified parameters are shown in red and italic.
Growth Parameters
Mechanical Parameters
User-Defined Variables
_Default =]
Double click the selected Alloy to
import alloy parameters. Save Compact Format a Save and Load Save As 0K
Currentkdb:  C:\UserslsongmiOneDrive\Documents\CompuTherm LLC\PandatiTempltemp_0\__default_alloy_parameter kdb

Figure 5.16: Parameters for the precipitate phase in the Create or Edit kdb Parameter

dialog

When select the “Grain?” option, an item of “Matrix->Grain” will appear as shown in
Figure 5.17. From here user can define the parameters required for grain growth simulation

as described in Section 5.3.8 and Section 5.3.9 .
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Create or Edit kdb Parameters
Pre-Defined Alloy P et
re-Defined Alloy Parameters Alloy Parameters
Al_Alloys 1]
Alloy Name: NI-14Al_Grain Import from kdb ... 8 Grain? (J Rx? + Add Precipitate xDelete Precipitate
Cu-Alloys 9 -
Matrix Mamx—>{3rain|
Fe_Alloys o
Ma_Alloys ©@| Phase: _none Model: [Grain_t | Morphology: [Sphere | Nucleation: [Nia | Growth: | Grain_sim |
Ni_Allo:
e e Kinetic F Name Interfacial_Energy
_Default 3 Type Interfacial_Energy
default Value 075
Default_Value 0.75

Grain_Boundary_Mobility_Factor
Zener_Drag_Force_Factor

High angle grain boundary energylJ/m"2]

User-Defined Variables (2] ‘

Double click the selected Alloy to
import alloy parameters. Save Compact Format (J Save and Load Save As oK

Current kdb:  G\Usersisongm\OneDrivelDocumentsiCompuTherm LLC\PandatiTempliemp_21__default_alloy_parameter kdb

Figure 5.17: Parameters for the Matrix grain in the Create or Edit kdb Parameter dialog

After selected the “Grain?”, another selection box of “RX?” will also appear for the

recrystallization (RX) simulation. Select “RX?”, the items of “Grain->Dislocation” and

‘Grain- >RX” will appear for user to define the required dislocation density and

recrystallization parameters.

Create or Edit kdb Parameters
Pre-Defined Alloy Paramesters P e
Al_Alloys 9
Alloy Name: NI-14AI_Grain Import from kdb ... B8 Grain? @ Rx? + Add Precipitate xDelete Precipitate
Cu-Allays 9 —
Matrix | Matriz>Grain
Fe_Alloys 1)
Mg_Aloye o
LA 9 ety Em o e £ W
_Default Type f_WH
default Value 3.25*1.41e7*(Grain_Size_0*2)"

Default_Valus 0

Work hardening coefficient.

Double click the selected Alloy to
import alloy parameters. Save Compact Format (J Save and Load Save As oK

Current kdb:  C\Usersisongm\OneDrivelDocumentsiCompuTherm LLC\PandatiTempliemp_21__default_alloy_parameter.kdb

Figure 5.18: Parameters for the dislocation density and recrystallization grain(RX) in the

Create or Edit kdb Parameter dialog
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In the pre-defined alloy parameters, the matrix and the precipitate phase names are
based on the demo databases used in “Pandat 2025 examples” folder and “Pandat 2025
example book” folder. One needs to make sure the phases in the pre-defined alloys are
included and have the same phase name in the loaded thermodynamic and mobility
database. Otherwise, users need to add the matrix and the precipitate phases parameters

from the default setting. The kdb files for these pre-defined alloys are included in the folder :

Y. .\Program Files\CompuTherm LLC\Pandat 2025\bin\Database\kdb”
Users can check the phase names and parameters directly from these kdb files. User
can also add their own kdb files in this folder, the added alloys will be automatically shown

on this “Create or Edit kdb Parameter dialog’.

5.4 PanEvolution Functions

The PanEvolution/PanPrecipitation menu includes three groups of major functions: The first
group are precipitation kinetic database related functions: Create or Edit KDB, Load
KDB or EKDB and Select Alloy Parameters. The second group are functions related
to precipitation simulation : Interfacial Energy (IFE) Calculation;
Precipitation Simulation; TTT simulation and CCT simulation. The third
group are the Grain growth; Grain Growth/Recrystallization and Concurrent

Grain Growth and Precipitation.

£ Pandat Software by CompuTherm, LLC — [m] X

File Edit View Databases Batch Calc  PanPhaseDiagram | PanEvolution/PanPrecipitation | PanOptimizer  PanDiffusion  PanSolidification  PanPhaseField
Property  Table  Graph  Help @  Create or Edit KDB

DEIEHMHI | & |81 B |[%) @8 || Gl Load KDE orEKDB
= Il 4 T 2 &

Select Alloy Parameters

Wi [E Interfacial Energy (IFE) Calculation
Precipitation Simulation

]: TTT Simulation
]: CCT Simulation

(- Loaded Databases
£ g Thermodynamic or Mobility
3

tions'Pandat'Pandat ~
tallization'Physical' Al-Ni.tdb

(gl Precipitation
1 Ni-14A1 RX_FA_DRX QL] Grain Growth
the f]  Grain Growth/Recrystallization
SE: |

F &2 concurrent Grain and Precipitation

Ni-14Al Microstructure Zener

Figure 5.19: Menu functions of PanEvolution

The shortcuts for those functions are also displayed in the Toolbar as shown in Figure 5.20.
When a thermodynamic together with mobility database (TDB or PDB file) and the kinetic
parameter database (KDB) file are properly loaded. These functions will be activated and

these icons will be highlighted.
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&£ Pandat Software by CompuTherm, LLC = (]

File Edit View Databases BatchCalc PanPhaseDiagram  PanEvelution/PanPrecipitation  PanOptimizer  PanDiffusion  PanSolidification  PanPhaseField
Property Table Graph Help
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Figure 5.20: Toolbar icons of PanEvolution

5.5 Tutorial

In general, user should follow five steps to carry out a precipitation or grain growth

simulation:

* Create workspace and project: Create a PanEvolution module project in an

existing or a new workspace.

* Load thermodynamic and mobility database: Load thermodynamic and mobility
database (.tdb or .pdb file). The database must contain both thermodynamic and

mobility data.

* Create or Load kinetic parameter database (.kdb file): Create a kdb file from the
template and set proper parameters for the kdb file (New function in Pandat 2022), or
load a predefined kdb file with proper parameters. Then select the matrix phase and

precipitate phases available in precipitation database for simulation

* Simulation conditions setting: Set the conditions for Precipitation or/and Grain
growth Simulation, including alloy compositions, initial conditions and thermal history,

then perform the simulation.

* Post Calculation Operation:Edit tables and graphs from the calculated results.
5.5.1 Ni-14at.%Al Precipitation Simulation

In this tutorial, the Ni -14 at% Al alloy is taken as an example to demonstrate the
functionalities provided by PanEvolution. The four files mentioned in this section (“A1Ni

Prep.tdb”, “Ni-14A1 Precipitation.kdb”, “Ni-14A1 Exp.dat” and “Ni-14A1

Precipitation.pbfx”)can be found in the installation folder of Pandat.
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5.5.1.1 Step 1: Create a Workspace

Let’s start this tutorial by “creating a workspace”. By clicking the [, button on the

toolbar, the “Create a New Workspace” popup window will open. User can choose the
“PanEvolution” icon and define the location (project name, directory and/or workspace
name), then click the “Create” button to create a precipitation workspace. User can also
create a default precipitation workspace by double-click the “PanEvolution ” icon as shown

in Figure 5.21.

& @ B m @ @

PanPhaseDiagram PanOptimizer PanEvolution PanPhaseField PanDiffusion PanSolidification

An empiy project for grain growth and precipitation simulation

Location
Project Name: default
Directory: C:\Users\songm|OneDrive\Documents\CompuTherm LLC\PandatTempitemp_0iDefault Workspace
Workspace Name: default

New project will be created at: C:\..PandatTempitemp_0\Default Workspace'defaulfidefault

8 Create workspace in a defaulttemporary folder Create Cancel
Figure 5.21: Dialog window for creating a workspace

5.5.1.2 Step 2: Load Thermodynamic and Mobility Database

The next step is to load the database, which is A1Ni Prep. tdb in this example. Different
from the normal thermodynamic database, this database also contains mobility data for the
matrix phase (Fcc) in addition to the thermodynamic model parameters. Both are needed
for carrying out precipitation simulation. By clicking the g3 icon on the toolbar, a popup
window will open, allowing user to select the database file. User may select the TDB file and
click on open button or just double click on the TDB file to load it into the PanEvolution

module as shown in Figure 5.22.
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&3 Select a tdb or encrypted tdb file X
+ > ThisPC > 0S(C:) » Pandat > Ni-14Al v | | Search Ni-14A »
Organize v New folder - @ @
4 Downloads A Name - Date modified Type Size
b Music B AINi_Prep 3/7/2019.4:15 PM TDB File 6 KB
&=/ Pictures
Videos
. 05(C) v
File name: | AINi_Prep ~| | Thermodynamic databases (*.t¢ ~
Cancel

Figure 5.22: Dialog window for loading thermodynamic and mobility database
5.5.1.3 Step 3: Load Kinetic Parameters Database (KDB file)

A Kinetic Parameters Database (KDB file) is required for precipitation simulation. This file
contains kinetic parameters which are alloy dependent. Each alloy is composed of one
matrix phase and a number of precipitate phases. To organize these parameters in a more
intuitive way, the standard XML format is adopted and a set of well-formed tags are
deliberately designed to define the kinetic model (KWN or Fast_Acting) for each precipitate
phase and its corresponding model parameters such as interfacial energy, molar volume,

nucleation type, and morphology type.

In this example, the Ni-14A1 Precipitation.kdb is prepared. This file can be opened
by click = icon in the toolbar and be viewed in the Pandat workspace or through third-party
external editors, such as NotePad, WordPad etc. The advantage to open this file in Pandat
workspace is that all the key words will be highlighted which makes it easy to read. In this
example, the matrix phase for this alloy is “Fcc”, which has one precipitate phase “L12
FcC”. The “KWN” model with “Sphere” morphology and “Modified Homogeneous”
nucleation type are selected for precipitation simulation. There are five model parameters:
Molar Volume, Interfacial Energy, Atomc Spacing, Nucleation Site
Parameter, and Driving Force Factor. These parameters have been developed
for the Ni-14Al alloy in this particular example; these parameters need to be optimized for

different alloys in terms of experimental data.

To load a KDB file, user should navigate the command through menu
"PanEvolution/PanPrecipitation - Load KDB or EKDB", or CIiCkmj icon from

the toolbar. After Ni-14A1 Precipitation.kdb is chosen, a dialog box pops out

automatically for user to select the model, as shown in Figure 5.23, the “Ni-14A1 KWN”is
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chosen in this example. The Matrix Phase window allows user to select the matrix phase
(Fcc in this case ) and the Precipitates window allows user to choose one or more
precipitate phases of interest for simulation (L12_Fcc in this case). To select several

phases at one time, press and hold the “Ctrl” key.

Click “view Parameters”, The “Create or Edit kdb Parameters” dialog as shown

in Figure 5.14 will pop out for user to view and edit KDB parameters.

Select Alloy Parameters X

Defined Alloy Parameters: Matrix Phase:
NIT4ALKWN oK
Clear Al

View Parameters

Precipitates:

Filter:

Figure 5.23: Dialog box for selecting alloy parameter
5.5.1.4 Step 4: Precipitation Simulation

After successfully loading the thermodynamic and mobility database (TDB or PDB file) and
Kinetic Parameters Database (KDB file), the function for precipitation simulation is then
being activated. To perform a precipitation simulation, choose from Pandat GUI menu
‘PanEvolution/PanPrecipitation - Precipitation Simulation”, or click
icon from the toolbar. A dialog box entitled “Precipitation Simulation”, as shown in
Figure 5.24, pops out for user’s inputs to set up the simulation conditions: alloy composition

and thermal history.
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Precipitation Simulation X

Alloy Composition

- Thermal History: X &= COKd
[ JCAI)) 14 timelhour] Temperature[C] e
<4(Ni) a6 0.000000 550,00 Options
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100.000000 550.00 Extra Outputs
o 1 | . ‘ 0000000 0.00 Load Condition
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Parameters
560
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g 550 Save Chemistry
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o 50 100
time(hour)
Intermediate PSD Outputs & %

| Initial Structure
time [hr]

Equil. Calculation O Temp. [C] 2000| (Equilibrium phases wil not evolve) y
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Define through GUI (@) )

Import from ini’ file (@]

Nene @

Figure 5.24: Dialog box for setting precipitation simulation conditions

* Alloy Composition: User can set alloy composition by typing in or use the Load
Chemistry function. User can also save the alloy composition through Save
Chemistry. This is especially useful when working on a multi-component system, so

that user does not need to type in the chemistry every time.

* Thermal History: Arbitrary heat treatment schedule can be inputted, with a linear
Time-Temperature relationship (i.e., constant cooling or heating rate) at each two
consecutive rows. Time at the first row must be zero representing the initial time. The
thermal history set up in the Figure 5.24 represents an isothermal heat treatment for
100 hours at 550 °C. If the temperatures in the two rows are different, it represents
constant cooling or heating. Multi-stages of heat treatment can be set by adding more

rows in the Thermal History column.

* Set intermediate PSD outputs: Based on the specified intermediate PSD outputs,
psd tables are automatically generated and the psd plot for the final time step will be
created. As shown in Figure 5.24, the intermediate PSD outputs are set up at 1, 10,

50, and 100 hours, respectively.
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User can access the Options window by clicking the Options button. The Options
window allows user to change the units for pressure, temperature, time and composition

required in the simulation (as shown in Figure 5.25). User can also define the output Table

and Graph within the Output Options window (as shown in Figure 5.26).

Options

(=] Calculation
PanEngine Settings
= Table
Default Table
= Graph
Graph Settings
Plot Settings
= Workspace
General

Pressure

@ Atmosphere O Pascal O Bar O GPa
Temperature

® Kelvin O celsius O Fahrenheit
Composition

® x O x% Ow O w% O mole Okg
Time

O second O Minute ® Hour
Length

@ Meter O Millimeter O Micrometer o Nanometer O Angstrom

Reset

Load from File | | SavetoFile Cancel

Figure 5.25: Dialog box for setting simulation units
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] time
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1 si@)
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Figure 5.26:

Dialog box for setting simulation outputs
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Figure 5.27: Default graph plotting volume fraction changes
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Figure 5.28: Calculated PSD at 100 hour
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s(*)*1e9
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‘3 /3600

Figure 5.29: Compare the simulated particle size evolution with experimental data

In Precipitation Simulation window (as shown in Figure 5.24), click OK to run the
simulation. After the simulation is completed, its results are displayed in two types of
formats in the Pandat Explorer window: Graph and Table. By default, the graphs plotting
volume fraction evolution and PSD at 100 hours are displayed in the Pandat main window
as shown in Figure 5.27 and Figure 5.28, respectively. To view detailed simulation results,
user can switch from Graph view to Table View by clicking tabs in the Pandat Explorer
window.

User can customize the output results with Pandat batch file. Experimental data may be
imported as a separate table using the syntax below:

<table source="Ni-14Al1 Exp.dat" name="exp"/>

The experimental data file should be in the same folder where the batch file locates,
otherwise a full path is needed for the experimental file as shown below:

<table source="D:\Pandat\Precipitation\Ni-14A1 Exp.dat" name="exp"/>

And the experimental data can be plotted together with the calculated results using the

syntax below to obtain a diagram as shown in Figure 5.29.
<graph name="size">
<plot table name="default" xaxis="t/3600" yaxis="s(*)*1led9"/>

<plot type="point" table name="exp" xaxis="t (hr)" vyaxis="radius
(nm) " />

</graph>
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5.5.1.5 Step 5: Customize Simulation Results

As all other calculations available in Pandat, upon the completion of the precipitation
simulation, a default table with related kinetic properties (such as time, total transformed
volume fraction, average size of each precipitate phase, number density of each precipitate
phase and nucleation rate of each precipitate phase) is automatically generated and a

default graph for volume fraction changes is displayed Figure 5.27.

However, it should be emphasized that, in addition to the default tables, variety of
properties, such as temperature, volume fraction of each individual precipitate phase,
instant composition of matrix phase and also size distribution related information if the KWN
model is used for simulation, can be retrieved through “Add a new table”. Symbol and
syntax for retrieving quantities of matrix phase, precipitate phases or grain are listed in

Table 11.15.
Add a New Table

The "Add a new table" function can be activated in two ways: (1) by selecting the
"Table" node in the Explorer window, right-clicking, and choosing the "Add a new table"
option (as shown in Figure 5.30); or (2) by selecting "Add or Edit a Table" from the
"Table" menu. This function enables users to create a new table based on their specific

preferences and requirements.

The basic layout of the window of “Add a new table” is shown in Figure 5.31. There
are two major parts in this window. The left part is the available variables and contents.
User first chooses the type of the tables from the “Table Type” drop-down list as
highlighted in Figure 5.31, to show the list of available variables. The right part is the
generated table field. User can drag the available variables from the left column to the right

side by clicking and holding the left mouse button.
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Workspace 7 x | [F] defaulttable
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>

Figure 5.30: Dialog of add a new table

Table Editor X

Table Type: Table Name: ‘genmaled

OK

‘ Columns Cancel
.

Clear All
Original Strs

Figure 5.31: Dialog window of table editor
Table Format Syntax

Moreover, mathematical calculation over these properties is allowed in PanEvolution.
Accordingly, a variety of property diagrams can be generated based on the customized
tables, which offers users an excellent flexibility for different applications. A detailed
description of table format is given below. Figure 5.32 shows the dialog window of table
editor for customized new table. The symbol “*” can be used to get quantities of all the
phases or all components. As an example, s(*) retrieves the average size of phase L12_

FCC, which is equivalent to s(L12_FCC).

Figure 5.33 shows the dialog window of table editor for user to get a psd table by
specifying time. For example, the psd table at 100 hours can be obtained by setting “t ime

= 360000”. Note that the default unit for time is second.
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Figure 5.32: Dialog window of table editor for customized new table
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Figure 5.33: Dialog to get a psd table at a specified time
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5.5.2 Concurrent Grain Growth and Precipitation Simulation of Ni-
14at.%Al Alloy

In this tutorial, the Ni -14 at% Al alloy is also used for concurrent grain growth and
precipitation simulation in PanEvolution. The related batch file (Ni- 14A1
Microstructure.pbfx), thermodynamic and mobility database (A1Ni Prep.tdb )and
kinetic parameters database (Ni-14A1 Microstructure.kdb) can be found in the
Pandat installation folder "\Pandat 2025 Examples\PanEvolution\Grain

Precipitation\™

5.5.2.1 Step 1: Create a Workspace

The same procedure as described in the previous tutorial Section 5.5.1.1
5.5.2.2 Step 2: Load Thermodynamic and Mobility Database
The same procedure as described in the previous tutorial Section 5.5.1.2
5.5.2.3 Step 3: Load Kinetic Parameters Database (kdb file)

The procedure is similar to the description in the previous tutorial Section 5.5.1.3 . The
"Defined Alloy parameters" in this kdb file is "Ni-14A1 Microstructure", as shown in

Figure 5.34. Itwas "Ni-14A1 KWN"in the previous tutorial as shown in Figure 5.23.

Select Alloy Parameters >

Defined Alloy Parameters: Matrix Phaze:
NE14AL Micsosmumiae O o

Cancel

Clear All

Frecipitates:

Filter:

Figure 5.34: Dialog box for selecting alloy parameter
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Click the “View Parameters’, the “Create or Edit kdb Parameters” dialog pops
out as shown in Figure 5.35. The parameters in this kdb file contains not only the "matrix"
phase and the "L12 Fcc" precipitate phase, but also the “Matrix:: Grain” parameters.
Those “kinetic parameters”and some “User-defined Variables” are required for

grain growth simulation.

Create or Edit kdb Parameters X
Pre-Defined Alloy Parameters = N
AlAlloys
— | AlloyName: NI-14Al_Microstruc| Importfrom kdb @ Gain? (J RX? &P Add Precipitate 36
Cu-Alloys ~] —
Matrix Matrix->Grain ‘L]z_F(:[:I
Fe_Alloys o
Mg_Alloys ¥] Phase: |Fec Model: [Grain_( | Marphology: [Sphere | Nucleation: [N/A | Growth; [Grain_sim ~|
NiMlos O] neicParametsrs
_Default Interfacial_Eneray
default Grain_Boundary_Width
Grain_Boundary_Mobility_Factor
Zener_Drag_Force_Factor
Modified parameters are shown in red and italic.
User-Defined Variables 2]
Double click the selected Alloy to
import alloy parameters. Save Compact Format () Save and Load Save As OK
Currentkdb: D_Worki3_C: 1_PandatPandat 2023 141_] kdb

Figure 5.35: Parameters for matrix grain in the “Create or Edit kdb Parameter” dialog
5.5.2.4 Step 4: Concurrent Grain Growth and Precipitation simulation

After successfully loading the thermodynamic and mobility database (TDB and PDB file)
and the kinetic parameters database (KDB file), which contains kinetic parameters for both
the matrix phase and precipitate phases, the function for grain growth and precipitation
simulation is then being activated. To perform a concurrent grain growth and precipitation
simulation, choose from Pandat menu “PanEvolution - Concurrent Grain Growth
and Precipitation’, or click icon [ from the toolbar. A dialog box entitled “Grain
Growth and Precipitation Simulation”, as shown in Figure 5.36, pops out for
user’s inputs to set up the simulation conditions: alloy composition, thermal history and

initial structure.
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Define through GUI © Set Initial Structure

Import from ini' file Olo \_Worki3_Calculations\1_Pandat\PanPrecipitation!

Mone O

Figure 5.36: Dialog box for setting precipitation simulation conditions

* Alloy Composition: User can set alloy composition by typing in or use the Load

Chemistry function.

Thermal History: Arbitrary heat treatment schedule can be inputted, with a linear
Time-Temperature relationship (i.e., constant cooling or heating rate) at each two
consecutive rows. Time at the first row must be zero representing the initial time. The
thermal history set up in the Figure 5.36 represents an isothermal heat treatment for
10000 s at 800 °C, then constantly cooling to 550 °C within from 10000s to 30000 s.
Multi-stages of heat treatment can be set by adding more rows in the Thermal History

column.

Set initial Structure: Users can set initial structure through the function “import
from ‘.ini’ file” or “Define through GUI”. Click “Set Initial
Structure”, the dialog as shown in Figure 5.37 pops out for users to set initial
structure. From this dialog, users can set the initial structure for both the grain and
precipitate phase. In this tutorial, the initial average grain size is set as 1e-6 m (1um),
with "log_normal" distribution. After setting the initial structure, click “Export Ini.

File" to save the initial condition file.
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Figure 5.37: Dialog box for setting initial structure
5.5.2.5 Step 5: Customize Simulation Results

The same as all other calculations available in Pandat, upon the completion of the
precipitation simulation, a default table with related kinetic properties (such as time, total
transformed volume fraction, average size of each precipitate phase, number density of
each precipitate phase and nucleation rate of each precipitate phase) is automatically

generated and a default graph for average size changes is displayed in Figure 5.38.
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Figure 5.38: Default graph plotting average grain and precipitate particle size changes

5.5.3 Dynamic Recrystallization Simulation of Ni-14at.%Al Alloy

In this tutorial, the Ni -14 at% Al alloy is also used for dynamic recrystallization simulation in
PanEvolution. The related batch file (Ni-14A1 RX JMAK.pbfx), thermodynamic and
mobility database ( A1Ni Prep.tdb ) , Kinetic parameters database (Ni-14A1 RX
JMAK.kdb) and the initial condition file (A1-Ni.ini) can be found in the Pandat
installation folder "\Pandat 2025 Examples\PanEvolution\Grain

Recrystallization\JMAK":

5.5.3.1 Step 1: Create a Workspace

The same procedure as described in the previous tutorial Section 5.5.1.1
5.5.3.2 Step 2: Load Thermodynamic and Mobility Database
The same procedure as described in the previous tutorial Section 5.5.1.2
5.5.3.3 Step 3: Load Kinetic Parameters Database (kdb file)

The procedure is similar to the description in the previous tutorial Section 5.5.1.3 . The

"Defined Alloy parameters" in this kdb file is "Ni-14A1 Grain", as shown in Figure 5.39.
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' Select Alloy Parameters % |
Defined Alloy Parameters: Matrix Phase:
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Clear All
P View P

Filter:

Figure 5.39: Dialog box for selecting alloy parameter

Click the “View Parameters’, the “Create or Edit kdb Parameters” dialog pops
out as shown in Figure 5.40. The parameters in this kdb file contains not only the "matrix",
but also some other items "Matrix->Grain" to define the properties of the original grains,
"Grain->Dislocation" to define the dislocation density related properties, "Grain-
>RX" to define the parameters related to the recrystallization grains. The meaning of the

parameters are detailed shown in Section 11.3 .

Create or Edit kdb Parameters. X
Pre-Defined Alloy Parameters S
Al_Alloys
Alloy Name: NI14A1_Grain Import from kdb ® Grain? @ RX? o Add Precipitate | 3§ Delete Precipitate
Cu-Alloys
Matrx | Matrx>Grain | |CrSirE>Disiogsiion]
Fe_Alloys
Ni_Alloy 3
E ) RX_IMAK n

_Default
default

Default_Value

s for RX Physical Models

12 for RX Physical Models

User-Defined Variables for RX Physical Models

Double click the selscted Alloy to

importalloy parameters. Save Compact Format (J Save and Load Save As oK

Current kdb:  D:\_Worki3_ | 2023 pl i f |_RX_JMAK kdb

Figure 5.40: Parameters for matrix grain in the “Create or Edit kdb Parameter” dialog
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5.5.3.4 Step 4: Grain Growth and Recrystallization simulation

After successfully loading the thermodynamic and mobility database (TDB and PDB file)
and the kinetic parameters database (KDB file), which contains kinetic parameters for the
matrix grains, dislocation density and recrystallization grains, the function for grain growth

and Recrystallization simulation is then being activated.

To perform a grain growth and recrystallization simulation, choose from Pandat menu
‘PanEvolution/PanPrecipitation - Grain Growth/Recrystallization”, or
click icon fg] from the toolbar. A dialog box entitled “Grain Growth and
Recrystallization Simulation”, as shown in 5.5.3, pops out for user’s inputs to set

up the simulation conditions: alloy composition, processing history and initial structure.

Grain Growth and Recrystallization Simulatio X

Alloy Composition

Vale Processing History: 8 Usc Rats? R E = oK

Cancel
roxa) 014 TemperaturelK] | dT Stain(EPS) | dEPS =
0.000000 118300 0.0000 00000 00100 Options
0.00 0.0000 0.0000 00000 B Ouputs

0.000000 0.00 0.0000 0.0000 00000 | (e

‘Save Condtion

x(Ni) 086

Total |1 [

‘Select Comps

Parameters

13 - Load Chemistry
Save Chemistry
596.5-

Temp[K]

Strain

0 130 260 0 130 260
time[second] time[second]

Intermediate PSD Outputs: & X

Initial Structure.

time [sec]
Equil. Caleulation O Te 2000 (Equilibrium phases will not evolve)

Define through GUI O

Importfrom "ini' file @ D\ Worki3_C: 1 2023

Nene O

Figure 5.41: Dialog box for setting grain growth and recrystallization simulation conditions

* Alloy Composition: User can set alloy composition by typing in or use the Load

Chemistry function.

* Processing History: Select the "Use Rate?" to define the conditions as Rate. This
condition shown in Figure 5.41 is at 1193 K with strain rate of 0.01 s*1 for 260

seconds.

* Set initial Structure: Users can set initial structure through the function “import
from ‘.ini’ file” or “Define through GUI". In this example, the "Al-

Ni.ini"file is imported as the initial structure.
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5.5.3.5 Step 5: Customize Simulation Results

Similar to all other calculations available in Pandat, upon completing the recrystallization
simulation, a default table containing relevant kinetic properties — such as time, strain, true
strain, volume fraction of grains and recrystallized grains, grain size, dislocation density,
and vyield strength (sigma_y) — is automatically generated. Two default graphs are also
plotted: one for the volume fraction of grains and recrystallized grains, and another for yield
strength versus true strain, as shown in Figure 5.42. Using the data from the default table,
users can create additional plots, such as recrystallized grain size and average grain size,

as illustrated in Figure 5.43.
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Figure 5.42: Default plots in the recrystallization simulation
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Figure 5.43: The simulated average grain size during the dynamic recrystallization

process



6 PanDiffusion

PanDiffusion is a module of Pandat software designed to simulate kinetic processes
dominated by elemental diffusion. PanDiffusion provides a rich variety of applications
including particle dissolution, carburization, decarburization, homogenization, phase

transformation, diffusion couple, and so on.

PanDiffusion is seamlessly integrated with the user-friendly Pandat Graphical User
Interface (PanGUI) as well as thermodynamic calculation engine, PanEngine. The interface
between PanDiffusion and PanEngine is managed through PanDataNet. The
implementation of PanEngine guarantees reliable input data, such as chemical potential,
phase equilibrium and mobility. Figure 6.1 shows an overall architecture of the PanDiffusion

module.

Calphad Modeling (PanEngine) <:=':| Thermodynamic &

Mobility Database

Driving force, phase
equilibrium,
mobility data
N y
PanDataNet
Updated [
concentration
profile \/

Time Integration Algorithm

Time Evolution of
> Concentration/Volume Fraction
Profile

Figure 6.1: An overall architecture of the PanDiffusion module
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6.1 Features of PanDiffusion

6.1.1 Overall Design

* Time evolution of composition profile, phase volume fraction, and phase composition.
* Multiple selections of thermal history, boundary condition and geometry.

* Applications including particle dissolution, carburization, decarburization,

homogenization, phase transformation, and diffusion couple.
6.1.2 Kinetic Model

Figure 6.2 shows a schematic plot of a composition profile in a diffusion couple. In the
simulation, the sample is divided by grids with equal width. The numbers, 1, 2, 3, ..., n,
indicate grid id. The solid black and dashed red lines means inter-grid interface. What is
more, the red dashed line between (i-1)-th and i-th grids indicates the position of a sharp
interface of this diffusion couple. Inter-grid flux is calculated following Fick’s first law. The
interface between different phases have different special treatments such as “moving-
boundary” model and " plain" model. Moving-boundary model is especially required for
simulating Solid-Liquid interfaces. An example for simulating the diffusion between solid Al
and liquid Zn is provide in the example folder (See AlZn Solid Liquid diffusion
couple.pbfx). Composition of each grid, which is indicated by solid blue line in Figure
6.2, is calculated following Fick’s second law. The discrete composition profile represents a
continuous composition profile of gray dashed line. Chemical potential, mobility, phase
equilibrium and related properties are updated for each grid after calculating the

composition.
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' |
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w
[}
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1 2 3 i-3 -2 -1 i i+l i+2 n-2 n-l n

Figure 6.2: A schematic plot of a composition profile in a diffusion couple
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6.1.2.1 Flux Model

The evolution of each grid’s composition is controlled by the inter-grid flux which is
calculated based on absolute reaction rate theory [1941Gla]. At the lattice-fixed frame of

reference, the flux is:

_ _MRT [ i i+l . Ay
Ji = Vonz \V ZkTE X 2 sinh( 55 (6.1)

Where J, is the flux of k-th element between the grid i and the grid i+1. M, is effective

mobility, R is the gas constant, T is temperature in Kelvin, V,, is molar volume, A is the
thickness of grid interface and in most cases calculated as average grid size, fL’Z and %'ZH
are molar fraction of k-th element at the grid i and the grid i+1, Apuy is the chemical potential
difference of k-th element between the grid i and the grid i+1. The sinh is the hyperbolic

sine function. For convenience of calculation, a composition profile is observed at a volume-

fixed frame of reference, and the flux of substitute element is transformed to
IV =Jp —ax > Ik,

Then the amount of k-th element (n; ) of each grid can be updated according Fick’s 2nd

law:

d’nk . —’V —
S =—llg I -dS (6.2)
Where unit normal vectors point outward from the grid.

6.2 Get Started

Diffusion simulation usually follows the following procedures.

6.2.1 Create a PanDiffusion Project

User can create a PanDiffusion project through menu “File - Create a New
Workspace” or “File - Add a New Project”in an existing workspace. The “Module
Window” pops out for user to choose a module for the new project as shown in Figure 6.3.
Choose “PanDiffusion” module for diffusion simulation, and the PanDiffusion project will be

created after user click on Create button or double click on the PanDiffusion icon.
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Create a New Workspace i
s
F!1 |
‘.L i D
PanPhaseDiagram PanOptimizer PanEvolution PanPhaseField lidit i
An empty project for diffusion simulation.
Location
Project Name: default
Directory: C:\Usersisongm|OneDrive\Documents\CompuTherm LLCIPandatTempitemp_0\Default Workspace
Workspace Name: default
New project will be created at C:\..\PandatTemplternp_D\Default
B Create workspace in a default temporary folder Create Cancel

Figure 6.3: Creating a PanDiffusion workspace

6.2.2 Load Thermodynamic and Mobility Database

The next step is to load the database, which is FeCrNi . tdb in this example. Different from

the normal thermodynamic database, this database also contains mobility

data for the

phases of interest in addition to the thermodynamic model parameters. Both are needed for

carrying out diffusion simulation. By clicking the g icon on the toolbar, a popup window will

open, allowing user to select the database file.

6.2.3 Start PanDiffusion Module

Perform diffusion simulation through the menu bar (Figure 6.4) or the tool bar icons (Figure

6.5). PanDiffusion deals with diffusion process in two strategies, Settings in General

Diffusion Simulation and Settings in Particle Dissolution Simulation.

£ Pandat Software by CompuTherm, LLC — [m] X
File Edit View Databases BatchCalc PanPhaseDiagram  PanPrecipitation PanOptimizer | PanDiffusion | PanSolidification  PanPhaseField Preperty Table Graph Help
GEIE W | % X BB &M A B G EE Diffusion Simulation IABEEHeELRIPIL
4 T2 [# Dissolution Simulation
Figure 6.4: Menu functions of PanDiffusion

£ Pandat Software by CompuTherm, LLC — [m] X
File Edit View Databases BatchCalc PanPhaseDiagram  PanPrecipitstion PanOptimizer PanDiffusion  PanSolidification  PanPhaseField Property Table Graph Help
CDEISHH I % BB &S A GG E S FEHRERSAE A0 BEEeEERIBIL

AL 2

Figure 6.5: Toolbar icons of PanDiffusion
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6.3 Settings in General Diffusion Simulation

User can perform variety of diffusion simulations by PanDiffusion module. All types of
simulations, except for particle dissolution, share the same general graphic user interface
(GUI) to set up simulation conditions. This GUI can be accessed through the menu bar

"PanDiffusion- Diffusion Simulation", or by clicking[#]on the Toolbar. Figure 6.6

shows the GUI interface of general diffusion simulation.

X

Diffusion Simulation

Diffusion Conditions oK
All Regions (click on each individual region for settings): ’i?‘ Thermal History: x = | Cancel
T 1
Region_1 Region_2 ‘ Giem
uniform Comp. uniform Comp. 0-00| 1000.00 Extra Outputs
2 1 1
®. oo Condiion
ings for the Region [Region_1]: . 000 000 | ["Sve Condon
Region Composition Distribution:  uniform V‘ | l Select Phases I
Region Composition Right End Select Comps
Value Value 1010
» » 1 a
*(Cr) 0.1 x(Cr) 0 g 1000
x(Fe) 02 x(Fe) 0.2  oan
x(Ni) 07 » x(Ni) 0.7 0 1 2
Total: 1 Total 1 tIITIe(hOI.IT)
K| Moments for Profile Outputs: ‘+H*‘
time [hr]
0t Lt o
Boundary Conditions Simulation Conditions
Upper Boundary Condition: | closed v
Value: | ‘ Geometry: | planar v Inner Radius [um]: 0.000000
Lower Boundary Condition: | closed ~|

Ve | | efece Fux Model automatie # of Grids:
alue Cross

Figure 6.6: The general diffusion simulation condition setting GUI

6.3.1 Set Units

In the GUI of PanDiffusion, unit settings can be accessed through “Options -

Calculation - Units”. Please referto Section 3.2.3 for details.

6.3.2 Select Phases

By clicking “select Phases” as highlighted by the red box in Figure 6.6, user can select
phases involved in the diffusion simulation on the system level. By default, all the phases in

the alloy system are selected, while user can deselect some of them as wishes. In addition,
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user can also select phases for each region by clicking “Select Phases” as highlighted

by the green box in Figure 6.6. By default, phase selection for each region follows the

global setting in the system level.

6.3.3 Set Initial Composition Profile

In the GUI of PanDiffusion, initial composition profile is assigned region-by-region. In each

region, composition profile can be:

* Uniform: the composition of each element in the selected Region is a constant.

When “uniform” is selected, a homogenous “Region Composition” can be set.

Settings for the Selected Region [Region_1]:

Region Composition Distribuhon:l uniform

v I Select Phases

Region Composition
Value
x(Fe) 0.2
x(Ni) 0.7
Total: 1

Right End

Figure 6.7: “Uniform” composition of a region

* Linear: a linear composition interpolation is set from the left edge to the right edge of

the selected Region. When “linear” is selected, both “Left End’ and “Right

End” compositions need to be set.

Settings for the Selected Region [Region_1]:

Select Phases

IRegionCompositionDistribution: linear v I

Left End

P x(Cr)
x(Fe)
*(Ni)

Total:

»
< |

Right End
: Value
x{Cr) 0.2
x(Fe) 0.3
x(Ni) 05

Figure 6.8: “Linear” composition of a region
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* Input_file: Load composition profile from a tab-delimited . dat (or . txt) file with the

following two kinds of formats:
Format (I): the distance is specified for each element, which is usually the case when
using experimental data. The 1st row contains the name of each column, the 2nd row

contains the unit definition, and value starts from the 3rd row.

distance(Cr) x(Cr) distance(Ni) x(Ni)
meter X meter X
3.92E-07 0.307 3.90E-07 0.693

Format (Il): the distance is specified in the 1St column, the composition of every
element correspond to the same distance. This format is usually obtained by digitizing
data from literature. The 1St row contains the name of each column, the 2"9 row

contains the unit definition, and value starts from the 3rd row.

distance(*) x(Cr) x(Ni)
meter X X
3.92E-07 0.307 0.693

The unit of distance can be: meter (or m), millimeter (or mm), micrometer (or um),

nanometer (or nm) and angstrom (A). The unit of composition can be: x for mole fraction, x%

for mole percentage, w for weight fraction, and w% for weight percentage. Note that, the

units in the input file will override setting in “Options - Calculation - Units” and

the input file is case insensitive.

6.3.4 Delete or Add a Region

In the GUI of PanDiffusion, there are two Regions by default. In the following cases, single

region is recommended:

* Only one input composition profile

e Carburization, decarburization, or other surface flux process, with a homogeneous
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initial composition profile
* Homogenization of a linear composition profile
The redundant region can be removed by first selecting the Region, then clicking

button as shown in 6.3. If diffusion is among three or more Regions, Regions can also be

added one by one by clicking & .

Diffusion Conditions |
All Regions (click on each individual region for settings): @
Region_1 Region_2
uniform Comp. uniform Comp.

Figure 6.9: Add or delete a region calculation

6.3.5 Set Regional Length
In the GUI of PanDiffusion, “Dif£f. Length”is the length of a region.

Settings for the Selected Region [Region_1]:

Region Composition Distribution:  uniform v|

Value Value
x(Cr) 0.1 b x(Cr) 0.1
x(Fe) 02 x(Fe) 0.2
x(Ni) 07 |ﬂ| x(Ni) 0.7
¥ Total |1 Total |1
“

Diff Length [um]

Figure 6.10: Length in a region

6.3.6 Set # of Grids
In the GUI of PanDiffusion, number of grids is set for the entire simulation box and is

distributed automatically to each region.
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Simulation Conditions

Geometry: | planar ~ Inner Radius [um]: 0.000000

Interface Flux Model: | automatic ~ # of Grids:

Figure 6.11: Number of grids
6.3.7 Set Thermal History

In the GUI of PanDiffusion, “Thermal History” controls temperature and the duration at
each temperature. The setting in Figure 6.12 indicates that the temperature increases

linearly from 500°C to 1000°C by 100 hours (5°C/hour).

Thermal History: |* = | =
timefhour] | Temperature[C]

0.00 500.00

> | 100.00 1000.00

. 0.00 0.00

Figure 6.12: A linearincrement of temperature

The setting shown in Figure 6.13 means that the sample is held at 500°C for 100 hours,
and then the furnace temperature is suddenly increased to 1000°C and held there for

another 100 hours.

Thermal History: | * o | = |
timelhour] Temperature[C]
0.00 500.00
100.00 500.00
100.00 - 1000.00
200.00 | 1000.00
0.00 0.00

Figure 6.13: A step-like thermal history

6.3.8 Add Moments for Profile Outputs
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For a calculation set up through GUI of PanDiffusion, two moments of profiles, initial and
final, will be provided by default. To add more intermediate moments of profiles, click €

besides the “Moments for Profile Outputs”, and edit time of the expected moment.

Moments for Profile Qutputs: Eﬂi *
time fhr]
13

Figure 6.14: Add a moment for profile output at 1.3 hour
6.3.9 Set Geometry

In the GUI of PanDiffusion, “Geometry” under “Simulation Conditions” decides the
shape of inter-grid interface. By default, “planar” is used for most diffusion couple
simulations. When particle homogenization or transformation is performed, “spherical” or

‘eylindrical” could be selected depending on the problem of interest.

Simulation Conditions

Geometry: Inner Radius [um]: 0.000000
planar
cylindrical )

Interface Flspherical ~ # of Grids: 100

Figure 6.15: Select the geometry
6.3.10 Set Inner Radius

When geometry other than “planar” is selected, user can set inner radius of cell, to
simulate for a tube or shell geometry. When “ecylindrical” geometry is selected, and the
inner radius is non-zero, tube geometry is set up. When “spherical” geometry is selected,

and the inner radius is non-zero, shell geometry is set up.
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Simulation Conditions

Geometry: | spherical ~ Inner Radius [um]: 1.000000

Interface Flux Model: | automatic ~ # of Grids: 100

Figure 6.16: Set Inner Radius

6.3.11 Set Interface Flux Model

In the GUI of PanDiffusion, “Interface Flux Model” under “Simulation
Conditions” decides how the grid composition evolves at the interface between different
phases. The option “automatic” is selected by default, which chooses the interface flux
model automatically based on the number of phases selected in each region. When
“plain” is selected, the mobility of the solute elements is determined by the weighted
average of the mobilities of the individual phases occurring in a grid point (See the Section
6.3.13 ). When "moving boundary" is selected, a sharp interface model is used to

calculated the flux across the phase boundary which does not require the effective mobility.

Simulation Conditions

Geometry: | planar e Inner Radius [m]: 0.000000
Interface Flux Model: # of Grids: 100

automatic

bounda

Figure 6.17: Select interface flux model

6.3.12 Set Boundary Conditions

There are “Upper Boundary Condition” and “Lower Boundary Condition” in

PanDiffusion. Their definitions are illustrated in the following figure:
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Condition

Lower Boundary Upper Boundary

Condition

\

T

Simulation box /

Region 1 | Region2 | Region... | Region N

Left-hand side of Right-hand side of
simulation box simulation box

Figure 6.18: Definition of boundary conditions

* Fixed activity at boundaries can be set following the format:

Boundary Conditions

Upper Boundary Condition: | activity b

Value: |a(C:graphite[])=1E-5 |

Lower Boundary Condition: | activity .

WYalue: |al:ﬂ:graphite[*]:l=ﬂ.9 |

Figure 6.19: Set fixed activity as a boundary condition

* Mass flux expression at boundaries can be set following the format:

Boundary Conditions

Upper Boundary Condition: | closed e
Value: | |
Lower Boundary Condition: | flux e

Yalue: |.J (C)=-8.25E-9*(a(C:Graphite[*])-0.64 ]J’?&DD|

Figure 6.20: Set mass flux expression as a boundary condition

* Fixed composition of boundaries can be set following the format:
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Boundary Conditions

Upper Boundary Condition: | closed b

Value: | |

Lower Boundary Condition: |fixed_composition

x%(C)=3.0 |

Value:

Figure 6.21: Set fixed composition as a boundary condition

6.3.13 Set Effective Mobility (Advanced option)

If the “ Interface Flux Model ” chosen is “plain”, then the choice of the effective
mobility determines the flux across the interface. More details about the various effective
mobilities definition can be found in [2009Lar] The default choice for the effective mobility is
“HS lower”. It would be mentioned in the input batch file as shown below.
<diffusion>
<integral settings value="automatic" />
<Runge7Kuttaiorder value="1" />
<relative7tolerance value="1e-05" />
<profiles>
<profile time="0" />
<profile time="1" />
<profile time="10" />
</profiles>
<interface flux model value="plain" />

<effective:mobiiityimodel value="HSilower" />
</diffusion>

Figure 6.22: Define effective mobility in the batch file

Based on the expected distribution of phases within the grid point, the effective mobility
should be chosen as shown in the table below. Sometimes, the user may not know the
choice between “HS upper” and “HS lower” as they don’t know the mobility of individual
phases. In such cases, they can use the option “HS matrix:YYY” where YYY is the
expected matrix phase (i.e. the connected phase) in the microstructure. Additionally, "H
major” option is also available where the majority phases will be considered as the

connected phase.
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Table 6.1: Options for effective mobility in PanDiffusion

lllustration of Phase Distribution Effective Mobility

HS_ upper (Hashin- Shtrikman Upper
Bound)

HS_ lower (Hashin- Shtrikman Lower

Bound)

WA _upper (Weiner Upper Bound)

WA _lower (Weiner Lower Bound)

, [2]: Phase distribution a and 8 within the grid point,
Individual phase mobilities Af@ > MPB
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6.4 Settings in Particle Dissolution Simulation

The features of general GUI for diffusion simulation have been demonstrated in Section 6.3
In this section, we will present the features of the special GUI for dissolution simulation,

which can be accessed through "PanDiffusion — Dissolution Simulation", or by
clicking f#] on the Toolbar.

Settings for units, number of grids, geometry, interface flux model, thermal history
and output profiles follow the same way as those in general GUI. The phases are selected
globally in dissolution GUI. There is no regional setting in dissolution simulation. The global

phase setting follows the same way as the general GUI.

6.4.1 Set Alloy Composition

In the dissolution GUI, overall composition of an alloy is set in the following section:

Alloy Composition

Value

P xSa(Al) §8.45
x%(Cu) 155
Total: 100

Figure 6.23: Alloy composition in dissolution simulation GUI

6.4.2 Set Matrix and Particle Information

Matrix phase and particle phases are explicitly selected in the “Phase Information’
section. There can be more than one particle phases. For each particle phase, particle

radius and volume fraction need to be set up.

Phase Information

Matrix Phase: |Fec w
Particles: 'ﬂi *
Phaze Mame Particle Size[um] Wol. Fraction
AlCu_Theta |~ 3 0008
AlCu_Theta |~ 1 0.001

Figure 6.24: Matrix and particle information in dissolution simulation
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6.5 Tutorial

Several examples are given below to demonstrate how to use PanDiffusion module.

6.5.1 Diffusion Couple with Uniform Composition Input

In this tutorial, the diffusion simulation on a diffusion couple with uniform composition at
each side (as shown in Figure 6.25) is carried out. The annealing temperature is 1000 °C
and the duration is 2 hours. “Region_1" represents the left-hand side of this diffusion
couple, and “Region_2" represents the right-hand side of this diffusion couple. Each region
is 100 um and the simulation box is discretized to 100 grids.

Region_0: 50 grids L Region_1: 50 grids

"
\ 4

m
N

0.8

06 =x(Cr)
—X(Fe)
——x(Ni) == Solvent element

0.44

Mole Fraction

0.2

0 50 100 150 200
Distance[micrometer]

Figure 6.25: Initial conditions of the diffusion couple simulation

6.5.1.1 Set up Initial Condition for Diffusion Simulation

In order to set the above conditions in PanDiffusion, click through the menu bar
"PanDiffusion- Diffusion Simulation", or by clicking ] on the Toolbar., a popup
window will show and allow user to set up calculation conditions (as shown in Figure 6.26

and Figure 6.27).
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Diffusion Simulation

Dffusion Conditions
All Regions (click on each individual region for settings): % Thermal History: xR &
— timefhour] | Temperature(C]
egion_2
200 1000.00
- 000 0.00
uniform v Select Phases
Value Value
x(Cr) 0.1 b x(Cn 0.1
[}
x(Fe) 02 x(Fe) 02 =S o | l I
xN) |07 AN |07 0 1 2
> Tl |1 Totak |1 time(hour)
P e Pl ) e &%
time fhr]
100
Boundary Conditions Simulation Conditions
Upper Boundary Condition: | closed -
| R R
Lower Boundary Condition: | closed e N
Valoe: [ | Interface Flux Model: | automatic v #of Grids:
falue:

i

Figure 6.26: Dialog window for user to set the composition of Region_1

Diffusion Simulation

e

1
Hl

Diffusion Conditions
All Regions (click on each individual region for settings): TS
Region_1
uniform Comp.
click on Region_2 first
uniform v Select Phases
Value Value
x(Cr) 03 » x(Cn 03
x(Fe) 0.1 x(Fe) 0.1
x(Ni) 06 x(Ni) 06
time(houl
P Towh |1 Totat |1 me(hour)
Moments for Profile Outputs: o] ¢
time fhr]
100
Boundary Conditions. Simulation Conditions
Upper Boundary Condition: | closed ~
Value: | | Geomeny. Inner Radius [um: 0.000000
Lower Boundary Condition: | closed hd N
- e r—— ot
falue:

T
1

Figure 6.27: Dialog window for user to set the composition of Region_2 and diffusion

simulation conditions
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Click Region_1 to set up the composition of the left-hand side as shown in Figure 6.26,
and click Region_2 to set up composition of the right-hand side as shown in Figure 6.27.
Details regarding the interface design will be described in Section 6.3 . Constant annealing
temperature is set as 1000 °C, and annealing time is 2 hours.

As is highlighted by the green box in Figure 6.27, the simulation condition can be saved
to a “.pbfx” file by selecting “Save Condition”. The saved condition can be loaded by
clicking “Load Condition” for the future usage. When a condition is loaded from “. pbfx”

file, the settings in the GUI are updated accordingly.
6.5.1.2 Simulation Results

Click oK button in Figure 6.27 to start the simulation after the initial condition is set properly.
The simulation result is displayed in Figure 6.28.

In this case, only the initial and final composition profiles are presented: the dotted lines
with sharp interface are for the initial stage and the solid lines with smooth interface are for

the final stage.

0.7 —~
t=0 t=2h

- 0.5
9
=
(&)
o
(TR
Q<
S
= 03

0.1 ; . ,

0 50 100 150 200
‘3 Distance[micrometer]

Figure 6.28: Output graph showing the initial and final composition profiles

6.5.1.3 Customize Simulation Results

As all other calculations available in Pandat, upon the completion of the diffusion

simulation, a default table of properties (such as time, temperature, grid size, distance,
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composition distribution, volume fraction and chemical potential) is automatically generated
and a default graph of composition profiles is displayed. User can refer to Section 2.4 and

Section 2.5 to learn how to customize simulated graph and table.

6.5.2 Diffusion Simulation with Composition Profile Input

In this tutorial, the Fe-Ni-Cr alloy is taken as an example to demonstrate a diffusion
simulation with a composition profile input. The format of input file is discussed in Section
6.3.3 . The database file mentioned in this section, “FeCrNi.tdb”, can be found in the
installation folder of Pandat. In general, user should follow the following steps to carry out a

diffusion simulation:
6.5.2.1 Set up Initial Condition for Diffusion Simulation

Figure 6.29 demonstrates the conditions of this simulation. The initial composition profile
from the input file is displayed in this figure. The length of the profile is 200 ym and is
discretized to 100 grids.

To set the above conditions in PanDiffusion, click through on the tool bar, or from the
menu “PanDiffusion- Diffusion Simulation” a popup window as shown in Figure
6.26 will allow user to set up calculation conditions. In Figure 6.30, “Region_2" is deleted
firstly. Please refer to Section 6.3.4 on how to delete a region. In the remaining “Region_
17, select “input_file” from “Region Composition Distribution”, and click
“‘Browse” to load a .dat (or . txt) file which contains composition profile. Annealing time
(100 hours in total) and annealing temperature (1200 °C) are set. Add an intermediate
output at 10 h in the “Moments of Profile Outputs” to observe simulation process.

Please refer to Section 6.3.8 on how to add a moment of profile output.
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0.68

Mole Fraction

0.28

o

IS

©
1

B Region_0: 50 grids R
.M —
—x(Cr)
—X(Fe)
—x(Ni) == Solvent element
0 50 100 150 200

Distance[micrometer]

Figure 6.29: Initial conditions of the diffusion simulation with a composition profile input

Diffusion Simulation x
. |
All Regions (click on each individual region for settings): mm Cancel
Region_1 L
File: example_profile.dat| Exira Outputs
Load Condition
Settings for the Sel d Region [Region_1]: Do
I Region Composition Distribution: linouuile v ‘ ‘ Browse ‘ ‘ Select Phases ‘ I o
Region Composition Right End Select Comps
Value Value 1210
P xiCrn) 0 » xCn 0 E— 1200
@
x(Fe) 0 x(Fe) 0 [ 1150
190
x(Ni) 0 5] x(Ni) 0 0 50 100
Total [0 T 0 time(hour)
“ Moments for Profile Outputs:
time [hr]
10
Diff. Length [m] 0.0001
Boundary Conditions Simulation Conditions
Upper Boundary Condition: | closed v
Value: | Geometry: | planar v Inner Radius [m]: 0.000000
Lower Boundary Condition: | closed ~
Value: | | “ Interface Flux Model: automatic # of Grids:
‘alue: e

Figure 6.30: Dialog window for user to input diffusion simulation conditions and

composition of Region_1

6.5.2.2 Simulation Results

Click oK button in Figure 6.30 to start the simulation after the initial condition is set properly.

The simulation result is displayed in Figure 6.31. Please refer to Section 2.4 of this user

manual to add text, legend, and change the appearance of the figure.
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As is seen in this figure, the initial serrated composition profiles were smoothed out
after 10 hours of annealing at 1200 °C, and the material is homogenized after 100 hours of

annealing.

0.68 -

—x(Cr)
—x(Fe)

0.48 —x(Ni)

Mole Fraction

0.08

‘3 Distance[micrometer]
Figure 6.31: Output graph showing the initial and final composition profiles

6.5.3 Dissolution Simulation

In this tutorial, the A1-cCcu alloy is taken as an example to demonstrate a dissolution
simulation. The GUI of dissolution is discussed in Section 6.4 . In general, user should

follow the following steps to carry out a dissolution simulation:
6.5.3.1 Set up Initial Condition for Dissolution Simulation

The particle is assumed to be spherical and have a radius of 3 um, and its volume fraction is
0.008. The overall composition of the systemis 98.45A1-1.55Cu (at%). The simulation

box is digitized to 100 grids.
To set the above conditions in PanDiffusion, click on the Toolbar or from the menu
"PanDiffusion - Dissolution Simulation", a popup window as shown in Figure

6.32 will allow user to set up calculation conditions. In “Al1loy Composition” section, the

overall composition of A1-Cu alloy is set to 98.45A1-1.55Cu (at%). In “Phase
Information” section, set “Matrix Phase” as Fcc. In “Particles” subsection, click &

bottom to add a particle, set “Phase Name” as A1Cu_Theta, set “Particle Size” as 3

pm, and set “Vol. Fraction” as 0.008. In “Simulation Conditions” Section, set
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‘Geometry” as spherical, and set “# of Grids” as 100. In “Thermal History’

section, temperature is set as 550°C, and heat treatment duration is set as

2000 seconds.

Add additional intermediate outputs at 100s, 500s and 1000s in the section “Moments

for Profile Outputs”, then click “OK” to start the calculation.

Dissolution Simulation

Alloy Composition

Thermal History:

Value

Xae

> xa) 0.9845

0.00

550.00

x(Cu) 0.0155

Total: 1

2000.00

550.00

0.00

Phase Information
Matrix Phase: |Fecc > ‘ %
_ E 550
Particles: E‘ (7}
X 5
Phase Name Particle Size[um] Vol. Fraction 540
AICu_Theta |V |3 0.008 0 1000 2000
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Moments for Profile Outputs: lim
time [sec)
100
Simulation Conditions 500
Geometry: |spherical v | #of Grids: 1000
Interface Flux Model: ‘aubmabc e ‘

Figure 6.32: Dialog window for user to input dissolution simulation conditions

6.5.3.2 Simulation Results

Click oK button in Figure 6.32 to start the simulation after the initial condition is set properly.

The simulation results are displayed in Figure 6.33 and Figure 6.34. Please refer to Section

2.4 of this user manual to add text, legend, and change the appearance of the figure.

Figure 6.33 shows the particle size change with time, from 3 ym (radius) at beginning to

zero after annealing at 550 °C for ~1000 seconds. Figure 6.34 shows diffusion between

particle and matrix and the composition profiles at Os, 100s, 500s, 1000s, and 2000s. It is

seen from Figure 6.15 that the particles are completely dissolved after annealing for 2000s.
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Figure 6.33: Output graph showing the

time evolution of particle radius
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PanSolidification is a module of Pandat software designed to simulate solidification
behavior under a variety of conditions with different cooling rates. It is an extension of the
Scheil model taking into consideration of back diffusion in the solid, secondary dendrite arm

coarsening, and the formation of eutectic structure.

Input i Thermodynamic | | Mobility || Kinetic-parameter ;

Databases 'l database database database |
Srerccecelececnes e e e e e s e v

i 4 4 \ 4 \:

Pandat™ |/ |

Software | PanEngine || PanSolidification | |

| /
..

i' [ Solidification Microstructure | ‘i

Output |: :

Results | | Solidified phas?s and their fractions, More... E

1 SDAS, Microsegregation i

Figure 7.1: An overall architecture of the PanSolidification module

It is seamlessly integrated with the user-friendly Pandat Graphical User Interface
(PanGUI) as well as thermodynamic calculation engine, PanEngine. The implementation of
PanEngine guarantees reliable input data, such as chemical potential, phase equilibrium

and mobility. Figure 7.1 shows an overall architecture of the PanSolidification module.

7.1 Features of PanSolidification
7.1.1 Overall Design

* The system composition profile, phase fraction, and phase concentration evolution

during solidification
* Secondary dendrite arm spacing (SDAS) evolution during solidification.

* Back diffusion in the primary matrix phase during the solidification process.
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7.1.2 Data Structure

Thermodynamic and mobility parameters are stored in TDB file, and the kinetic parameters
for undercooling and coarsening effects are stored in an SDB file in “Extensible Markup
Language” (XML) format, which is a standard markup language and well-known for its
extendability. In accordance with the XML syntax, a set of well-formed tags are specially
designed to define the back diffusion model for the morphology of primary phase and its
corresponding model parameters such as interfacial energy, latent heat, coarsening
geometric factor, dendrite tip factor, solute trapping parameter, solid diffusivity factor and

boundary layer factor.

7.2 Numerical Model

The PanSolidification module, developed by coupling a solidification micro-model with a
modified Scheil approach, incorporates back-diffusion, undercooling, and dendrite arm
coarsening. Figure 7.2 depicts a dendrite with a primary trunk and symmetrically distributed
secondary arms, where the secondary dendrite arm spacing (SDAS) is denoted as A,.
Solidification is typically modeled using a one-dimensional morphology within the
interdendritic region (enlarged in the lower part of Figure 7.2). Due to the symmetry of the
dendrite arms, mass flow through the arm center is negligible, allowing only half of the arm

spacing to be considered.

Solid Liquid
0.5%,

Figure 7.2: A schematic diagram of dendrites in the solid and liquid region
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7.2.1 Back Diffusion in the Solid

The evolution of the concentration profile for component i in the considered dendrite arm is

shown schematically in Figure 7.3.

Ci(t+An)

0

&
2 I ——

X ((+AD) X, (1~ A1)

%

L(r+An= 5

Figure 7.3: A schematic plot showing the composition distribution of componentiin a

dendrite arm at time f and f+Af
Cf, and Cfg are compositions of component i within the liquid and solid phases (given the

unit of wt.% in this work), respectively. V is the velocity of S/L interface. During the time
interval At, the S/L interface advances Axg (due to solidification) and the length of the
solidification region increases by AL (due to the SDAS coarsening). For the current
solidification simulation at each time step, three major tasks are carried out: (1) calculate
the composition of each component at the S/L interface including the undercooling effects
and local-equilibrium conditions; (2) solve the diffusion equations within the solid phase; (3)
update the length scale to conserve mass balance for every component. More detailed

description on the back diffusion can be found in some textbooks [1974Fle, 1985Kur].
7.2.2 Micro-Model for Dendrite Arm Coarsening

The initial SDAS is about twice of the dendrite tip radius: \q = 2rr and r¢ is described as a

function of initial alloy composition, growth rate, and independent of temperature gradient:

2'7DLTO 5

T2 =
T = VAT kAH; (7.1)
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where V, AT, ke are the interface solidification velocity, freezing temperature range, and
equilibrium partition coefficient, respectively. & is a constant being dependent on the

harmonic of the perturbation.

The dendrite arm spacing needs to be known since it sets the diffusion distances in the
liquid and solid phases. Owing to the re-melting and re-solidification mechanism, dendrite
arm coarsening contributes significantly to homogenization during solidification. The

calculation of coarsening is described as below [1986Ro0]:

2 — 2} = [! gMadt (7.2)

) is the initial SDAS obtained from the calculated dendrite tip radius as described in above

Eqg. 7.1, and ) is the model predicted SDAS at a certain time. M is coarsening parameter

which is proportional to)\1/3, t is time and g is the geometry factor representing the influence

of the dendrite geometry.

For a binary system, the coarsening parameter M is defined as [1990Ro0]:

’)’DLT

M= famam (7.3)

For a multi- component system, the coarsening parameter must be calculated
separately for each alloying element. Then, the following model is used to take into

consideration all the solute elements:
M==1—
Y 1/M; (7.4)
All phase equilibrium related quantities needed in the above equations (such as m|_ and
ke) are directly calculated via PanEngine [2009Cao] at each time step by assuming the local

equilibrium at the liquid/solid interface.
7.2.3 Solute Trapping Effect

One of the key assumptions of the Scheil solidification model is that the solid-liquid
interface remains in equilibrium. However, under rapid solidification conditions—such as
those encountered in additive manufacturing—the interface deviates from the equilibrium

tie-line due to the finite diffusivity of solutes in the liquid phase. When the diffusional velocity
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of solutes, Vp, becomes comparable to the solid-liquid interface velocity, 1/, local

equilibrium can no longer be maintained, resulting in the solutes being effectively trapped

within the solid phase. This phenomenon is known as solute trapping [2020Pin].

Under typical additive manufacturing processing conditions (7 ranging from 0.1 to 1
m/s and cooling rates of 103 — 108 K/s), partial solute trapping occurs, leading to an
increase in the partition coefficient (k = ws/wL) from its equilibrium value (k < k. ), while
still remaining below 1 (k < 1). Complete solute trapping (k= 1) is only observed at
significantly higher interface velocities (V >> 10 m/s).

In PanSolidification, we employ the Ludwig model [1998Lud] to describe partial solute
trapping. This model, directly coupled with our CALPHAD databases, predicts solute
trapping using chemical rate theory. It accounts for atomic exchanges among all possible
solutes (i.e., solute redistribution, as illustrated in Figure 7.4) and enables the simulation of

solute trapping in arbitrary multi-component alloys.
The interface velocity, v, in the Ludwig model is related to the chemical driving force,

AGpr (red arrow in Figure 7.5), through the following expression:

V =V, exp (AGpr — BAGsp) (1.5)

where V, is the maximum possible crystal growth velocity, typically of the order of speed of
sound ~1000 m/s; B is the solute drag parameter (3 € [0,1] ) and AGgp is the free energy
dissipated in solute- drag. For typical solidification problems, 8= 0 describes the

experimental results [2000Kit]. However, in some cases solute drag effects (0 < 8 < 1)
must be considered to explain the experimental results [2024Hari].
Key Assumptions in the Ludwig Model

* The Ludwig model is applied only to the selected primary phase and the liquid phase,

while all other phases follow standard equilibrium calculations.

* The primary phase must exhibit solubility for all solutes, and the liquid phase

diffusivity for all solutes must be available from the database.

* The liquidus temperature of the two phase system (Liquid + Primary phase) is a
function of the interface velocity 1.



7 PanSolidification 217
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Figure 7.5: Schematic representation of the
chemical driving force AGpr (red arrow)

Figure 7.4: Reaction co-ordinate diagram
for the solute redistribution reaction ¢ <+ 3.

Initial state: ; in the liquid and j in the solid. that arises due to the deviation (blue arrow)

Final state: ; in the solid and j in the liquid. from the equilibrium concentration.

[1998Lud] [1998Lud]

Users can refer to the batchfile in Pandat Examples folder (PanSolidification/Al
alloy/AlSiMg solutetrapping vO0.lms.pbfx) for enabling solute trapping in the
calculations. Figure 7.6 illustrates the effect of solute trapping on the solidification curve of
the Al-1Mg-9Si wt.% alloy under different solidification rates. The liquidus temperature of
the alloy decreases with increase in velocity as shown in the Figure 7.6. Furthermore, the

volume fraction of the eutectic phase also decreases with increase in solidification velocity.

600

——Scheil
——BD+Solute-trapping (1000 K/s, 0.1 m/s)
——BD+Solute-trapping (1000 K/s, 0.5 m/s)

T[]

Al-1Mg-9Si (wt%)

550

02 04 06 08
& fs

Figure 7.6: Solidification curves of Al-1Mg-9Si wt.% alloy under different solidification rate.
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7.3 The Solidification Kinetic Database Syntax and Examples

The Solidification kinetic database (.SDB) uses the XML format, which defines the back
diffusion model for the morphology of primary phase and its corresponding model
parameters such as interfacial energy, latent heat, coarsening geometric factor, dendrite tip

factor, solute trapping parameter, solid diffusivity factor, boundary layer factor, and so on.

In the SDB, a series of alloys can be defined. A sample SDB file is given below,

<Alloy name="Mg alloys">
<solvent name="Mg"/>
<primary phase name="Hcp"/>
<ParameterTable name="">

<Parameter name="coordinate" value="0" description = "geometry

of dendrite. 0 for plate; 1 for cylinder; 2 for sphere" />

<Parameter name="interfacial energy" value="0.065" description

= "interfacial energy, unit = J/m"2"/>

<Parameter name="latent heat" wvalue="5.5e8" description =
"latent heat, unit=J/m”3"/>

<Parameter name="solute trapping parameter" value="1le- 9"

description = "solute trapping parameter, unit=m"/>

<Parameter name="sound velocity" wvalue="1000" description =

"sound velocity, unit=m/s"/>

<Parameter name="coarsening geometric factor" value="40"

description = "No unit"/>

<Parameter name="dendrite tip factor" value="1" description =

"No unit"/>

<Parameter name="solid diffusivity factor" value="0.2"

description = "No unit"/>

<Parameter name="boundary layer factor" wvalue="1" description
= "No unit"/>

</ParameterTable>
</Alloy>
</sdb>

In this sample SDB, “Mg alloys”is defined as the name of the alloy, the primary phase
is thus set as “Hcp” phase. A set of parameters for each phase, such as interfacial energy,

latent heat and so on, can be defined in “ParameterTable”.
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The solute trapping parameters can also be defined through the sDB file. First enable
the solute trapping model by setting “non_equilibrium_interface” to 1. The solute trapping
effect for a given velocity can be increased or decreased by adjusting the “solute_trapping_
parameter” value, where a higher value enhances solute trapping and a lower value
reduces it. If the desired solute trapping is still not achieved, the “solute_drag_parameter”
can be used to further enhance the effect. Additionally, if the user wishes to skip the
diffusion calculation during the solute trapping simulation, they can include the "skip_
diffusion" tag in the SDB file. Below is a typical SDB file parameters for solute trapping of Al

alloys.
<Alloy name="Al alloy noneqgq" >
<solvent name="Al" />

<primary phase name="Fcc" />

<skip diffusion value="True" description="True or False :" />
<ParameterTable name="" >
<Parameter name="coordinate" value="0"

description="geometry of dendrite. 0 for plate; 1 for
cylinder; 2 for sphere" />

<Parameter name="interfacial energy" value="0.167"
description="interfacial energy, unit=J/m"2" />

<Parameter name="latent heat" value="1.36e9"
description="latent heat, unit=J/m"3" />

<Parameter name="solute  trapping  parameter"
value="1.0e-9" description="solute trapping parameter,
unit=m, typical range: (0.2nm-2nm)" />

<Parameter name="sound velocity" value="1000"
description="sound velocity, unit=m/s" />

<Parameter name="coarsening geometric_  factor"
value="35" description="No unit" />

<Parameter name="dendrite tip factor" wvalue="1"
description="No unit" />

<Parameter name="solid  diffusivity  factor"

value="1" description="No unit" />

<Parameter name="boundary layer factor" wvalue="1"

description="No unit" />
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<Parameter name="non  equilibrium  interface"
value="1" description="Non equilibrium model,
default=0. Options: 0 for equilibrium, 1 for Ludwig
nonequilibrium" />

<Parameter name="solute drag parameter" value="0.0"
description="Applies only to Non-equilibrium model,
default=0.0, Range: (0.0-1.0)" />

</ParameterTable>

</Alloy>

The kinetic model parameters that can be defined under “ParameterTable” are listed

in Table 7.1.
Table 7.1: Kinetic model parameters in sdb
Description
Describe the geometry of dendrite for back diffusion model
) <Parameter name="coordinate" value="0"
Coordinate N/A . :
description = "geometry of dendrite. 0 for
plate; 1 for cylinder; 2 for sphere" />
Interfacial energy
Interfacial_ Jm?2 <Parameter name="interfacial energy"
m
Energy value="0.065" description = "interfacial
energy, unit = J/m"2"/>
Latent Heat of the alloy with unit of J/m3
Latent_heat J/m3 <Parametername="latent heat" value="5.5e8"
description = "latent heat, unit=J/m”"3"/>
Used to define diffusion velocity (Vp ) for solute: Vp = Dr, /a0
_— where Dy, is the diffusivity of solute and q,, is the “solute
olute_
Trapping_ m trapping” parameter, typical range is 0.2nm — 2nm.
<Parameter name="solute trappin arameter"
Parameter ute_trapping p
value="1e-9" description = "solute trapping
parameter, unit=m"/>
Maximum possible crystal growth velocity. Can be
Sound_velocity m/s approximated by speed of sound in the alloy. Typical range 500

m/s — 2000 m/s
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Description
<Parameter name="sound velocity"
value="1000" description = "sound velocity,

unit=m/s" />

Coarsening_ A factor adjusting adjust the coarsen speed of the dendrite
Geometric_ N/A <Parameter name="coarsening geometric factor"
Factor value="40" description = "No unit/>

A parameter define the solute trapping model

Non_ <Parameter name="non equilibrium interface"
Equilibrium_ N/A value="1" description = "Non equilibrium
Interface model, default=0. Options: 0 for equilibrium,

1 for Ludwig nonequilibrium model"/>

This parameter represents the free energy dissipation due to
solute-redistribution: AGpr — BAGgp; where [ is the solute

drag parameter.

Solute_drag_
N/A <Parameter name="solute drag parameter"
parameter - -
value="0" description = "Applies only to Non-
equilibrium model, default=0.0, Range: (0.0-
1.0)"/>
7.4 Tutorial

7.4.1 Create a PanSolidification Project

user can create a PanSolidification project through menu “File - Create a New
Workspace” or “File -~ Add a New Project’in an existing workspace. The “Module
Window” pops out for user to choose a module for the new project as shown in Figure 7.7.
Choose “PanSolidification” module and then click on Create button or double click

onthe PanSolidificationicon, then a PanSolidification project will be created.
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Create a New Workspace

X
o e
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Directory: C:\Usersisongm|OneDrive\Documents\CompuTherm LLCIPandatTempitemp_0\Default Workspace
Workspace Name: default
New project will be created at C:\..\PandatTemplternp_D\Default
B Create workspace in a default temporary folder Create Cancel

Figure 7.7: Creating a PanSolidification workspace

7.4.2 Load Thermodynamic and Mobility Database

The next step is to load the database, which is MgaA1 . tdb in this example. Different from

the normal thermodynamic database,

this database also contains mobility model

parameters for the phases of interest in addition to the thermodynamic model parameters.
Both are needed for carrying out solidification simulation. By clicking the i button on the

toolbar, a pop-up window as shown in Figure 7.8 will open, allowing user to select the

database file. And Click “Open” to select the database, then a window as Figure 7.9 will pop

up for user to select components for PanSolidification simulation.

&3 Select atdb or encrypted tdb file

<« >t
Organize +  Newfolder
2021TestReport

PanSolidification
TDB_PhaseDefinition
23 Dropbox
& OneDrive
[ This PC
B 3D Objects
[ Desktop
[£] Documents
4 Downloads
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[ Videos
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> ThisPC > OS(C) > PanSolidification

~  Name

[ AMg_ME.tdb

v o S Search PanSolidification

= | 0
Date modified Trpe <

12/11/201911:32 AM TDB File

>

File name: | AIMg_ME.tdb

| Termodynamic databases ("t

Figure 7.8: Dialog window for loading thermodynamic and mobility database
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Select Components *
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15 Cancel

Sel/Cir All
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Figure 7.9: Dialog window for components selection
7.4.3 Load Solidification Kinetic Database

A solidification kinetic database is required for solidification simulation. Such a database
contains kinetic parameters which are alloy dependent. To organize these parameters in a
more intuitive way, the standard XML format is adopted and a set of well-formed tags are
deliberately designed to define back diffusion model for the morphology of primary phase
(which could be plate, cylinder and sphere) and its corresponding model parameters such
as interfacial energy, latent heat, coarsening geometric factor, dendrite tip factor, solute

trapping parameter, solid diffusivity factor and boundary layer factor.

In this example, the MgAlloys. sdb is prepared. To load a solidification database, user
should navigate the command through menu "PanSolidification — Load SDB", or
click icon gi from the toolbar. After MgAlloys.sdb is chosen, a dialog box pops out
automatically for user to select the alloy for the simulation. As shown in Figure 7.10, Mg

alloys is contained in this SDB file.



224 7.4 Tutorial

Select Alloy Parameter for Solidification Simulation *

Available Alloys (1) Selected Alloy (0):
Mg alloys OK
Cancel
View Parameters
2]

Figure 7.10: Dialog box for selecting alloy parameter
7.4.4 Solidification Simulation

Perform solidification simulation through menu bar "PanSolidification -
Solidification Simulation" with Back Diffusion or click icon |ej| from the tool bar. As
shown in Figure 7.11, a dialog box entitled “Solidification Simulation with Back
Diffusion” pops out for user's inputs to set up the simulation conditions: alloy
composition and solidification conditions. When setting the solidification conditions, user
need to be careful about the units used for the conditions. user can change the units by
clicking on the "options" button. Please refer to Section 3.2.3 about the options in

detail.
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Figure 7.11: Dialog box for setting solidification simulation conditions

Alloy Composition: User can set alloy composition by typing in or use the Load
Chemistry function. User can also save the alloy composition through sSave
Chemistry. This is especially useful when working on a multi-component system, so

that user does not need to type in the chemistry every time.

Solidification Conditions: The Cooling Rate (CR) of solidification can be

defined through Thermal History window. The cooling rate determined by cooling
curves can also be imported by click the icon £ as shown in Figure 7.11. The
Solidification Rate (V) and Temperature Gradient (G) can be defined
from this interface. As these parameters have a relationship of CR = G*V, user may

choose to provide either Solidification Rate Or Temperature Gradient.

7.4.5 Customize Simulation Results

As all other calculations available in Pandat, upon the completion of the solidification

simulation, a default table with related solidification related properties (time, temperature,

secondary dendrite arm spacing, solid and liquid phase fractions, etc.) is automatically
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generated and a default graph for temperature (T) vs solid fraction (fs) is displayed as

shown in Figure 7.12. User can refer to Section 2.4 and Section 2.5 to learn how to

customize simulated graph and table.
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O, 550
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450+

400 T T T T
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a 0 | ‘ fs

Figure 7.12: Default graph plotting Temperature vs fs during solidification
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PanPhaseField is a module of Pandat software designed to simulate microstructure
evolution. It is also a framework allowing user to implement their own phase-field
models.PanPhaseField provides two built-in applications of precipitation and spinodal

decomposition.

PanPhaseField is seamlessly integrated with the user-friendly Pandat Graphical User
Interface (PanGUI) as well as the thermodynamic calculation engine,PanEngine, through
an innovative data management system, PanDataNet. PanEngine provides PanPhaseField
with reliable thermodynamic data, such as chemical potential, phase equilibrium and
mobility of multi-component system. PanDataNet provides data management support which
makes phase field simulation of multi-component commercial alloys feasible. Figure 8.1
shows an overall architecture of the PanPhaseField module. With the PanPhaseField SDK,
researchers can develop their own phase-field application plugins. Plugins can directly get
the needed thermodynamic input from CALPHAD database and use Pandat GUI to

visualize their simulation results.

Phase-Field Applications PanPhaseField Platform
Calphad Modeling <\’::l t:i:’
Precipitation (PanEngine/PanDataNet) -P

Spinodal

- . . /L .pfdb
decomposition Phase Field Modeling \rj

¥

Microstructure
Visualization
[ ]

Figure 8.1: An overall architecture of the PanPhaseField module

User-defined plugin
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Pandat can visualize simulation results in 1-D, 2-D and 3-D. Snapshots of a

visualization of 3D spinodal decomposition in Nb-Mo-Ta-Ti-V-Zr is displayed in Figure 8.2

Figure 8.2: Snapshots of visualization through PanPhaseField. 3D Composition fields of

Zr,Nb, Ta, Ti, V and Mo from a spinodal decomposition are displayed

Besides using PanGUI to visualize the simulation result, user can also use third-party
visualization software compatible with VTK-format, such as ParaView. This is because
PanPhaseField saves simulations result in standard .vtk files. Please refer to Section 8.4.8

regarding VTK files from PanPhaseField simulations.

8.1 Phase-Field Method

Phase- field model [2010Wan, 2002Chen] is widely used to simulate microstructural
evolution of compositional/structural domains and kinetics of interfaces. By applying
Khachaturyan’s microscopic elasticity theory [2013Kha], phase-field model can precisely
predict precipitate morphologies and effects of point/line/planar/bulk defects. Phase-field
model can also predict microstructure evolution in existence of external fields such as

elastic field, electric field, and magnetic field. A general expression of phase field model is

F[{¢a (®)},{c (@} =
[AV [f({a ()}, {ca F)}) + £ ({$a (F)}) + f7 ({ca (F)})] (8.1)
+ [ G (r—7')d3rd3r
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In the first part of the integration, energy terms such as chemical energy and self-elastic

energy are considered in f({¢a (7)},{ca (F)}), where ¢, is some field such as order

parameter, and ¢, is usually composition field. Interfacial energy and chemical gradient

energy are calculated in f™/ and f7*¢. When applying long-range external field such as

elastic field and magnetic field, G (r —7’) counts the long-range interactions. Time

evolution of microstructure is controlled by the total energy F.

8.2 Built-in Phase-Field Applications
8.2.1 Phase-Field Modeling of Precipitation

In PanPhaseField, a multi-component multi-phase phase field method (MPFM) [1996Ste,
2011Guo, 2018Shi] is adopted to simulate precipitation kinetics. Elastic constants and
stress-free transformation strain (SFTS) are used to calculate elastic energy of precipitate

and particle morphology can be precisely predicted.

For a system with a =1,2,...,N phases and i=1,2,...,M components, its total free energy
functional (F) is given as a sum of the interfacial energy density (f inf), the bulk chemical

free energy density (f¢"eM) and the elastic energy (E€/).

F [{¢a (F)} ) {Ci (F)}] =

v SV [f ({a ()} {ea (P)}) + £ ({a (F)})] (8.2)
+ E% [{¢a (F)}, {ea (F)}]
The order parameter field, ¢« (), represents the local volume fraction of the phase with its
concentration field described by the vector:
co(F) = (&7 F), ..., 7M7) (8.3)
Concentration field of the i-th component is represented as ci(?). In MPFM, the order

parameter fields follow the constraint:
> e Pa(F) =1 (8.4)

From the order parameter ¢ (7) and the phase composition €. (%), the local concentration

¢/ () can be determined using the mass conservation relation:



8 PanPhaseField 230

A7) = Yoy ba(T)ch(7) (8.5)
PanEngine/PanDataNet is coupled with MPFM through the chemical energy density fehem,
ftem ({8a ()}, {e(®)}) = X ba(F) f*(ca(F)) (8.6)

Free energy of each individual phase, f*({ca(7)}), is calculated from PanEngine. For the

given local composition ¢(7) and phase field ¢, (), individual phase composition ca(7)
vectors are evaluated through KKS model [1999Kim].

To solve for the individual phase concentration, it is assumed that local diffusion
potentials are same in all the phases, which is expressed mathematically [1999Kim] as

afchem aféhem
oc, 6c73 (8.7)

where a and (3 are the phase indices and i is the component index. For a given set of order

parameter fields ¢«(7) and composition fields c«(7), phase compositions are uniquely

determined by the Eq. 8.5 and Eq. 8.7.

The interfacial free energy density is given by

™ ({6a(#)}) = ZZ V¢a (7). Vép(T) + wap |¢a (F)d5(T)| (8.8)

a B>a

where Kqp and wap are the gradient energy coefficients and potential energy humps across
a/B interface and they together determine the interfacial energy oas and boundary width

A

The interfacial energy between two phases a and  is evaluated to be:

_ a9
Oap = 5 o (8.9)

The elastic strain energy dominates particle morphology and variant selection at coarsening

stage. Elastic strain energy functional, E® ({¢4(¥)}), is formulated according to
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Khachaturyan’s microscopic elasticity theory [2013Kha] and modified in the framework of
MPFM [2006Ste]. The key inputs in the formulation of E% ({¢«(¥)}) are the SFTS (stress-

free transformation strain) of each phase and the elastic constants Cj;, of each phase.

The SFTS is defined in form of a matrix:

€11 €12 €13
€= | €21 €22 E23

€31 €32 €33

Generally, matrix phase, for example Fcc, plays as reference phase of this SFTS
matrix. When a cubic-to-cubic transformation from matrix to precipitate phase happens, &44
= &y = €33and g; = 0 for /# j. When a cubic -> tetragonal transformation occurs, the SFTS
could be one of &, = £330r €11 = £33 Or £11 = &9 depending on the orientation variants of
precipitation. Other symmetry breaking will introduce a much more complex form of SFTS,
which is beyond discussion in this manual.

The coherency elastic strain energy is formulated following Khachaturyan’s
microscopic elasticity theory [2013Kha] under the homogeneous modulus assumption when
external applied stress is zero:

g1 a3k .
B =5 [ 3 B )55,

p,q=1,2

*

(8.10)

Where p and g are the index of two phases. n is a unit vector in the reciprocal space along
the direction of k. |$p| is the Fourier transformation of the absolute value of the structural
|*

order parameter ¢, . The superscript asterisk in |$q denotes the complex conjugate.

By, (n) is calculated as:

n=0: By (n)=0

By (n) = {

The phase fields ¢«(7) and concentration fields ¢/(7) are evolved in time through

MPFM and Cahn-Hilliard dynamics respectively,

0o _ f:La,s(JF B 6F>
ot £~ N \5¢a 86 (812
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1 8cj n—1 ( i <afchem 9 k))
— = =%"v(Mhv — ki V2e .
V2 ot ; 8 (8.13)

ck
where )i is the chemical mobility [2004Che], Lag is the interface mobility and IV is the

of _ &k
number of phases that coexist locally. 5« — ¥ — /‘n, where ,uk and u" are the chemical

potentials of components k and n, respectively. Chemical mobility pz¥ of a phase
[2004Che] is given as

o 1 & :
MM ({d},T) = v D (0 —cF) (61— ) M (8.14)
mo

where M is the atomic mobility and clis the composition of /-th element. The Eq. 8.12 and

Eq. 8.13 are solved concurrently.

In the precipitation model, there are several treatments related with kinetics of order

parameters:

* Driving-force scaling method: Sometimes, when we model the precipitate growth,
the driving force for transformation may become extremely large which may cause
numerical instability. Hence, we use a scaling approach to reduce the driving force for

phase transformation.

* Mobility of order parameter: For diffusion-controlled precipitation processes, the

mobility of the order parameter (My)should be large enough to ensure diffusion-
controlled interface movement. But if My is too large, we will observe the congruent

transformation. Hence, we choose an appropriate M; inside PanPhaseField
automatically to maintain this diffusion-controlled assumption.

* Interface width: The interface width in the KKS model is simply a numerical
parameter and does not correspond to the real interface width. For numeric stability,

we recommend an interface width of 5 grid points.
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8.2.1.1 Explicit nucleation method

In the nucleation simulation of PanPhaseField, the transient nucleation rate is calculated
by:

% AG* T
J = N, Zf"exp (—,CB—T) exp (—) (8.15)

The pre-exponential term in Eq. 8.15 are: N,, the nucleation site density, Z, the
Zeldovich factor and ,8*, the atomic attachment rate. t is the time, 7is the incubation time for
nucleation, kg the Boltzmann constant and T the temperature. The AG* is the nucleation
barrier which is calculated according to interfacial energy, chemical driving force and elastic
strain. For details of the nucleation rate calculation, please refer to Section 5.2.1 .

The nucleation implanting algorithm in PanPhaseField follows a probabilistic Poisson
seeding process at a probability of forming a critical nucleus [2019Shi]:

P(r,t) =1—exp(—J (r,t) AVAL) (8.16)

Where P(r,t) is the probability of forming a nucleus with critical radius in a volume AV and a

time interval At and position r starting from time t.
8.2.2 Phase-Field Modeling of Spinodal Decomposition

As a special case of microstructure evolution model, spinodal decomposition does not
consider interactions between phases, and the elastic energy is dominated by chemical
misfit instead of phase misfit. Gradient term in spinodal decomposition is calculated by
chemical gradient instead of order parameter gradient. As a result, order parameter
evolution (the Eq. 8.12) is not relevant and only Cahn-Hilliard (the Eq. 8.13) dynamics
needs to be solved. The formula of elastic energy in spinodal decomposition is constructed
as:

1
el I ~ ko~
E% = 5 ;qu Cp Cq E.17)

When spinodal decomposition is simulated, the gradient term will be replaced by using
concentration field instead of phase field:

n—1

7 ({e®h = % (Ve (7)) (8.18)

J=1

where Kj is the gradient energy coefficient.
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In spinodal decomposition, a homogeneous solid solution decomposes into two or more
isostructural phases which are different in composition. Certain wavelength of
decomposition grows faster than the other wavelengths owing to thermodynamic driving
force and kinetic factors. By linearizing the Cahn-Hillard equation for a binary alloy, the

maximally growing wavelength in the initial stages of the decomposition can be calculated

Amaz = 274/ 26/(—f") (8.19)

where « is the gradient energy coefficient and f " is the second derivative of Gibbs free

by

energy.
Table 8.1 lists the symbols used in the phase-field models.

Table 8.1: Symbols used in the phase-field model

a, B Index used for various phases

i, Jr k! Index used for various components

Pa (F) Structural order parameter of the a phase

cq (7) Composition vector of the a phase

c (7) Compositional order parameter of the i-th component
ch (F) Phase concentration of i-th component in a phase
fChem Chemical free energy density

Cijri Stiffness tensor

€ij Stress free transformation strain

Kap Gradient energy coefficient between a and 8 phases
Tap Interfacial energy ( J/m”2)

Ki Gradient energy coefficient for component i

Leop Interface mobility

M*i Chemical mobility

M Atomic mobility for I-th component
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8.3 Syntax and Examples of Phase-Field Database File (.PFDB)

The phase-field database file (.pfdb) uses the XML format, which defines the
phase-field model related parameters as well as physical properties for each phase. Phase-
field model related parameters include order parameter mobility, chemical gradient term,
smoothness factor, driving force scaling factor, interface width, chemical random amplitude,
chemical gradient factor and so on. Physical parameters of each phase include molar
volume, stiffness tensor, chemical misfit strain, stress-free transformation strain, interfacial
energy and so on. Nucleation related parameters can also been set through . pfdb file. The
database file is designed for easy extension when user uses a customized phase-field

model plug-in.

Ina .pfdb file, a series alloys can be defined. Each alloy has a matrix phase with one
or multiple precipitate phase. User can define new types of phases when models other than

precipitation are used as plugin. A sample . pfdb file structure is shown as follows,

<Alloy name="AINi Precipitation">

<Phase type="Matrix" name="Fcc">

<ParameterTable type="phase field general" name="">
<Parameter type="Order Parameter Mobility" value="0.1"
description=""/>
<Parameter type="Driving Force Scaling Factor" value="8.0"

option="enable" description="A factor to scale order parameter driving

force"/>

<Parameter type="Interface Width" wvalue="5" description="grid

number of interface"/>
</ParameterTable>
<ParameterTable type="molar volume" name="">
<Parameter name="*" wvalue="1E-5" description="Default wvalue
1E-5"/>

</ParameterTable>

<ParameterTable type="stiffness tensor" name=" description=" ">
<Parameter name="Cl1l" value="2.03E12" description=" "/>
<Parameter name="Cl2" value="1.50el2" description=" "/>
<Parameter name="C44" value="1.35el2" description=" "/>

</ParameterTable>
<Phase type="Precipitate" name="L12 Fcc">

<ParameterTable type="inter phase" name="" reference="Fcc">
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<Parameter type="Interfacial Energy" value="0.025"
description="J/m"2 "/> -
<Parameter type="ell" value="- 0.0005" description="Misfit
strain"/>
</ParameterTable>
</Phase>
</Phase>
</Alloy >
In this sample .pfdb file, an alloy “A1Ni Precipitation” is defined with the matrix
phase “Fcc”, which has a precipitate phase “L12 Fcc”. More than one precipitate can be
included. The precipitate name and physical properties can be defined for each precipitate
phase. A set of physical parameters for each phase, such as molar volume, elastic
modulus, stress-free transformation strain, interfacial energy, and so on, can be defined in
“ParameterTable”. Phase-field related parameter defined in the “ParameterTable” with
type of “phase field general” are listed in Table 8.2. The physical parameters
available for the precipitation model and spinodal decomposition model are listed in Table

8.3 and Table 8.4. The nucleation model related parameters are listed in Table 8.5, which

are consistent with the definition in Table 11.8 in Section 11.3 .
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8.3 Syntax and Examples of Phase-Field Database File (.PFDB)

Order_Parameter_

Mobility

Driving_Force_

Scaling_Factor

Interface_Width

Chemical_

Gradient_Factor

Chemical_
Random_

Amplitude

Bpqg_Substract

Enable_
Precipitate

Diffusion

Mean_Field_
Driving_Force__

Nucleation

Table 8.2: Phase-field model parameters in pfdb

Description

Mobility of order parameter. This parameter decides the rate of time-
evolution controlled by the Eq. 8.12

A scale-factor for the driving force for phase transformation. To disable it,
set option to “disable”

Number of grids which sample an interface between two phases. Default
value is 5 grids.

For spinodal decomposition model only. It is used to calculate gradient
energy term introduced by chemical inhomogeneous.

For spinodal decomposition model only. It is used to generalize initial
composition profile with a sufficient degree of randomness which can
initiate decomposition.

For precipitation simulation, it decides if average elastic energy is
subtracted from local elastic energy. When average elastic energy is
subtracted, the overall volume fraction of precipitate phase should be
independent of elastic energy. When it is set to 1, average elastic energy
is subtracted from local elastic energy. Default value is 1.

For precipitation simulation, chemical mobility can be set to zero inside
precipitate If matrix-diffusion is assumed to dominating the kinetics.
When it is set to 1, diffusion is considered inside precipitate phases.
Default value is 1.

For nucleation model, nucleation driving force can be calculated by either
chemical composition or average chemical composition (mean-field) in
matrix. The mean-field assumption is computationally faster. When it is
set to 0, local chemical composition is used to calculate driving force of
nucleation. Default is 0.
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Table 8.3: Single phase physical properties in pfdb

Description

Molar volume of matrix or precipitate phase

<ParameterTable type="molar volume" name="">

molar_volume m3/mole -

- <Parameter name="*" value="1E-5" description=""/>

</ParameterTable>
Stiffness tensor following Voigt notation
<ParameterTable type="stiffness tensor" name=""
description="Voigt notation; Orthotropic elasticity 1is
applied when only Cl1, Cl2, C44 are set; Otherwise, set
stiffness tensor explicitly">
<Parameter name="Cll" value="2.03E12" description=""/>
<Parameter name="C1l2" value="1.50el2" description=""/>

sﬂﬁness_ p <Parameter name="C44" value="1.35el2" description=""/>

tensor a <!--Default values of C22 and C33 are Cll-->
<!--Default values of C21, C23, C32, C31 and C1l3 are Cl2-
->
<!--Default values of C55, C66 are C44-->
<!--Default values of C45, C56 and C46 are 0.0-->
<!--Default values of Cl14, C15, Cle, C24, C25, C26, C34,
C35 and C36 are 0.0-->
</ParameterTable>
For spinodal decomposition model only. Chemical misfit strain
<ParameterTable type="chemical misfit strain"

chemical_ name="Chemical Misfit Strain" reference="Fe">

misfit strain A <Parameter name="Ni" value="-0.01"

B description="Default value is 0.0"/>

</ParameterTable>
Scaling factor for the mobility from CALPHAD database
<ParameterTable type="mobility scaling factor"

rnobHHy_ N/A name="Mobility Scaling_ Factor">

scaHng factor <Parameter name="Mo" value="6.3e-19"

description="Default value is 1.0"/>

</ParameterTable>
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Table 8.4: Inter-phase physical properties in pfdb

“m

Interfacial energy between precipitate phase and matrix
. hase
Interfacial_Energy Jim?2 P
<Parameter type="Interfacial Energy" value="0.05"

description=" "/>

Stress-free transformation strain between precipitate
phase and matrix phase

<Parameter type="ell" wvalue="-0.003" description="
el1, el12, el13, e21,
ll/>
622, 623, 631, 632, N/A <!--Default value of e22 and e33 is ell-->
<!--Default value of el2, el3, e23 is 0.0-->
e33
<!--Default value of e2l1 is el2-->
<!--Default value of e31 is el3-->
<!--Default value of e32 is e23-->
Table 8.5: Nucleation model related parameters in pfdb
Description
Usually use lattice constant
Atomic_Spacing m <Parameter type="Atomic_ Spacing" value="7.6E10"
description="Atomic Spacing" />
Nucleation_ Site_ N/A Homogenous model only for the pre-installed
Parameter precipitation model
Set to 1 if steady state nucleation rete is applied.
Steady_State_ N/A <Parameter type="Steady State Nucleation Rate"
Nucleation Rate value="1" description="Indicate if steady state
B nucleation rate is applied" />
Driving_Force_Factor N/A A scaling factor of nucleation driving force
Effective_ Diffusivity_ N/A A scaling factor of effective diffusivity for nucleation
Factor rate model
, . A time period in which stability of nuclei is numerically
Shield_Time second

sustained.
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8.4 Tutorial

8.4.1 Step 1: Create a PanPhaseField Project

One can create a PanPhaseField project through menu “File - Create a New
Workspace” or “File -~ Add a New Project’in an existing workspace. The “Module
Window” pops out for user to choose a module for the new project as shown in Figure 8.3.
Choose “PanPhaseField” module for phase-field simulation, and the PanPhaseField
project will be created after user click on Create button or double click on the

PanPhaseFieldicon.

& @ = 8 4@ e

PanPhaseDiagram PanOptimizer PanEvolution PanPhaseField

An empty project for phase field simulation

Location
Project Name: default
Directory: C:\Userslsongm|@neDrive!DocumentsiCompuTherm LLCIPandatiTempltemp_0Defauft Workspace
Workspace Name: defaull

New project will be created at: C:\..\PandatiTempiternp_\Default

@ Create workspace in a default temporary folder Create Cancel

Figure 8.3: Creating a PanPhaseField workspace
8.4.2 Step 2: Load Thermodynamic and Mobility Database

The next step is to load the database, which is “A1Ni Prep.tdb” in this example. Different
from the normal thermodynamic database, this database also contains mobility data for the
phases of interest in addition to the thermodynamic model parameters. Both are needed for
carrying out phase-field simulation. By clicking the button g on the toolbar, a popup
window will open, allowing user to select the database file. User may select the TDB file and
click on Open button or just double click on the TDB file to load it into the Workspace as

shown in Figure 8.4.
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£ Select a tdb or encrypted tdb file X
« v 4 |« Local Disk(C) > Tutorial v O O Search Tutorial
Organize v New folder = @ @
I Desktop " Mame Date modified Type Size
5] Documents [] AINi_Prep telb 3/7/2018 6:15 PM TDB File 6KB
& Downloads
D Music
&=/ Pictures
B Vvideos
‘L, Local Disk (€:)
- SSD_1 (D3
e Network
File name: | AINi_Prep.tdb | [ Mermodynamic databases (rtc

Figure 8.4: Dialog window for loading a combined thermodynamic and mobility database
8.4.3 Step 3: Load Phase-Field Database File

In addition to a combined thermodynamic and mobility database, a phase-field database
(.pfdb) file which contains kinetic parameters for the alloy to be studied is also required for

phase-field simulation.

A pfdb file is organized by the standard XML format, and a set of well-formed tags are
deliberately designed to define phase-field model parameters for general and physical
parameters of each phase.

In this example, the “A1Ni diffusion only.pfdb” is prepared. This file can be
opened by click = button in the toolbar and be viewed in the Pandat workspace or through
third-party external editors. The advantage to open this file in Pandat workspace is that all
the key words will be highlighted which makes it easy to read. In this example, the matrix
phase for this alloy is “Fcc”, which has one precipitate phase “L.12 Fcc”. Phase field
parameters, such as order parameter mobility and interface width, are defined in matrix.

To load a phase-field database, user should navigate the command through menu
"PanPhaseField - Load PFDB", or click icon gl from the toolbar. After A1Ni.pfdb is
chosen, a dialog box pops out automatically for user to select alloy and phases as shown in
Figure 8.5. To select several phases at one time, for example in precipitation simulation

where at least two phases should be selected, press and hold the <Ctr1> key.
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Select Alloy Parameters for Phase Field Simulation *

Defined Alloy Parameters:

Phases:
AlNi_Precipitation 0K
Fec

Clear All

Filter: | |

Figure 8.5: Dialog window for phase-field database (PFDB)
8.4.4 Step 4: (Optional) Prepare VTK Files as Input Microstructure

PanPhaseField can use an input microstructure as initial condition. This is especially
common when a digitized SEM picture or result from other simulation is used as initial
condition. PanPhaseField follows standard VTK file format to load input microstructure. For
example, in precipitation simulation, user can prepare a comprehensive VTK file containing
order parameter of each phase and composition distribution. An example of this

comprehensive VTK file is available in “input_2D_A1Ni” of the example folder.

Please note that, the dimension in VTK file should be self-consistent, or an error
message will popup when PanPhaseField tries to start a simulation. Please follow the

examples in “input_2D A1Ni” to prepare VTK files as input.

8.4.5 Step 5: PanPhaseField Simulation

After successfully loading both thermodynamic/mobility and phase-field database file, and
optionally the input VTK files, the phase-field simulation module is then being activated. To
choose from Pandat GUl menu "PanPhaseField — Phase Field Simulation", or
click icon from the toolbar. A dialog box entitled “Phase Field Simulation”, as
shown in Figure 8.6, pops out for user’s inputs to set up the simulation condition: alloy

composition, thermal history, and initial microstructure.
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Phase Field Simulation: precipitation X
Alloy Composition
Valus Therml Fistory RE=
Cancel
P oAl 0.15 timelhour] Temperature(C] ane
0.00 800,00 O
x(Ni} 0.85 Iptions
5.00 800.00 Edra Outputs
Total 1
| . ‘ 0.00 0.00 Load Condition
Save Condition
Select Comps
Parameters
810
Q Load Chemistry
g 80 Save Chemistry
@
s
780
0 25 5
time(hour)
Simulation Conditions # of Meshgrid Outputs: |15 15
Phase Field Modsle [precipitation v|  Exua Meshorid Qutputs L alt.3
#ofGrdinX|1 3 #ofGridinY: 128 |2 #ofGridinZ: 128 |3 time [r]
Length Scale [m] 2.5E-08 # of Threads for Parallel Simulation : (12 %
Initial Condition
Pre-Defined @ [ephere ~
Import from folder (o]

Figure 8.6: Dialog box for setting phase-field simulation conditions

* Alloy Composition: User can set alloy composition by typing in or use the “Import

from folder” function under “Initial Condition”. When “Import from
folder” function is used, order parameters will also be loaded according to input

files (VTK format).

Thermal History: Arbitrary heat treatment schedule can be set, with linear Time-
Temperature relationship (i.e., constant cooling or heating rate) at each two
consecutive rows. Time at the first row must be zero representing the initial time. The
thermal history set up in Figure 8.6 represents an isothermal heat treatment for 5
hours at 800 °C. If the temperature in the two rows is different, it represents constant
cooling or heating. Multi-stages of heat treatment can be set by adding more rows in

the Thermal History column.

Phase Field Model: Select a built-in application or a user defined plugin. In Figure
8.7, “spinodal” and “precipitation” are built-in applications, at the same time

user defined customized applications (plugins) are named “USER_PFM XXX".
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Phase Field Simulation: precipitation x
Alloy Composition
Value Thermal History: ¥ 8= OK
Cancel
P (A 0.15 timefhour] Temperature(C] =N
i) 085 0.00 500.00 Options
(N
5.00 800.00 Exra Outputs
Total. 1
[ 0.00 0001 ["52q Candition
Save Condiion
Select Comps
Parameters
810
&) Load Chemistry
E 800 Save Chemistry
]
g
790
0 225 5
time(hour)
Simulation Conditions. # of Meshgrid Outputs: |15 5
Phass Fisld Models: |v| Extra Mesharid Outputs: o | 9¢
spinodal
#ofGridin X:[1 [ time [rr]
USER_PFM_PURE_SOLIDIFICATION
Length Scale [m]: USER_PFM_SPINODAL

Initial Condition
Pre-Defined @ [sphere ~]

Import from folder O

Figure 8.7: Select phase field application from built-in ones or use-defined ones

* Initial condition: phase field simulation must be initialized with a pre-existing
microstructure without explicitly defining nucleation mechanism by a model. There
are three Pre-Defined initial conditions: random, sphere, and empty. Random is
used for spinodal decomposition simulation to apply randomized initial composition
profile. Sphere is used for precipitation simulation applying a sphere particle with
radius of 5 grids at the center of simulation box. Empty is used for simulation without

explicitly initialize microstructure, for example, a nucleation simulation.

When “Import from folder” function is used, initial composition profile and/or
initial order parameters following the data defined in VTK file(s) should be prepared

before loading it.

* Run phase-field simulation: In Phase Field Simulation window (Figure 8.6),
click OK to run the simulation. After the simulation is completed, its results are
displayed in two types of formats in Pandat Explorer window: Graph and Table. By
default, the graphs plotting microstructure and volume fraction of precipitate are

shown in Figure 8.8 and Figure 8.9.
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T potkprotiesgrapitk o I

B B O B B | profile 2(15/15): 15 ~ | Interval [ms]: | 500 [+

Figure 8.8: Simulated Microstructure of the Ni-15Al alloy after heat treated at 800°C for 5

hours
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Figure 8.9:

Volume fraction vs. time
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8.4.6 Step 6: Customize Simulation Results

Upon the completion of the phase-field simulation, a default table with related properties
(such volume fraction) is automatically generated and a default graph is displayed in Figure

8.9.

However, it should be emphasized that, in addition to the default tables, variety of
properties, such as temperature, nucleation driving force, nucleation rate, average

composition of matrix phase can be retrieved through “Add a new table”.

8.4.7 Step 7: Add a New Table

To display other properties in addition to those listed in the Default table, add a new table

function should be used through GUI.

Add a new table function can be activated by the following ways: (1) selecting the
“Table” node in the Explorer window, then right click the mouse and select “Add a New
Table” option (as shown in Figure 8.10); or (2) choose “Add or Edit a Table” from the

“Table” menu. This function allows user to create a new table at their own choices.

£ Pandat Software by CompuTherm, LLC - [m] X
File Edit View Datobsses BatchCalc PanPhaseDiagam PanPrecipitation PanOptimizer PanDiff i Property  Table
Graph  Help

DEEHHB= D EXIBEIWDG@ALNEHEA GG EEDHDEEH AR ABEBE e B (I3

4 T 2

[E Defaulttable x
time: log10(time) T f{@Fcc) H@L12_FCC) ~

hour ~ sl c ~ moleimole mole/mole
0.000000 - 800.0000 0.923201 0.076799
4.062500E-012 |-7.834904 800.0000 0.923201 0.076799
Add a New Table £815625E-012 |-7408444 800.0000 0.923201 0.076799
Import Table from File 1.437678E-011 | -7.286036 800.0000 0.923201 0.076799
Rename B2 2.849600E-011 |-6.988914 '800.0000 0.923201 0.076799
— 3.740282E011 |-6.870793 800.0000 0.923201 0.076799
Collapse 4.782380E-011 |-6.764053 800.0000 0.923201 0.076799
Delete 7.428163E-011 |-6.572816 '800.0000 0.923201 0.076799
; 1.333472E010 |-6.318714 800.0000 0.923201 0.076799
P|E_Propery 2.279474E-010 |-6.085863 800.0000 0.923201 0.076799
4.480310E-010 |-5792389 800.0000 0.923201 0.076799
Workspace IILEELE 1.186676E-009 |-5.369365 800.0000 0.923201 0.076799
3.081422E-009 | -4.954946 '800.0000 0.923201 0.076799
1.088028E-008 |-4.407057 800.0000 0.923201 0.076799
6.130110E-008 |-3.656229 800.0000 0.923201 0.076799
4.720976E-007 |-2 769666 '800.0000 0.923201 0.076799
53213776006 |-1.678672 800.0000 0.923201 0.076799
0.000135 -0.314953 800.0000 0.923203 0.076797
0.000157 -0.246767 '800.0000 0.923203 0.076797
0.005376 1286761 800.0000 0.923233 0.076767
0015708 1752428 800.0000 0923222 0076778
0.027461 1995013 800.0000 0.923161 0.076239
0.027766 1999817 800.0000 0.923159 0.076841
0.042291 2182546 '800.0000 0.923051 0.076949
0.056100 2305263 800.0000 0.922930 0.077070
0.060385 2337228 800.0000 0.922890 0077110
0.086255 2492086 :800.0000 0.922632 0.077368

Figure 8.10: Dialog of add a new table
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In edit mode. press "Cirl*+'m’ to show list of
Math functions...

Drag and drop available columns to setup a new table. Double click property cell to edit

Description: Volume fraction of phase(s). Example: {@L12_FCC)

Figure 8.11: Dialog window of table editor

The basic layout of the window of “Add a new table” is shown in Figure 8.11. User can
enter the available variables to the “Columns” field. The description of the available

variables are listed in Table 8.6.

Table 8.6: Available variables for precipitation simulation with nucleation model

Variable Name Description
time Time of elapsed thermal condition
log10(time) Log-scale time of elapsed thermal condition
T Temperature
f(@") Volume fraction of each phase
x(*) Overall chemical composition in mole fraction
w(*) Overall chemical composition in weight fraction
x(*@*) Average chemical composition of each phase in mole fraction
w(*@") Average chemical composition of each phase in weight fraction
nr(@*) Nucleation rate of each phase. Unite is mA{-3}s"{-1}\

dgm(@*) Driving force of each phase. Unitis J/mol
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8.4.8 Step 8: Get VTK files

For the convenient of visualizing using third-party software such as ParaView, original VTK
files of the phase-field simulation can be obtained by navigating to the Table folder follow

the steps:
(1) Open any microstructure file in GUI window, as shown in Figure 8.12.

(2) “open containing folder” which contains this microstructure file, as shown

in Figure 8.13.

(3) Select all . vTK files for usage, as shown in Figure 8.14. (. VTKB all binary format

of VTK files, which cannot be directly viewed by text editor, but can be opened by

43 Pandat Software by CompuTherm, LLC - [m] X
File Edit View Databases BatchCalc PanPhaseDiagram  PanPrecipitation  PanOptimizer PanDiffusion  PanSolidification  PanPhascField  Property Table Graph  Help
IEEHFBsi DX BEEIRIAEEMARAESQEBEFE AN AN EZEHe B2 =B IKAO

LET 2

—
Workspace # x f T pefvii profiles.graphvik Default.graph
(¥ Pandat Workspace ‘default = ~1: 3808 8 | roznss: 15

Duplicate

Save the Current File As

Open

Edit Table Columns

eeeee

Collapse

Delete

F Property

Figure 8.12: Open VTK files: Step 1
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43 Pandat Software by CompuTherm, LLC - [m] X

File Edit View Databases Batch Calc PanOpti PanDiffusion  PanSolidification ~ PanPhaseField Property Table Graph Help

HRIEHA s s DAXIBEIPANEEARIGAESQMBERE GG AN BER EE I LID

& ppf_vik_profiles.graphvik Default.graph

Close
Close All

Colse All But This
S DIMENSIONS 1
ClepRcINE 111 Close All Graphs.
7 ORIGIN 0 0 Close All Tables
5 POINT_DATA 84
s Open Containing Folder
10 SCALARS eca(@Fcc) float 1
11 LOOKUE_TABLE default

7] pPf result 10002
17 ppf_result_t0003
17 ppf_result_t0004
17 ppf_result_t0005
.2 pf _result 0006
17 ppf_result_t0007
17 ppf_result_t0008
17 ppf_result_t000
{71 oof result 10010

ShowTabs

Figure 8.13: Open VTK files: Step 2

| < | Table - m] X
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[ ppf_result_t0000.vtk 2/18/2021 11:00 AM VTK File 6KB
’ | ] ppf_result_t00D1.vtk 2/18/2021 11:00 AM VTK File 6KB
v B ThisPC [ ppf_result_t0002.vtk 2/18/2021 11:00 AM VTK File 6KB
» B 30 Objects | ] ppf_result_t00D3.vtk 2/18/2021 11:00 AM VTK File 6KB
| ] ppf_result_t0004.vtk 2/18/2021 11:00 AM VTK File 6KB
> B Desktop 1] ppf_result_t0005 vtk 2/18/202111:00 AM VTK File 6KB
4 Jrzraiis || ppf_result_t0006.vtk 2/18/2021 11:00 AM VTK File 6 KB
> b Downloads |7 ppf_result_t0007.vtk 2/18/2021 11:00 AM VTK File 6KB
> b Music | ] ppf_result_t00DB.vtk 2/18/2021 11:00 AM VTK File 6KB
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- | ] ppf_result_t0015.vtk 2/18/2021 11:00 AM VTK File 6KB
| ] ppf_result_t0016.vtk 2/18/2021 11:00 AM VTK File 6KB
[ ppf_result_t0000.vtkb 2/18/20211 VTKB File 3KB
|7 ppf_result_t00D1.vtkb 2/18/2021 11:0 VTKB File 3KB

[7] ppf_result_t0002.vtkb 218720211 VTKB File 3KB v

03 items 17 items selected 100 KB EI

Figure 8.14: Open VTK files: Step 3

8.4.9 Step 9: Load VTK files

Simulation results (VTK files) from batch mode (without using GUI) can be loaded to Pandat
workspace for visualization. Users need to prepare two items to visualize VTK files in

Pandat workspace:

(1) The batch file which describes the simulation performed in batch mode.
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(2) The folder containing VTK files.

Batch file and vTK files must be consistent, for example they come from a same simulation.

Follow the steps to load the VTK files:

(1) Create a new result node in Pandat workspace.

Workspace 1 x
- [F] Pandat Workspace 'GUI'
ﬁ default

-

E Precipi Set as Active Project

Create a Mew Result Mode

Open All Graphs
Open All Tables

Save All Conditions
Export All Graphs
Export All Tables

Rename F2
Expand
Collapse

> Delete

B Propel
Workopoce | T Property

Figure 8.15: Create a new result node

(2) Select a batch file for the batch mode calculation.

£ Select a batch file X
« © 4 ||« default > phasefield v B 2 Search phasefield

Organize v Mew folder =~ m @
Name Date modified Type Size

Graph
Table

File folder

File folder

L‘J{' phasefield.pbfx 2/18/2021 11:00 AM PBFX File 3KE
< >
File name: | phasefield.pbfx ~| | Batch files (*.pbfx) ~

Figure 8.16: Select batch file

(3) Select corresponding VTK folder form the same batch mode calculation
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Browse For Folder

Choose the folder that contains vik files

> restore
b test
v default
A phasefield
Graph
Table
> test 2 - Copy

(4) After clicking OK in Figure 8.17, VTK files will be visualized.

& pandat software by CompuTherm, LLC

Figure 8.17: Select VTK folder
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Show Data Map True

Show Outline
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Show Legend

Legend Titie

Figure 8.18: Visulize VTK files

8.4.10 Use a Plugin Defined by User

dAlglblldlBERe EBE=#ZLID

User-defined plugins can be loaded through Pandat GUI to perform a simulation using

customer’s self-developed model.
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Plugin should be organized inside “Pandat 2025/bin/PanPhaseField Plugins”

folder. Plugins inside this folder will be visible by PanPhaseField’s plugin viewer. Choose

"PanPhaseField - Plugins", the Plugin viewer will show as in Figure 8.19.

Loaded Plugins for PanPhaseField

Available Plugins:

USER_FPFM_PURE_SOLIDIFICATION
USER PFM SPINODAL

Descriptions:

Mame: USER_PFM_SPINODAL
Type: |_PFM_APP_Creator

Wersion: 1

QK
Cancel

Reload

*

Figure 8.19: PanPhaseField’s plugin viewer

To perform a spinodal decomposition, follow Section 8.4.2 and Section 8.4.3 to load

the database files “FeCrNi.tdb” and “FeCrNi.pfdb”

from

2025

Examples/PanPhaseField/plugin_ spinodal” folder. Set the condition and select

UER_PFM_ SPINODAL plugin from Phase Field Models, as is displayed in Figure 8.20.

And the simulation result is displayed in Figure 8.21.
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Phase Field Simulation: USER_PFM_SPINODAL X
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s Thermsl History: X &=
Cancel
» x(cn 06 time[minute] Temperature[C] nes
0.00 700,00 O
x(Fe) 0.2 iptions
1.00 700,00 Edra Outputs
x(Ni} 02
| . ‘ 0.00 0.00 Load Condition
Total | Save Condition

Select Comps
710 Parameters
Q Load Chemistry
2 70 Save Chemistry
@
= 630
o 05 1

time(minute)

# of Meshgrid Outputs: [15 [
I Phase Field Models [USER_PFM_SFINODAL V] I Extra Mesharid Outputs: L a3

#ofGrdinX|1 3 #ofGridinY:32 [T #ofGridinZ: 32 [5 time [min]
Length Scale [m] 3E-09 # of Threads for Parallel Simulation: |4 [+
Initial Condition
Pre-Defined @ [random -
Import from folder (o]

Figure 8.20: Simulation condition for USER_PFM SPINODAL plugin

{Urirri

Figure 8.21: Simulation result for USER_PFM SPINODAL plugin
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Property calculation has been added into Pandat and is characterized in three categories,
thermodynamic property, physical property and kinetic property. Users can not develop
other property calculations from the "User-Defined Property". All the property calculations
must be carried out at PanPhaseDiagram module. The database format and the equations

for these properties are described below.

9.1 Thermodynamic Property

The Thermodynamic Property function is used to calculate thermodynamic properties,
such as Gibbs energy, enthalpy, entropy, chemical potential, activity, etc. It is under the
PanPhaseDiagram module. User can access this function through the menu (“Property -
Thermodynamic Property’) after the thermodynamic database is loaded. A popup

window will allow user to input calculation conditions as shown in Figure 9.1.

The calculation is set as a line calculation with the desired thermodynamic properties
output. User may select the thermodynamic properties as needed by checking the boxes in
front of each property as shown in Figure 9.1 and specify the reference state for each
element. The selected property will be calculated and graph plotted as shown in Figure 9.2.
If two or more thermodynamic properties are selected, they will be plotted separately.
Experienced user can also get these results directly from the Line Calculation in the

PanPhaseDiagram module with proper syntax using self-defined table.
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Number of steps: m
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Figure 9.1: Thermodynamic Property calculation dialog
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Figure 9.2: Thermodynamic Property calculation results
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9.2 Physical Property

Physical property calculation implemented in Pandat allows user to calculate the molar
weight, molar volume, density, surface tension and viscosity. The interface is similar to the
Thermodynamic property calculation as shown in Figure 9.3. User can set up the
calculation condition as a line calculation and select the properties to be calculated. The
default graph is the calculated property as shown in Figure 9.4 as an example. Again, if two

or more properties are selected, all of them will be plotted one by one.

The detailed calculation method for each property and the format of the database file

are described in the following sections.

Physical Property Calculation X 2
Start Point End Point
oK
[ Value | Value = Vm(@Liquid)
T(©) 1000 T©) 1000 " Vm(@AI3Ni2)
»oxay |1 xa) |0 Em‘:“(‘;"::u @ —Vm(@B2)
s o
o > 2 .| Mo Q.
»” Load Condtion &
Total: 1 Total 1 [ ——Vm(@Fcc)
Save Condtion 5
« ~
Select Phases g 9
Select Comps F
o
>
2. \
<}
= \
Number of steps: |100 < O Individual Phases [ Point Calculation 74
Choose Target Physical Properties for Plot
6
02 04 06 08
‘3 Al Mole fration of Ni Ni

Figure 9.3: Physical property calculation Figure 9.4: Physical property calculation

dialog results

9.2.1 Weight

The molar weight for a phase is calculated from the atomic weights of the elements involved
in the phase. The unit is kg/mol -atoms. Since atomic weights of elements have been

included in Pandat, no input is required in the database TDB file.

For example, an Fcc phase in A1-Cu binary system with x5, = 0:9 and x¢c, = 0:1, its
molecular weight is
MW Fee = za My + zouMeu

= 0.9 x 26.982 x 10% 4 0.1 x 63.546 x 10~° .1
=30.6384 x 1072 (kg/mol - atoms)
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9.2.2 Volume

The molar volume can be calculated by Pandat if the model parameters are properly
defined in the database file. The molar volume of a pure component is described as a
function of temperature and pressure, and the excess molar volume of a phase is described
in the format similar to that of excess Gibbs energy. The unit of molar volume is

m3/mol-atoms. In the database (. TDB) file, the format of molar volume is:

PARAMETER Vm(Fcc,Al;0) 298.15 +9.7743e-006
*exp (6.91213e-005*T+1.62267e-011*T**3+0.413484*T**(-1)); 3000 N !

PARAMETER Vm (Fcc,Fe;0) 298.15 +6.72092e-006%exp (6.97895e-005*T); 3000
N !
PARAMETER Vm (Fcc,Al,Fe:Va;0) 298.15 -3e-6; 3000 N !

The calculation of molar volume for a phase is

Vi =Y @iV, + 32 i %5 Vi, (@i — xj)k 9.2)
where Vin; is the parameter for the excess molar volume of this phase.

Molar volume of a system with phase mixture is calculated by
Vi =X OV (9.3)

where f¢’ and V,ff are the molar fraction and molar volume for phase ¢ .

Note that, if a phase is described by a compound-energy-formalism (CEF) with multi-
sublattices, the molar volume is automatically described as a function of T, P, and site
fraction (y) following the format of the Gibbs energy. This will introduce many end members
in the molar volume and may lead to instability in the calculated molar volume. In reality,
molar volume should be a function of mole fraction (x) instead of site fraction (y), it is thus
recommended to define the molar volume of a phase separately from its Gibbs energy if the
phase is described by the CEF model. This can be realized through the user-defined molar
volume property (Section 3.3.13 ).

Using the A1-Ni binary system as an example, type “VARIABLE X" is defined as
property “V,,”:

Type Definition v GES AMEND PHASE DESCRIPTION * VARIABLE X Vm !
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[T ]

which means any phase with the Type Definetion “v” will use mole fractions as the
variables of V,,. Here are examples to define the molar volume parameters for the Liquid
and L1, FCC phases:

Phase Liquid %v 1 1 !

Parameter Vm(Liquid,Al;0) 298.15 +V_Al Liquid; 3000 N !

Parameter Vm(Liquid,Ni;0) 298.15 +V Ni liquid; 3000 N !

Phase L12 FCC %v 2 0.75 0.25 !

Parameter Vm(L1l2 FCC,Al;0) 298.15 +0.935*V_Al fcc; 3000 N !

Parameter Vm(L12 FCC,Ni;0) 298.15 +0.935*V _Ni fcc; 3000 N !

In this case, the molar volume of L12 FCC is calculated as:

— L]-Z . le
Vin = 24V, + 2N Vi (9.4)

Although the L12 FcCC phase is described by CEF model with two sublattices. Please refer

to the Example 1.21 in the example book for detail information.
9.2.3 Density

Density is calculated from molar volume and the molar weight. It requires the molar volume

parameters in database. The unit for density is kg/m3. Density of a phase is defined as
T (9.5)

The density of a system with phase mixture is calculated from the molar weight and the
molar volume of the mixture:
d= ¥

U (9.6)

9.2.4 Viscosity

A function to calculate viscosity of liquid phase is added into current Pandat. The model
used for describing the viscosity of liquid phase is semi-empirical relation presented in the

paper by Seetharaman and Du [1994See],

AG*
")

n = Aexp( (9.7)

with
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% (9.8)

where V is the molar volume of the melt, h the Plank’s constant, N the Avogadro’s number.

AG* the Gibbs energy of activation, and can be calculated by

AG* =) z;AG) + A™Gmiz +3RT )Yz (9.9)

where x; and X are the molar fractions of component /i and j, AG? | Gibbs energy of

activation of component i, and A™@G,,;,, Gibbs energy of mixing. The calculation of molar

volume is given in above sections. The parameter for the activation energy of a pure

component in database TDB file has the format:

Parameter ActivationEnergy (Liquid,Al;0) 298.15 15051+13.519*T; 2000 N

9.2.5 Surface Tension

Current Pandat has another new function to calculate surface tension of liquid phase. The
model for calculating surface tension of liquid is the semi-empirical relationship proposed by
Yeum et al. [1989Yeu] to estimate the surface tensions of binary alloys based on the model

of Butler [1932But].
_ RT; &
o=0; + Tilna (9.10)

where oj, a'jand a; are the surface tension, activity at the surface and activity in the bulk of

component i. And S; is the surface monolayer area,

2/3
S; = bN/3VH (9.11)

where b is geometric factor, N the Avogadro’s number, and V; molar volume of component /.
This approach was extended to calculate surface tensions of multicomponent liquid alloys
[1997Zha]. The calculation of molar volume is the same as given in Section 9.2.2 . The ratio
of the coordination number for the surface atoms to that for the atoms in the bulk phase, b,

is represented by a parameter beta, described in database (. tdb) file in the format as

Parameter Beta(Liquid,Al;0) 298.15 0.83; 2000 N !
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9.3 Kinetic Property

Diffusivity related properties can be calculated from Pandat as long as the corresponding
species mobility parameters are available in the database. User can input the calculation
condition through the interface shown in Figure 9.5 and select the desired properties for
output. The default graph is the selected property as shown in Figure 9.6. If two or more

properties are selected, they will be plotted separately.

Details on the kinetic models for the multicomponent diffusion are referred to the
literature [1982Agr, 1992And]. Only the key equations related to the properties of mobility,

tracer diffusivity and chemical diffusivity are given in the below sections.

Kinetic Property Calculation X
Start Point End Point
Value Value s -1
» o > o = 2 log 10(DT(AI@Fee)
x(Al) 1 xa) |0 Optis 9 1 9
Extra Outputs = ——log10(DT(Ni@Fcc))
) [0 ) |1 3
» Load Condtion L
Total: |1 Total: |1
Save Condtion c 124
] .
Select Comps % 134
=]
b5
°
5 14
o
o
= s
-1 T, T T T
0.2 0.4 06 0.8
‘3 Al x(Ni) Ni

Figure 9.5: Kinetic Property calculation  Figure 9.6: Calculated diffusivity in the Al-Ni

dialog system

9.3.1 Atomic Mobility

In order to simulate diffusivity related properties such as chemical diffusivities of
components, atomic mobility data of species in phases are required and stored in the

database. Mobility of species k is related to its activation energy (Qy) by

_ 0 ,— RT
My, = Mge= %/ (9.12)

where M} is a frequency factor, R is the gas constant and T the temperature in Kelvin.

Define MQy as

MQy = RTIn My = RTIn M — Qy (9.13)
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Then, atomic mobility can be calculated from MQy. MQ is a function of composition,
temperature and pressure and can be expressed as Redlich-Kister type of polynomial
expansion as for the excess Gibbs energy [1982Agr]. Each polynomial coefficient is stored
in database. For example, the coefficient for term contributed to Al from Ni in Fcc phase (

MQZ;’O) is described in TDB file as follows,

Parameter MQ (Fcc&Al,Ni;0) 298.15 -285517+R*T*Ln(0.0007933); 6000 N !

In Pandat, atomic mobility of species can be obtained through table operation with field of “M

(*@*)”. Forexample, M (A1@Fcc) represents the atomic mobility of 21 in Fcc phase.
9.3.2 Tracer Diffusivity

Tracer diffusivity of a species k is directly related to its atomic mobility by

D; = RT My, 9.14)

where R is the gas constant and T the temperature. Tracer diffusivity can be obtained in
Pandat from table with field of DT (*@*) . For example, the tracer diffusivity of A1 in Fcc can
be extracted from calculation result with the table field of DT (A1@Fcc). The natural

logarithm of the tracer diffusivity is available with 1ogDT (*@*).

9.3.3 Chemical Diffusivity

Chemical diffusivity of species k, DZ‘J-, could be calculated by

D’iéj = Dpj — Din (when j is substitutional) (9.15)
ng = Dy; (when jis interstitial) (9.16)

And

Opi Opi
ij — ; ((Sz-,c — uk)uzMz an + ;SikuiyvaMia_W (9.17)

where S represents the set of the substitutional species, d;; is the Kronecker delta, and ; is

the chemical potential of species i. uy is defined as
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Lk

Z z; (9.18)

ieS

Uk =

Chemical diffusivity of species k in phase p can be obtained in Pandat with the table field of
DC (k,j@p:n), where j and n are the gradient species and the reference species,

respectively. Its corresponding natural logarithm is 1ogDC (k, j@p:n).

9.4 User-Defined Properties

Pandat allows user to define any property of a phase or a system following some simple
syntax rules. The User-Defined Property database can be added to the original
database, either TDB or PDB files, through Append database function. (Please refer to
Section 3.3.12 for the detailed description on Append database function). user can also
add the User-Defined Property parameters into their home-developed TDB files to

develop a combined database for User-Defined Property calculations.

Three methods are implemented in Pandat to add User-Defined-Properties, depending
on the nature of the properties. Key words Phase_Property; System Property and
Property are used in the syntax respectively.

Phase Property is used to define a property of a phase with a similar expression
which describes the Gibbs energy of a disordered solution phase. Let U be the user-defined

phase property and it is expressed as:

-1
U=>"zU +3 E;=i+1 Tz )y (s — a’j)kaj (9.19)

where x; is the molar fraction of component j and Uy is the property of the pure component i,
k
J is the k-th order interaction parameter between components i and j. The syntax used in
the TDB file are:

Type Definition z PHASE PROPERTY U 1 !
Type Definition v GES AMEND PHASE DESCRIPTION * VARIABLE X U !

“__n

In this definition, “v” is the identifier, “*” means any phase, and VARIABLE X is the key
word indicating x as the variable. The meaning of this definition is that any phase with the

identifier “v” will use mole fractions (x) as the variables for property U.



9 Property 263

System Property is used to define a property of a system with more than one phase.
For a property in a system with multi-phase mixture, the property of the system is the
weighted average of that of each phase. By default, the arithmetic mean is applied to a user
defined Phase Property in a multi-phase system. For example, the user defines Phase
Property U in a system with a and 3 two-phase mixture. The property of U of this system

is calculated by
U= faUs + f5Us (9.20)

If the simple arithmetic mean does not apply, more complicated expression can be
defined by User through Command System Property. For example, the value of the

system property can be calculated through the function:

Ua+ﬂ =faUa+fﬂUﬂ_fafﬂZMi(fa _f,B)z (9.21)
=0 '

where Ua+[3 is the user defined property of U in a+p3 two phase region. Uy and UB is the
property U in a and 3 phase respectively; f, and f|3 are the phase fraction of a and 3 phase
respectively. M; are the i-th order of the additional parameters which are used to describe

additional effects on the user defined property U.

The syntax for the System Property used inthe TDB file is:
System Property Sys U 1 !

Parameter L(Sys U, Alpha, Beta;0) 298.15 MO; 3000 N !
Parameter L(Sys U, Alpha, Beta;1l) 298.15 M1l; 3000 N !

Using command Property, user can also define special properties associated with
phases in the original database. Any phase property available from Pandat Table can be
used for user-defined property, such as G, H, mu, and ThF. However, the star symbol in a
property, like mu (*), cannot be used.

The syntax for the Property used in the TDB file is:

Property GFcc GLig 298.15 G(@Fcc)-G(@Ligquid); 6000 N !
Below are several common User-Defined Properties. The related TDB files are included
in the folder: "...\Pandat 2025\ Pandat 2025

Examples\PanPhaseDiagram\User Defined Property".
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9.4.1 User-Defined Molar Volume Database

The molar volume (Vm) is one of the pre-defined properties in Pandat. The molar volume of
a pure component is described as a function of temperature and pressure, and the excess
molar volume of a phase is usually described in the format similar to that used to describe
the excess Gibbs energy of the phase. Note that, if a phase is described by a compound-
energy-formalism (CEF) with multi-sublattices, the molar volume is automatically described
as a function of T, P, and site fraction (y) following the format of the Gibbs energy. This will
introduce many end members in the molar volume and may lead to incontinuity in the
calculated molar volume. In reality, molar volume should be a function of mole fraction (x)
instead of site fraction (y), it is thus recommended to define the molar volume of a phase
separately from its Gibbs energy if the phase is described by the CEF model. This can be

realized through the user-defined molar volume property.

In brief, the molar volume of element j with crystal structure ¢can be expressed as:

V2 (T) = Vi exp g, 3a.dT) 022

where V) is the molar volume under atmospheric pressure at the reference temperature T,.
And a is the coefficient of linear thermal expansion (CLE). The volume of a phase with

crystal structure ¢can then be obtained via the Redlich-Kister polynomial:

VOT) =Y, 2V + Ve (9.23)

where x; is the mole fraction of element i and V,&* is the excess molar volume. Using ternary

system as an example, the V,£* can be expressed by:

Ve = Z Z ;2 2:(:1:Z ¥ LE + z; 2, L (9.24)

i=1 j=i+1

The terms Lf,j and Lijk are the interaction parameters from the constituent binary and the

ternary systems, respectively. The standard unit of molar volume is m3/mol-atom.
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The molar volume database also enables us to calculate the density based on the

M
relationship of P = v, (p is the mass density, M is the molar mass, and V,, is the molar

volume).

Here we use the A1-Ni binary system as an example to demonstrate the calculation of
molar volume through User-Defined Property. Please refer to the AINi vm. tdb for

details. In the beginning of the database file, a Type Definition is given as below:

Type Definition v GES AMEND PHASE DESCRIPTION * VARIABLE X Vm !

In this definition, “v” is the identifier, “*” means any phase, and VARIABLE X is the key
word indicating X as the variable. The meaning of this definition is that any phase with the
identifier “v” will use mole fractions (x) as the variables for vm. Here are examples to define
the molar volume parameters for the Fcc and L12 FCC phases in the A1-Ni system:

Phase Fcc %(v 1 1 !
Constituent Fcc: Al,Ni:!
Parameter Vm(Fcc,Al;0) 298.15 +V_Al fcc; 3000 N !
Parameter Vm(Fcc,Ni;0) 298.15 +V_Ni fcc; 3000 N !
Parameter Vm(Fcc,Al,Ni;0) 298.15 -2.85e-6; 3000 N !
Phase L12 FCC %v 2 0.75 0.25 !
Constituent L12 FCC: Al,Ni:Al,Ni:!
Parameter Vm(L1l2 FCC,Al;0) 298.15 +V_Al fcc; 3000 N !
Parameter Vm(L1l2 FCC,Ni;0) 298.15 +V _Ni fcc; 3000 N !
Parameter Vm(L1l2 FCC,Al,Ni;0) 298.15 -3.2e-6; 3000 N !

Even though the L12 FcC phase is modeled by CEF model with two sublattices, four
end members, and 13 interaction parameters, its molar volume property can be described
as a function of x; like a solution phase through User-Defined Property. In other

words, the molar volume of L12 Fcciis:

ViER? = 24 Va,, + zni-Viig, — 32510 %z gz (9.25)

Figure 9.7 shows the calculated A1-Ni binary phase diagram with molar volume
contour lines. Please refer to A1Ni Vm.pbfx and Section 3.3.8 for details on the

calculation of contour diagrams.
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Figure 9.7: Al-Ni binary phase diagram with the calculated contour lines of molar volume

(cm3/mol)

The lattice constant, or lattice parameter, refers to the physical dimension of unit cells

in a crystal lattice. For FccC crystal structure, the lattice constant can be calculated by:

1
3

a=(—2_V,)

6.02x10% (9.26)

An example is given for the calculation of lattice constant in Ni-Al binary at Ni-rich
corner. The calculated lattice constant agrees with the experimental data well as shown in

Figure 9.8. Please referto A1Ni lattice.pbfx for details. It should point out that the unit

of Vm in the above equation is cm®/mo1.
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Figure 9.8: Comparison of calculated and measured lattice constants of the y and y’

phases in Ni-Al binary alloys at room temperature

9.4.2 Thermal Resistivity and Thermal Conductivity

Thermal conductivity of a pure element or a stoichiometric phase at temperature

above 273 K is described as a function of temperature using the following equation:
kK=A+BT+CT'+DT? (9.27)

where « is the thermal conductivity and T is the temperature in Kelvin. This function can
reasonably fit most of the experimental thermal conductivity data of elements at

temperature above 273 K.

The thermal conductivity of a solid solution phase can be calculated from
thermal resistivity, which is the reciprocal of thermal conductivity. According to the
Nordheim rule, the thermal resistivity ( o ) of a solid solution phase can be described by the

following Redich—Kister polynomials:

P = TAPA + TBPB + TATB ZLi (za — mB)i

— (9.28)
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where p%g is the thermal resistivity of the a solution phase in the A-B system. X; and p; are

the mole fraction and thermal resistivity of pure elements j, respectively. L; are the ith order
interaction parameters which are used to describe the effect of solute elements on the

thermal resistivity. In general, the interaction parameter can be expressed as:

Li=a; +bT+¢T! (9.29)

where the parameters a;, b; and c; are evaluated based on the experimental data.

In real alloys, multiple phases coexist, influencing the overall thermal conductivity. The
thermal conductivity is affected by the volume fraction and morphology of these phases.
The series and parallel models are fundamental theoretical approaches for two-phase
composites, representing phase arrangements perpendicular and parallel to the heat flow
direction, respectively. These models establish the lower and upper bounds of the effective

thermal conductivity, expressed as:

_ (v w1
ks = (i T %) (9.30)

Kp = V1K1 + V2 K9 (9.31)

where «, and K, represent the effective thermal conductivities of an alloy with two-phase
microstructure under series and parallel model, and v4, vy, x; and x, represent volume

fractions and thermal conductivities of the two phases, respectively.

Pandat provides System Property definition to automatically calculate a system property
based on a multi-phase structure. The thermal conductivities of an alloy with multiphase

microstructure under series model and parallel model can be formulated as
ke = (3 ki/fi)t (9.32)
kp = D fiki (9.33)
where f;, and x; represent molar fraction and thermal conductivity of the phase i,
respectively.

Helsing et al. [1991Hel] proposed the effective thermal conductivity of lamellar eutectic

microstructure relates to series and parallel models.
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K =

["ip + 4/ Kp + 8”~p”~s] (9.34)

And the effective thermal conductivity of an alloy with multiphase microstructure can be

=

calculated using Eq. 9.32-Eq. 9.34.

In this example, thermal resistivity of the A1-Mg binary alloys is described using the
User-Defined Property function.
As shown in the A1Mg ThCond. tdb, the thermal resistivity ThRss property is first

defined as User-Defined Property.

Type Definition z PHASE PROPERTY ThRss 1 !
As is seen, the thermal resistivity of the Fcc phase or the Hcp phase follows the same

format as that of Gibbs energy for a disordered solution phase.
Parameter ThRss(Liquid,Al;0) 298.15 1/ThCond Al Lig; 3000 N !
Parameter ThRss(Liquid,Mg;0) 298.15 1/ThCond Mg Lig; 3000 N !
Parameter ThRss(Fcc,Al;0) 298.15 1/ThCond Al Fcc; 3000 N !
Parameter ThRss(Fcc,Mg;0) 298.15 1/ThCond Mg Hcp; 3000 N !

Parameter ThRss (Fcc,Al,Mg;0) 298.15 0.02566-1.3333e-05*T+14.5*T" (-1);
3000 N !

Parameter ThRss (Hcp,Al;0) 298.15 1/ThCond Al Fcc; 3000 N !
Parameter ThRss (Hcp,Mg;0) 298.15 1/ThCond Mg Hcp; 3000 N !

Parameter ThRss (Hcp,Al,Mg;0) 298.15 0.0214-1.3669e-5*T+12.7158*T" (-1);
3000 N !

Parameter ThRss (Hcp,Al,Mg;1l) 298.15 0; 3000 N !

Parameter ThRss (Hcp,Al,Mg;2) 298.15 0.14825-7.7706e-05*T+25.3031*T" (-
1); 3000 N !

Thermal resistivity of the intermetallic phases with narrow solid solubility rage in the
phase diagrams is treated like that of a stoichiometric compound phase, i.e., it is

composition independent and is described as below:

Parameter ThRss (AlMg Beta,*;0) 298.15 1/42; 6000 N !

Parameter ThRss (AlMg Eps,*;0) 298.15 1/42; 6000 N !

Parameter ThRss (AIMg Gamma,*;0) 298.15 -0.03267+2.7412e-05*T+20.722*T"
(-1); 6000 N !

In order to describe thermal resistivity within multi-phase region, the system properties

using different models (Series and Parallel), are then defined by the following commands:
System Property Sys ThRss S 1 !

System Property Sys ThRss P -1 !
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PROPERTY Sys ThCond S 298.15 1/Sys ThRss S; 6000 N !
PROPERTY Sys ThCond P 298.15 1/Sys ThRss P; 6000 N !

PROPERTY Sys ThCond 298.15 0.25* (Sys ThCond P+sqrt (Sys ThCond P*Sys
ThCond P +8*Sys ThCond P*Sys ThCond S)); 6000 N !

PROPERTY Sys ThRss 298.15 1/Sys ThCond; 6000 N !

System Property Sys ThRss 1 !

Parameter L(Sys ThRss, Fcc, AlMg Beta;0) 298.15 0.005; 3000 N !
Parameter L(Sys ThRss, Hcp, AIMg Gamma;0) 298.15 0; 3000 N !
Parameter L(Sys ThRss, Hcp, AlMg Gamma;1l) 298.15 0.01; 3000 N !

After the thermal resistivity has been properly modeled for each phase, the thermal
conductivity of each phase and that of the system can be directly calculated and outputed
by using extra output in Pandat defined as 1/ThRss (@*) and 1/Sys_ThRss,
respectively.

Pandat also provides a solidification Property function to calculate the thermal
conductivity of an alloy under three different cooling/heat-treated conditions. As Cast
(Scheil) assumes that the alloy solidifies from liquid under Scheil condition with no diffusion
in solid at any temperature, which results in a typical as-cast microstructure. Equilibrium
(Lever) assumes that the alloy reaches equilibrium at any temperature like lever rule
condition in solidification. Quench assumes that the alloy reaches equilibrium at the given
temperature and keeps the microstructure unchanged to lower temperature, which
corresponds to the microstructure of an alloy being aged for infinite time. These three
functions give the user flexibilities to calculate the effective thermal conductivity of an alloy
with the microstructure formed through different solidification / heat-treatment conditions.

The comparisons between the calculated and measured thermal conductivities of the
Al-Mg alloys are shown in Figure 9.9 . This example demonstrates that the User-
Defined Property function is very powerful and flexible to allow users define various
types of properties. The property can be a function of any phase properties that can be

calculated by PanPhaseDiagram module.
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Figure 9.9: Comparison between the calculated and measured thermal conductivities in

(a) the (Al) solid solution and (b) the (Mg) solid solution, in the Al-Mg binary system

9.4.3 Calculation of Ty Curve Using User-defined Property

Tg curve is the trace of a series of points in a two-phase field at which the Gibbs energy of
the two phases are identical. In this example, the original database is ABC. tdb, and the Tj-
curve property is defined in the Appended database ABC TO.tdb. In the ABC TO.tdb
file, the Tp-curves of Bcc/Liquid and Fcc/Liquid phases are defined as:

Property GFcc GLiqg 298.15 G(@Fcc)-G(@Liguid); 6000 N !

Property GBcc GLig 298.15 G(@Bcc)-G(@Liguid); 6000 N !
Where “Property” is the key word for user-defined property and G (@Bcc), G (@Fcc), G
(Liquid) are the Gibbs free energies of the Bcc, Fcc, and Liquid phases, respectively.
Note that, the Bcc, Fcc and Liquid are defined in the ABC. tdb. In this particular case,
the above “Property” can be directly defined in the ABC. tdb, i.e., the ABC. tdb and ABC _
T0.tdb can be combined into one database. This example demonstrates that user-defined
property can be separated from the original database. This design makes it possible to

obtain user-defined properties even the original database is in encrypted pdb format.

In this example, the GBcc GLiqg property is defined as the Gibbs free energy difference
between the Bcc phase and the Liquid phase, and GFcc GLig property is defined as the

Gibbs free energy difference between the Fcc phase and the Liquid phase.
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Using the Contour function (Section 3.3.8 ), we can calculate contour maps of
these user-defined properties and plot them on the calculated phase diagram. When we set
the calculation condition as GBcc_GLig=0, the Ty curve for Bcc/Liquid is obtained as is
shown by the green line in Figure 9.10. Similarly, by setting GFcc GLig=0, we obtain the

Ty curve for Fcc/Liquid as is shown by the red line in Figure 9.10.
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—— T, curve of Fee/Liquid
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Figure 9.10: Calculated isopleth of A-B-10at.%C with T curves of Bec/Liquid and
Fcc/Liquid phases

User can run the ABC TO.pbfx batch file to obtain Figure 9.10. Two points should be

addressed for this batch file:

* Both the “start” and “stop” values should set to be zero for the contour mapping as
following to get the T line.

<contour name="Contour TO Fcc Lig" property="GFcc GLig" start
=" StOp =" Step:vvln/>

<contour name="Contour TO0 BCC Lig" property="GBcc GLig" start
="OH Stop :non Step="l"/>

* To obtain the Ty curve, each phase needs to be considered individually, thus the
equilibrium type is setto be “individual”

<individual phase value="true"/>

<equilibrium type type="individual"/>

Note: The T; function has already included in Pandat software as a direct output

property since Pandat 2021 version.
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9.4.4 Calculation of Spinodal Curve Using User-defined Property

Attention:As of Pandat 2023 and subsequent versions, a built-in function for the Hessian
Matrix of Gibbs energy has been introduced. Users are no longer required to utilize the
previously defined user property function. Detailed information on this feature can be found

in the Section 3.3.14.3 .

A Spinodal curve is where the determinant of the Hessian of Gibbs free energy with respect

to composition is zero. For a phase with c-components, above condition is expressed as

G ¢ _¥¢ .. _dG
6;1;% 0x,0xs Ox1023 01101,
PG 86 968G
Ox5011 az% Ozy0z3 020, 1
¥e e e . _¥a
Ox30x1 Ox302> a:cg 0x301,1 (9.3 5)
e e ’¥e .. ¥a
02,1021 OTp101y 0O%,1023 81:3}_1

where the molar fraction of component c is chosen as the dependent variable. The second

derivative of G w.r.t. molar fractions can be calculated from the thermodynamic factors:

e
6$ja$k -
(9.36)

ThF(z;, z;) — ThF(z., ) — ThF(z;, z.) + ThF(z.,z.) (j,k=1,2,---,c-1)

Example #1: Spinodal curve of Fcc phase in the Al-Zn binary system

In this example, the spinodal curve of the Fcc phase in the Al-Zn binary system is calculated
through user-defined property. A user-defined property d2Gdxzn2 for the Fcc phase is

defined in A1Zn Spinodal.tdb as:

Property d2GdxZn?2 298.15 ThF (Zn, 2n@Fcc)- ThF (Al,ZnQ@Fcc)- ThF
(zn,AlQ@Fcc)+ThF (Al1,A1Q@Fcc); 6000 N !
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where ThF (Zn, Zn@Fcc), ThF (Al, ZnQFcc), ThF (Zn,AlQ@Fcc), and ThF
(Al,AlQFcc) are the thermodynamic factors of Fcc phase. Since the value of d2Gdxzn2
is usually a large number, we define the Hessian function, HSN, as d2Gdx7Zn2

multiplied by a factor of 1074

Property HSN 298.15 le-4*d2 GdxZn2; 6000 N !
As shown in the A1Zn Spinodal.pbfx, the A1Zn Spinodal.tdb is appended to
the A1MgZn.tdb. The spinodal line is calculated through contour mapping by using

following conditions:

<contour name="Spinodal" property="HSN" start="0" stop="0" step="1"/>

<equilibrium type type="individual"/>
The calculated Fcc spinodal is shown in Figure 9.11 with the stable Al-Zn binary phase

diagram.

——Stable phase diagram
------ Spinodal of Fcc

9004 Liquid

700+

Temperature[K]

500

Al » x(Zn) | Zn
Figure 9.11: Calculated spinodal curve of the Fcc phase within the Al-Zn binary system
Example #2: Spinodal curve of Fcc phase in the X-Y-Z ternary system
In this example, the original database is XYz . tdb, and the user-defined HSN property is

defined in XYz Spinodal. tdb as described below:

Property d2Gdx2 298.15 ThF (Y,Y@Fcc)- ThF (X,YW@Fcc)- ThF (Y,XW@Fcc) +ThF
(X, X@Fcc); 6000 N !

Property d2Gdy2 298.15 Th¥F (Z,ZQ@Fcc)- ThF (X,Z@Fcc)- ThF (Z,X@Fcc)+ThF
(X,X@Fcc); 6000 N !



9 Property 275

Property d2Gdxy 298.15 ThF (Y,ZQ@Fcc)- ThF (X,ZW@Fcc)- ThF (Y,X@Fcc)+ThF
(X,XQ@Fcc); 6000 N !

Property HSN 298.15 1e-10* (d2Gdx2 * d2Gdy2 - d2Gdxy * d2Gdxy); 6000 N

Note that the HSN property within the XYz ternary system is derived and described as a
function of the thermodynamic factor The. A factor of 10710 is used to scale the HSN
property since the numerical value of HSN is very big.

Again the spinodal lines are calculated through contour mapping. Details can be found
in XYZ Isotherm Spinodal.pbfx and XYZ Isopleth Spinodal.pbfx. Figure 9.12
and Figure 9.13 show the calculated spinodal curves superimposed on the stable phase

diagrams.

‘3 T=800K 1X — Stable phase diagram & T=600K 1X —Stable phase diagram

------ Spinodal curves -——Spinodal curves

(a) (b)
Figure 9.12: Calculated isothermal sections of the X-Y-Z system with spinodal curves at

(a) 800 K and (b) 600 K.
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Figure 9.13: Calculated isopleths within the X-Y-Z system with spinodal curves for (a) 10

at.%Zn and (b) 20 at.%Zn



10 Batch Calculation and High-
Throughput Calculation

Pandat software has a friendly graphic user interface (GUI) which allows users to setup
calculation conditions easily through Pandat GUIl. Moreover, Pandat also offers a more
convenient and flexible way through which users can perform batch calculations and high-

throughput calculations.

10.1 Batch Calculation

10.1.1 Batch File Structure

In Pandat, any calculation condition defined by user is automatically saved in a batch file. A
batch file, which has an extension name of .pbfx, is written in the language of XML
(Extensible Markup Language). Users do not need to be familiar with the format of a batch
file, as Pandat automatically generates it after a calculation. However, user can easily
modify it as wishes based on the generated file as a template. The purpose here is to

explain the format and contents of a batch file.

A batch file contains several sections, the "Header" section, which starts by <Header
copyright="CompuTherm, LLC">andendsby </Header>, provides basic information
about the Pandat version. The “Calculation” section, which starts with <calculation
name="Example#1" type="section">, and ends with </calculation>, contains all
the details about the calculation including the calculation conditions and output results
setting. The keyword “type” defines the type of calculation.

Four subsections are included in the “Calculation” section. They are: Databases,

Units, System and output.
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10.1.1.1 Databases

This section defines the databases to be used in the calculation including the
thermodynamic (or combined with mobility or property) database with name of .tdb or
.pdb, and the kinetic parameter database, such as . kdb needed by PanEvolution module,
.sdb by PanSolidification module, and .pfdb by PanPhaseField module. In the “file
name” field, if only database name is provided, the database and the batch file should
locate in the same folder, otherwise the folder path where the database is located should be
given. In the below example, the kdb file is located in the same folder as that of the batch
file, while the tdb file is not.

<databases>

<database type="tdb" file name="C:\..\Pandat 2025 Example book\AINi
Prep.tdb" />

<database type="kdb" file name="Ni-14Al Precipitation.kdb" />

</databases>

10.1.1.2 Units

The section define the units used in the calculation and simulation. It is very important to
check the units setting during the calculation and simulation. The values provided in system
section are all corresponding to the units set here.
<units>
<unit name="T" value="C" />
<unit name="length" value="m" />
<unit name="n" value="x%" />
<unit name="time" value="hour" />
</units>
Note: If math operations are carried out in the output table, the output properties after math
operations are in the Sl units instead of the units set in the unit section . For example, the
“time” unit is selected as “hour” here, but, the log10(time) value in output will be calculated

using second as the unit of time.



279 10.1 Batch Calculation

10.1.1.3 System

Four subsections are included in the system section: Components; Phases; Points; and

Conditions;

Components The components of the system are defined in this section.

<components>
<component name="Al" status="Selected" />
<component name="Mg" status="Selected" />

</components>

ok

Phases The status of phases are defined in this section. The means all phases in the

system, the phase status can be set as “Entered”, “Suspended” and “Dormant”.

<phases>
<phase name="*" status="Entered" />
<phase name="Fcc" status="Suspended" />
<phase name="Liquid" status="Dormant" />

</phases>

Points Points defines the state variables of a particular point, such temperature, pressure,
and composition. The units of these state points are defined in the Units section. For point
calculation, and some other calculations, such as solidification, only one point needs to be
defined here. Two points at the two ends are needed for a line calculation, and three points,

corresponding to the three corners of the section, are required for a 2D section calculation.

<points>
<point>
<statespace>
<T value="300" />
<P value="1" />
<n component="Al" value="0.5" />
<n component="Mg" value="0.5" />
</statespace>
</point>

</points>
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Condition Some advanced features in Pandat can be defined in the condition section, such
as contour lines in PanPhaseDiagram module. Heat treatment schedule (time and
temperature) needed in PanDiffusion, PanEvolution and PanSolidification modules are also
defined in this condition section.
<condition>

<steps value="100" />

<contour name="isotherm lines" property="T" step="0" interval="50">

<equilibrium type value="" />

</contour>

</condition>
10.1.1.4 Output

Two subsections are included in the Output section: Tables and Graphs.

Tables Here user may define the properties to be included in a table. More than one table

can be defined, with each table defined separately. As the example below, the first table is

” o«

imported from “A1-Mg Exp.dat” and named as “exp”. “</table>" means that it is the
end of a table. The second table is the calculated “Default” table, including the calculated
properties defined by the “column name”. If the table name is with the extension name of
“.dat”, the .dat file will be output directly after the calculation. The . dat file will be saved in
the same folder with that of the batch file if only the file name is provided, as shown by the
third example table below. The .dat file can also save to a designated location if the file

path is provided in the “Table name”.

The table “type” can be defined as “Default”, “Tie-line”, “Invariant”, “Invariant_Tieline”,

“Contour” and “psd” in PanEvolution.
<tables>
<table source="Al-Mg Exp.dat" name="exp" />
<table name="Default" source="Default" type="Default">
<column name="T" />
<column name="x(*)" />
<column name="phase name" />
<column name="f (@*)" />
<column name="G" />

<column name="w(*)" />
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</table>

<table name="Al-Mg Calc.dat" source="Default" type="Default">
<column name="T" />

<column name="x(*)" />

<column name="phase name" />

<column name="w(*)" />

</table>

<tables>
Graphs The graph settings are defined in Graphs section. The default graph type is
Cartesian coordinates, but users can define the t ype = "triangle"to ploy Gibbs triangle
diagrams, for example ternary isothermal sections: <graph name="AlMgZn 700K"
type="triangle"> . The default plot type is line, users can also define it as “point”,
“line”, and “linepoint” by setting as plot type="point". Below are two typical

examples for Graphs.

Example 1: The graph for Al-Mg binary phase diagram

<graphs>
<graph name="2D Al-Mg">
<plot table name="Default" xaxis="x(Mg)" yaxis="T" />

<plot type="point" table name="exp" xaxis="x(Mg)" yaxis="T" />

<plot table name="tieline" xaxis="x(Mg)" yaxis="T" />

<plot table name="invariant tieline" xaxis="x(Mg)" yaxis="T" />
</graph>
</graphs>

Example 2: Graphs after precipitation simulation showing the number density, average size

and hardness.

<graphs>
<graph name="number density">
<plot table name="185C KWN" xaxis="1loglO(t)" yaxis="1loglO (nd(*))"/>
<plot type="point" table name="nd exp" xaxis="logt" yaxis="nd"/>
</graph>
<graph name="average size">
<plot table name="185C_ KWN" xaxis="1logl0 (t)" yvaxis="1logl0 (s
(*)*1lel0)"/>
<plot type="point" table  name="size  exp" xaxis="logt"

yaxis="size"/>
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</graph>
<graph name="hardness">
<plot table name="185C KWN" xaxis="loglO(t)" yaxis="hv"/>
<plot type="point" table name="hv exp" xaxis="logt" yaxis="hv"/>
</graph>
</graphs>

10.1.2 Create and Edit Batch File

A batch file can be easily created by saving the calculation conditions either before the
calculation or after the calculation is completed. User can save the calculation conditions as
a batch file before performing the calculation as shown in Figure 10.1, or after the
calculation as shown in Figure 10.2. In fact, Pandat creates a batch file for each calculation

automatically and save it in the folder where the workspace is saved.

Section (2D) Calculation x

f-Axis Point

Value A o< |
» TI0) 2000 Cancel Workspace
wh(Al) 100 Options a@ Pandat Workspace 'default’ =
wattg) |0 orign _x _Semow = defaut
Load Condttion -+
Total 100 Save Condition Load TDB
Seloct Phases Open TDE File
ie‘:td C:mps Load Condition
ontour Lines
Feeudo F] ; Save Conditicn
Scanline Density: |0 - Mobile Comps.
origin Point 5 = A Paint .‘u’|ew Condition/Batch File
Value Value Rename F2
> T(C) 0 » o TiC) o Expand
ws(Al) 100 (Al 0
Collapse
wi(Ma) |0 D w%(Mg) 100
¢ Delete
Total 100 a Total: 100 )
Property
Figure 10.1: Save condition from Figure 10.2: Save condition from calculated
Calculation condition setting interface result

For more examples of batch files, please refer to Pandat example folder:

". . \Program Files\CompuTherm LLC\Pandat 2025\Pandat 2025 Examples"

or Pandat Example book folder: "..\Program Files\CompuTherm LLC\Pandat

2025\Pandat 2025 Example book"
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Since a batch file is a text file using

xml language, it can be viewed and edited by any

text editor. However, all keywords and value in the batch file are highlighted in Pandat text

editor as shown in the Figure 10.3, which
file. User can open a batch file in Pandat
drop the batch file into Pandat main win

need to remember the batch file formats,

make it more efficient for the user to edit the batch
text editor by using “open file”, or simply drag and
dow. Again, it should point out that user does not

instead one may create a batch file of certain type

of calculation through user interface, then modify the calculation condition through editing a

batch file as needed.

&3 Pandat Software by CompuTherm, LLC

File Edit View Databases BatchCalc  PanPhaseDi

ipit
1B B[l ] 5B ol

GEEHGB =X D5

line

Created Time 21912023 1:57 PM L9 - </
Calculation Duration | 0.4 seconds 20 5 <P
Path CilL OneDrive\D: 21
TDB DA_Workl3_C. 1_Pandaf\Pand @22 — </
Calculat Line Al-Mg: line: 0.4: 716 23 B <p

24 H

25 H

26

27

28

29

30 —

31 —

Workspace B x 2D_Al-Mg.graph Default.graph [8) linepbfx X
(=-[%] Pandat Workspace ‘default’ 1 B <pbfx version="1.0" encoding="utf-8">
E-p4 default 2 B <Header copyright="CompuTherm, LLC">
=4 section 3 <!-- this file defines the syntax for a batch calculation -->
[ Graph 4 <Application name="Pandat" version="2023" />
1.7 20_AI-Mg
& B bl 5 [~ </Header>
i B Defeult 6 B <calculation name="Line Al-Mg" type="line" duration="0.4" original batc
[ tieline 7H <databases>
EDmvanant 8 <database type="tdb" file name="AlMgZn.tdb" />
i.[F invariant_tieline 9 </databases>
ERER line | 10 H <units>
= Graph 11 <unit name="B" value="bar" />
@fmw"‘t 12 <unit name="T" value="C" />
able .
= ] Default 13 <unit n 'n" value="x" />
14 — </units>
= JR— . n
[N Databases 15 = <system name="Default System">
16 B <components>

n  PanOptimizer PanDiffusion  PanSolidification  PanPhaseField  Propetty Table Graph  Help

DEESAEFABEEEReBL =125 A00EN2

7 B | b

<component name="Al" status="Selected" />
<component name="Mg" status="Seclected" />
components>
hases>
<phase name="*"
phases>
oints>
<point>
<statespace>
<T walue="300" />
<p wvalue="1" />
<n component="Al" value="1" />

status="Entered" />

<n component="Mg" value="0" />
</statespace>
</point>

Figure 10.3: View and edit batch file in the Pandat text editor

10.1.3 Run Calculation from Batch File

After the required batch files are created, the user can run the batch files from the menu

Batch Calc. Below are several functions of Batch calculations.

10.1.3.1 Run one calculation in a batch file

User can run a calculation promptly by u

sing a batch file directly without going through the

user interface. This can be accomplished by clicking the icon [#] on the tool bar or through

the menu “Batch Calc - Batch Run’

"as shown in Figure 10.4.
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Reminder: Before you start Batch run, please make sure the active project in Pandat
workspace is the same module as the calculation type in the batch file. In other words, if the
calculation type in the batch file needs to use PanPhaseDiagram module, then
PanPhaseDiagram module must be the activated module in the Pandat workspace/project.
Figure 10.5 shows the warning message when one tries to run a batch calculation of a

phase diagram when PanDiffusion module is activated.

Batch Calc | PanPhaseDiagram  PanEvolutio
41 Batch Run
Fun All Batch in Folder

Load Condition Pandat Error Message W

SEVE CIIIFIEIItII:IFI S EEtCh FIlE | Caleulation [AIMaZn_10%6A1] with type [section] can not be

« . performed under the current project [FanDiffusion].

Create a Mew Batch

Edit a Batch File

High Throughput Calculation (HTC)
Result Analysis

Join Analysis Reports

Figure 10.4: The Batch run function Figure 10.5: Warning message when run

under the menu Batch Calc batch file under a wrong Pandat module

10.1.3.2 Run a group of calculations using batch files

In addition to the “Batch run” function that allows user to quickly run a calculation using a
batch file, the “Run All batch in folder” function under the Batch Calc menu
allows user to do a batch of calculations using a group of batch files in the same folder.
Moreover, if the “Include Sub-Folders” function is selected, all batch files in the

subfolders will also be included in the batch calculation.

This function is very useful if you want to do a lot of similar calculations with different
composition or temperature. You may first prepare a group of batch files using a template
batch file and then use “Run All batch Files in Folder” function to do all the
calculations. Using ShellScript, Python code or some other program languages, one can
easily generate a lot of batch files by replacing the composition and temperature conditions

from a template batch file.
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Reminder: when using “Run A1l Batch Files in Folder’, please be aware that the
calculations in this group of batch files should require the same Pandat module. In other
words, if in the same folder you have some batch files require PanPhaseDiagram module to
do the calculations and some others require PanDiffusion module to do the calculations,
you can not perform all these calculations together using “‘Run All Batch Files in
Folder”. Instead, you need to perform two separate “Run All Batch Files in
Folder”, one group using PanPhaseDiagram module and the other using PanDiffusion
module. Figure 10.6 shows that user can select or deselect the batch file to be included in

the calculation.

Run All Batch Files in Folder X
Target Folder: d\_Work\3_Calculations1_Pandat'Pandat 202x Example book - Run
Availsble Batch Files Include Sub-Foldsrs [ —— 2

Select Al? File Name Full Path Save List

[ ] Example_#1.1.pbfx d:\_Work3_Calculations'.1_Pandat“Pandat 202x Example book\Example_#...
O Example_#1.10 pbfx d:’_Work’\3_Calculations1_Pandat*Pandat 202« Example book \Example_#...
] Example_#1.11 pbfx d:\_Work3_Calculations'.1_Pandat"Pandat 202« Example book \Example_#...
O Example_#1.12 pbfx d:\_Work3_Calculations'.1_Pandat“Pandat 202x Example book\Example_#...
[ ] Example_#1.13 pbfx d:’_Work 3_Calculations*1_Pandat*Pandat 202« Example book \Example_#...
O Example_#1.14 pbfx d:\_Work3_Calculations'.1_Pandat"Pandat 202« Example book \Example_#...

_ Example_#1.15 pbfx d:\_Work3_Calculations'.1_Pandat"Pandat 202« Example book\Example_#...
O Example_#1.16 pbfx d:’_Work 3_Calculations*1_Pandat*Pandat 202« Example book \Example_#...
O Example_#1.17 pbfx d:\_Work"3_Caleulations'.1_Pandat"Pandat 202« Example book \Example_#...
O Example_#1.18 pbfx d:\_Work3_Calculations'.1_Pandat"Pandat 202« Example book\Example_#...
O Example_#1.2 pbfx d:’_Work*\3_Calculations*1_Pandat"Pandat 202« Example book \Example_#...
(o] . Lo #1991 ok Ay VWD Py binent ] Dol ot Dot W0 T lo boaleh T lo +

Click first column title ('Select All?') to Select/UnSelect All.

Figure 10.6: Pop-up window for Run All Batch Files in Folder
10.1.3.3 Save and run calculation list

In the above Run All Batch File in Folder interface as show in Figure 10.6, click
the button “save List”, the selected calculations can be saved as a Batch File List
file (.pbl), as shown in Figure 10.7. The pbl files can be run using “Batch Run”
function. After click “Batch Run” in Pandat, select the file type as Batch File List
(*.pbl) from the drop-down list as shown in Figure 10.8, Pandat will then run all the
calculations listed in the .pb1 file. The *.pbl file is also a simple xml format text file as
shown in Figure 10.9. Users can also manually revise the *.pb1 file by adding or deleting

calculations.
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{3 Save the Selected Batch Files X £ Select a batch file X
T <« 1Pa.. > Pandat 202x Example book v C Q. Search Pandat 202x Example. T <« 1Pa.. > Pandat 202 Example book v G O Search Pandat 202 Example.

Organize v New folder =~ @ Organize ~ New folder =~ O @
Section Name Date modified 1 wordDrafts Name Date modified Type Size,
Pandat 202x Example book No items match your search, Section [ Listot.pol 2/3/202310:1 AM PBL File
Section
> %2 Dropbox Pandat 202x Exa
~ [ This PC
> %= Windows-55D (C:) > 3% Dropbox

> = Data (D) ~ [ ThisPC

File name: | Listo1.pbl =

Save astype: Batch File List (*.phbl) o

File name: | [Betch File List(".pbi) ~
\ | | |

Batch files (*.pbf)
A HideFolders Cancel Old Batch files (*pbf)

Figure 10.8: Run pbl file from Batch Run

Figure 10.7: Save batch file list (.pbl) file
function

2D_Al-Mg.graph Default.graph B linepbfr J_ﬂ List0l.pbl
<?xml version="1.0" encoding="utf-8"2>
<PanBatchFileltemGroup xmlns:xsd="http://www.w3.0rg/2001 /XM

1

2

3 <BatchFileName FullPath="Example #1.1l.pbfx" />
- <BatchFileName FullPath="Example #1.11.pbfx" />
5 <BatchFileName FullPath="Example #1.13.pbfx" />
6 <BatchFileName FullPath="Example:#l.l5.pbfx“ />
7 </PanBatchFileItemGroup>

-
Figure 10.9: An example of pbl file

10.2 High-Throughput calculation

The High-Throughput-Calculation (HTC) function has been implemented in Pandat for the
PanPhaseDiagram, PanEvolution, and PanSolidification modules. It can perform thousands
of calculations in a user defined compositional space by a simple setting. Alloy
compositions that satisfy user defined criteria can then be identified through mining the
thousands of simulated results. This function allows user to develop alloys with certain
properties through design. There are two methods to define alloy compositions for HTC:
one is to setup the composition range of each component and its steps through user-
interface; the other one is to load the user-defined composition data file. These two
methods will be explained in detail in this section. Note that, the current HTC function can
carry out OD-point calculation and solidification simulation using both the Scheil and Lever-
rule models in the PanPhaseDiagram module. In the PanEvolution module, HTC can be

carried out for all defined/imported alloys under one or multiple heat-treatment conditions.
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The HTC function is also available in the PanSolidification module for alloys under different
cooling rates. The tutorial of the HTC function in different modules will be given in this

section as well. Other types of HTC simulations will be continuously developed in the future.
10.2.1 Alloy Composition Setup

User can set up the alloy compositions in two ways: Setting Composition Range and Steps

through PanGUI, or Import Alloy Compositions from a prepared composition data file.

10.2.1.1 Setting Composition Range and Steps

The composition setup dialog for the HTC function in different modules is the same. As
shown in Figure 10.10, the composition range of each component can be defined by using
the start and End values. The #steps define the number of calculations between the
Start value and the End value. In this example, the composition of Ti is set as the balance
by right-click the row of Ti, and all the values will be shown as “-1” as shown in Figure
10.10. Similarly, the temperature can also be set at constant temperature with #steps is 0,

or change temperature by setting proper #steps value.
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Point =
Stat | End | #Steps Aun HTC
T(C) 1000 1000 O SIEE
x%a(Al) 0 50 10 Options
Extra Outputs
x%(Co) 0 50 10
x%(Cr) ] 50 10
x%(Cu) 0 50 10
Select Phases
% 0 50 10
T Select Comps
x%(Mn) o 50 10 Mabile Comps.
x%(Mo) 0 50 10
%%(Ni) 0 50 10 (] Import Alloys
b x%(Si) o 50 10
x%(Ti) -1 -1 -1

Figure 10.10: HTC composition setup dialog

The Export alloy composition function is introduced in Pandat2022. After setting the
composition range, then click @ button to export the composition conditions into a text file,
which can be imported directly as described below. If the temperature is constant, the
exported file only contains alloy composition, if the temperature #steps is not zero, then the
exported file also contains temperature conditions. User can also prepare other alloy

composition files based on the exported composition file as a template.
10.2.1.2 Import Alloy Compositions

Pandat also allows user to import alloy compositions for HTC through a data file. This is a
more flexible and efficient way to perform HTC for a group of multi-component alloys which
may contain different alloying elements. The format of a data file (. txt or .dat) is simple.
Figure 10.11 shows an example which contains a group of Al-rich alloys. The first row
shows all alloying elements involved in these alloys. The first column of the second row
defines the unit of the alloy composition. Then alloy compositions are given from the third
row forward. The last three columns are for temperature settings. There are a few points to

emphasize here:
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* The element in the first column is automatically treated as “balance” element, such as
Al in this example. No matter what values are given in the first column, those values

will be recalculated after the compositions of all other components are read in.

* The first row lists all the elements used in the alloys. The compositions of some of

them can be zero in a certain alloy.

* If an alloying element is not available in the database used to perform HTC, this
element will be kicked out in the calculation and its composition will be automatically

added to that of the “balance” element.

* Pandat will read the temperature conditions from the imported file if they are included.
If the imported file only contains the alloy compositions, the temperature can be set

from GUI for all alloy composition.

Al Cr Cu Fe Mg Mn Pb Si Sr Ti Zn T _start T_End Steps
w% C
91.8 0 5 0 05 03 0 03 0 03 01 500 1000 1
9249 0.2 0 0 03 0 0 7 0 0 0 500 1000 1
90.149 0 005 01 025 01 0 9 0 0.2 0.15 500 1000 1
88.18 0 0.03 015 03 065 0 10.5 0.015 0.095 0.08 500 1000 1
8§7.499 0 01 1 0.35 0.55 0.001 10 0 0.2 0.15 500 1000 1
88.25 0 005 01 025 01 0 11 0 0.2 0.05 500 1000 1
86.92 0.03 0 0.03 0.01 0 0.02 13 0 0 0 500 1000 1
86 0 01 1 0 0.55 0 12 0 015 0.15 500 1000 1
89.5 0 01 065 01 05 0 9 0 0 0.15 500 1000 1

Figure 10.11: Example of composition file for multi-component Al-rich alloys

10.2.2 HTC with PanPhaseDiagram

In this example, we will demonstrate how to calculate liquidus, solidus, and solidification
ranges for a number of A1-Mg-7Zn alloys via the HTC function by setting composition range

and steps.

1. Load proper database and choose the Al-Mg-Zn system.

2. Choose the HTC function from the Batch Cale - High Throughput

Calculation (HTC) (asshownin Figure 10.12).
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Batch Calc | PanPhaseDiagram  PanPre
4 BatchRun
Run All Batch in Folder

Load Condition

Save Condition as a Batch File

Create a New Batch
Edit a Batch File

High Throughput Calculation (HTC)
Result Analysis
Join Analysis Reports

Figure 10.12: 1TcC function under the “Batch Calc” menu

3. Choose the calculation type from the drop-down list of HTC pop-up window and select

“Solidification”(as shown in Figure 10.13)

High Throughput Calculation x
Choose Calculation Type: OK
] Conca
Max time for each calculation (minutes): 15.0

The calculation will be automatically skipped after timeout.

Figure 10.13: Dialog to choose calculation type of HTC
4. Define the compositional space for HTC simulation.

After step 3, a window pops out as shown in Figure 10.14. In this setting, the
compositions of both Mg and Zn vary from 1 to 30 wt.% in a double composition loops.
The “steps” is set to 29, which means the composition increases by 1 wt% at each
step. The total number of calculations is 30x30=900 in this setting. The composition of
Al is set as balance by typing “-1” for steps or right-click the row of Al. No “Start” or

“End” values are required for the balance component, which is A1 in this case. After
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setup the compositional space for HTC and choose the proper solidification model,

user can click “Run HTC” button to perform HTC simulations, which is 900

calculations in this case.

Solidification Simulation

Liquid Composition

Start

End

T(C)

1000

1000

w%(Al)

-1

-1

w%(Mg)

-

30

29

> w%(Zn)

Solidfication Model
® Non-equilibrium (Schei) (O Equilibrium (Lever)

1

End when no more liquid M

30

T_End [C]

Max Temperature Step Size [K]: [:]

Start simulation from liquidus surface [

T
o

d

Import Alloys

Figure 10.14: Dialog to setup compositional space for HTC

5. Save the current workspace after all calculations are finished. It is suggested that

user saves the current workspace immediately after the HTC calculation. This allows

all the calculated results saved in the workspace for future use.

6. Choose “Result Analysis” from the “Batch Calc” menu. User can use this

command to analyze the calculated results for a group of alloys and choose a certain

property from each calculation for comparison.



10 Batch Calculation and High-Throughput Calculation 292

Batch Calc | PanPhaseDiagram  PanPre
&/ BatchRun
Run All Batch in Folder

Load Condition

Save Condition as a Batch File

Create a New Batch

Edit a Batch File

High Throughput Calculation (HTC)

Result Analysis

Join Analysis Reports
Figure 10.15: “Result Analysis” function under the “Batch Calc” menu

7. Open the workspace saved previously for “Result Analysis”. User can perform
several HTC calculations and save all the workspaces. User can then analyze the
results of the selected HTC calculation by opening the corresponding workspace as
shown in Figure 10.16.

Result Analysis -> Choose Workspace X

- M:\AIMgZn\AlMgZn prdx Continue
Target Cancel

There are 900 calculations for analysis.

Figure 10.16: “Result Analysis” popup dialog to choose target workspace

8. Define the criteria of the properties as filters for result analysis.

In Figure 10.17, the “Target Workspace” shows the workspace selected by the
user for results analysis. It should point out that there can be more than one table in
each calculation, the “Common Tables for All Calculations” allows user to
choose the table for analysis. In the “Common Columns for the Target Table”
window, names for all the output properties available in the selected table are listed.
User can choose the properties to be listed in the “Analysis Report’. In this case.
Since the purpose of HTC is to compare a special target property for the several

hundred/thousands of calculations, the “Set an Expression to Select Rows’
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at the bottom of the window allows user to define the criteria. This criterion is f =1,

i.e., the fraction of liquid is 1. With this filter, only the row satisfies this criterion will be

listed in the “Analysis Report”. It should point out that several criteria can be set

inthe “Set an Expression to Select Rows’.

Result Analysis -> Set Rules

Target Workspace: |M;W""92‘"\“19‘3"‘h

Commeon Tables for All Calculations: (only one table can be chosen for analysis at one time)

‘M'\N MgZn'\default\solidfication_default’\ Table\Default table

> |

Cemmen Columns for the Target Table: (drag and drop to change the oder) Sel/Clr All

T i_tol(@T_AMazn) |G

k]l f_tot(@AIMg_Beta) [v] x(@Liquid)

Mis f(@Liquid) [ xiMa@Liquid)

[] phase_name f(@Fec) [v] x@n@Liquid)

Ma fl@c14) ] Labe!

[ H_Latent f@T_AMgZn)

[l H_tot f(@AIMg_Beta)

B £ _tot(@Liquid) wiAl@Liquid)

] f_tot(@Fec) wi(Mg@Liquid)

M f_tat(@C14) w(Zn@Liquid)

1. Set an Expression to Select Rows: (choose a template text and insert) Insert Selected
Column Name

fi=1.0

f1=1.0

T=MIN(T)

2. Get Min/Max Value from Selected Row (choose a template text and insert)

T=MIN(T)

Examples:

2. finding the row with minimum T with T=MIN(T).

1. finding the rows with values in a certain range: fl < 1.0 AND fl > 0.9;

Empty Row Between Results

Cancel

Figure 10.17: “Result Analysis” popup dialog to define the criteria of the

properties

9. Present analyzed results on liquidus temperature as "Analysis Report" table and

graphs.

Click “aAnalyze” to create the “Analysis Report” as shown in Figure 10.18. In this

table, each row lists the liquidus temperature (fi = 1) for the corresponding alloy

composition. The liquidus temperatures for 900 alloys are listed in the same report

which allows a quick comparison of liquidus temperature for different alloy

composition. User can also plot 3D colormap and surface diagrams using the data in

this report as shown in Figure 10.19.
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CalculationMame  AlloyChemistry T fl fs phase ™
c “|  molelmele moleimole
1 solidification_de.. EREESIELTY Iaﬁa.a?m I'l.[)ﬂmﬂﬂ .1_110223E-D'|ﬁ ILiquid*Fcc
2
3 solidificaion_de.. 97A1+1Mg#2Z.. 6514280 1000000  1.110223E-016 Liquid+Fee
4 | | I
5 solidification_de... | 96A1+1Mg+3Z... | 649.5810 | 1.000000 |0.000000 | iquiderec
6
7 solidificaion_de.. 95A+1Mg*4Z.. 647.6870 1.000000 2220446016  Liquid+Fec
8
9 solidification_de.. 94AI+1Mg+5Z.. 6457750 1.000000 0.000000 Liquid+Fee
10
11 solidification_de_ 93A1+1Mg+6Z.. 6438550 1.000000 0.000000 Liquid+Fee
12
13 |solidification_de... |92A1+1Mg+7Z.. |641.9280 1.000000 0.000000 Liquid+Fce
7
15 solidification_de. O1A+1Mg+8Z. 6399040 1000000 0000000  Liquid+Fec
16 r - - . . .
17 solidification_de... | 90AI+1Mg+0Z.. 6380520 1.000000 2220446E-016  Liquid+Fec
18
15 solidification_de.. 89AI+1Mg+10.. 636.1030 11.000000 0.000000 Liquid+Fee
20
21 solidification_de.. 88AI+1Mg+11.. 6341460 |1.000000 |2220446E-016  Liquid+Fec
22
23 solidificalion_de.. S7Al+1Mg+12.. 6321820 11.000000 |11102236-016  LiquidsFec
24
5 .nnlidiﬁualinn_da.._.Sﬁll*'lMg“lS... Iﬁaﬂ.?'l'lﬂ I'l.DDCH)Dﬂ .1_110223E-D1ﬁ ILiquid*Fa:
2
27 solidification_de.. 85A1+1Mg+1d.. 6282320 1.000000 0.000000 Liquid+Fec
3 |
28 solidification_de.. |S4AK1Mg+15.. | 6262460 |1.000000 |0.000000 Liquid+Fee
< >

Figure 10.18: Analysis report file of liquidus temperature T
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Figure 10.19: 3D diagrams of the liquidus temperatures: colormap (left) and 3D

surface (right)

10. Save the obtained T report file via “File — Save Current File As

11.

Now repeat the steps of 1-9 to obtain the Tg report file and save it.
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12.

7 TS report |
CalculationName AlloyChemistry T
c
98AL+IMG+1ZNinw% |4404160
2
3 solidification_default_1 | 97AL+1IMG+2ZNinw% | 480.1710
4
5 solidification_default_2 |96AL+1MG+3ZNinw% |474.9430
6
7 solidification_default_ 3  95AL+1MG+4ZNinw%  474.9480
8
9 solidification_default 4  94AL+1IMG+5ZNinw%  474.9510
10
11 solidification_default_ 5 93AL+1MG+6ZNinw%  459.2860
12
13 solidification_default_ 6 |92AL+1MG+7ZNinw% [341.2350
14
15 solidification_default_7 | 91AL+IMG+8ZNinw% | 341.2160

Figure 10.20: Analysis report file of solidus temperature Tg

Combine the two analysis reports. Note that user can also easily export the obtained
report file to excel (Table — Export to Excel) for further editing and then import
the modified file back to Pandat to create plot. For example, we can export the T|_ and
Tg reports to excel files and then combine them to obtain the solidification range (A T
= T, — Tg). By importing the modified table data, one can plot the contour mapping of

the solidification range as shown in Figure 10.21.
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250
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5 10 15 20 25 30
‘3 Mg (wt.%)

Figure 10.21: The color map of solidification range for Al-rich alloys using the Scheil

model

10.2.3 HTC with PanEvolution/PanPrecipitation

In this example, we will demonstrate how to find the peak yield strength of the AA6005 alloy

with varying both composition and heat-treatment temperature.

1. Load proper thermodynamic + mobility database and select Al, Mg, Si three

components.
2. Load proper kinetic-parameter database to select the matrix phase and precipitates.

3. Choose the HTC function from the menu Batch Calc - High Throughput

Calculation (HTC).

4. Choose the calculation type from the drop-down list of HTC pop-up window and select

“Precipitation”.
High Throughput Calculation X
Choose Calculation Type: 0K |
precipitation v I I Cancel I

Max time for each calculation (minutes):

The calculation will be automatically skipped after timeout.

Figure 10.22: Dialog to choose calculation type of HTC
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5. Define the compositional space for HTC simulation. As shown in Figure 10.23, the

7.

compositions of Mg and Si varying within the ranges of 0.4-0.6, and 0.6-0.9 (wt.%),

respectively.

. Define the thermal history for HTC simulation. User can define/import one thermal

history by using the “Thermal History” dialog in Figure 10.23 or select the “Load
C. cCurve” and click the “Import CC” button to browse and load the predefined
cooling curves (. txt or .dat). The example format of cooling curve file can be found
in Figure 10.32 in Section 10.2.5 . In this example, isothermal aging for 20 hours at
three temperatures 190, 182, and 170°C are defined individually in the loaded curve
file. It is noted that only one thermal history can be typed in through GUI, while more

than one thermal history can be considered through using the cooling curves file.

Precipitation Simulation X

Alloy Composition ®

2 a B Run HTC
Start | End #Steps | Thermal History: [ Use Rate’ ® o
W (Al) - - -1 timefhour] Temperature{C] ance
0.000000 500.00 Options
wi(Mg) |04 06 |2
Exira Oulputs
P ws(Si) 08 089 3 I~ |
Select Comps
Parameters
[o) [ mport Aloys
£ 8 Load C.Cue
3
"
o 50 100

time[hour]

bt

Intermediate PSD Outputs:

Initial Structure
time [n]
Equil. Caleulation O Temp. [C]

2000  (Equilibrium phases will not evolve)
Define through GUI O
Import from " ini' file O

None @

Figure 10.23: Dialog to setup compositional space and thermal history for

precipitation HTC

In addition to use the default output, user can also customize the outputs using the
“Extra Outputs” function shown in Figure 10.23. Then another window (Figure
10.24) will pop-up for setting the extra outputs. In this example, the extra output with
time, T - temperature, w (*) - alloy composition, and sigma_y (yield strength) is

generated.
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Set Extra Qutputs X Table Editor
Tables  Graphs oK Table Type: Default ~ Table Name:  generated
Output Tables. Cancel AR(@) Columns.
nd(@) LA
egi0rd@) 0
Nwer =
- I
log10f@)
dom(@”)
IFE_CALC(@")
IFE_Diff_Factor(@")
IFE_Size_Factor(@7)
sigma_p(@")
sgma_g
sgma_ss
sigma i
hv
Grain_Size Double click to enter edit mode:
dislocation_density(@7) mz’mr:r& Gl to show list of
Drag and drop available columins to setup a new table. Double click property cell to edit
Description: Overall yield strength. Example: sigma_y.

x

Figure 10.24: Set properties in the extra table

history, user can click “Run HTC” button to perform HTC simulations.

8. After setup the compositional space for HTC and define/import the proper thermal

Save the current workspace after all calculations are finished and run “Result

Analysis” from the “Batch Calc” menu. User can use this commend to analyze

the calculated results for a group of alloys and pick a certain property from each

calculation for comparison. As shown in the following Figure 10.25, the following rule

is used to obtain the maximum yield strength of each alloy under thee different heat-

treatment conditions.

Result Analysis -> Set Rules

Target Workspace:

Cancel

Common Tables for All Calculations: {(only one table can be chosen for analysis at one time)
[0y HTC_Precipi _PT\T: d table ~]

Sel/Clr All

Commen Celumns for the Target Table: (drag and drop te change the oder)

1. Set an Expression to Select Rows: (choose a template text and insert)
=10 || Insert Text |

Insert Selected
Column Name:

2. Get Min/Max Value from Selected Row: (choose a template text and insert)
T=MAX(T) ~ | Insert Text

sigma_y=MAX(sigma_y))

Examples: @ Empty Row Between Results
1_finding the rows with values in a certain range: fl < 1.0 ANDfl > 0.9;

2. finding the row with minimum T with T=MIN(T).

5 \HTC_Preciptation defaut | Anslyze

Figure 10.25: Criteria for precipitation results analysis
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Figure 10.26 shows the obtained peak yield strength distribution within the defined
composition space considering all three heat treatment conditions. User can run
‘Result Analysis” on this save workspace and dig out more information using
other rules. For example, user can plot peak yield strength distribution in the

composition space for one particular heat treatment condition.

V 250

240
230
220

210

0.9

200

0.8

0\:]01 o\%“

0.5
w%(Mg)O'SS 06

H

Figure 10.26: The maximum yield strength distribution within the defined compositional

space
10.2.4 HTC with PanSolidification

Hot tearing or hot cracking is a serious defect occurred in welding and casting solidification.
Cracking usually generated at the end stage of solidification along grain boundaries. Prof.
Kou [2015Kou] proposed a criterion to describe the crack susceptibility by using a simple
crack susceptibility index (CSI), which is the maximum value of |dT/d(fs)"?| at
fs”2 < 0.99. The cs1 criterion has been successfully applied to several Al-based alloy
systems. In this example, we will demonstrate how to use HTC function in PanSolidification

module to produce a susceptibility map in the A1 -Cu-Mg ternary system.
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1.

Create a workspace and select PanSolidification module. Save the workspace in a
user assigned folder different from that of the default workspace. The HTC calculation

results will be saved automatically under this folder.

Load proper thermodynamic + mobility database and select Al, Cu, Mg three

components.

Load proper solidification kinetic- parameter database (.sdb) to select the

solidification alloy system.

. Choose the HTC function from the Batch Cale - High Throughput

Calculation (HTC).

Choose the calculation type from the drop-down list of HTC pop-up window and select
‘pan_solidification”

High Throughput Calculation *

Choose Calculation Type: QK
pan_sclidification bl |

Max time for each calculation (minutes): 15.0

The calculation will be automatically skipped after timeout.

Figure 10.27: Dialog to choose calculation type of HTC in PanSolidification

Define the compositional space for HTC simulation. As shown in Figure 10.28, the

compositions of both Cu and Mg vary from 0 to 5wt% in a double composition loops.

. Define the solidification conditions for HTC simulation. User can define the cooling

rate (the example is 20 K/s) by using the “Thermal History” dialogin Figure 10.28
or select the “Load C. Curve” and click the “Import cCC” button to browse and
load the predefined cooling curves (.txt or .dat). The example format of cooling
curve file can be found in Figure 10.32 in Section 10.2.5 . Users can also simply
output the Thermal History from GUI by click the icon &, then use the output file as a
template to revise the cooling curve. Besides the cooling rate, the solidification rate or

temperature gradient is also needed to be defined.
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8.

Solidification Simulation with Back Diffusion

Liquid Composition

Start End
P TIC) 1000 1000 0

x{Al) 1 B B
x{Cu) 0 5 10
xMg) |0 5 10

Solidffication Model

© BD (Back Diffusion)
() Equilibium (Lever)

() Non-equilibrium (Scheil)

Comman Sclidfication Model Parameters
Start simulation from liquidus surface (-]
End when no more liquid (-]
T_End [C]: 300

Max Temperature Step Size [K]: 1

Run HTC
Thermal History: ! g Cancel
time{second] Temperature[C] .
0.000000 700.00 . Optiors
. . Extra Outputs
10.000000 500.00 e
0.000000 0.00
Select Phases
Select Comps
Farameters
700 [ Import Alloys
o
g_ 600 [ Load C. Curve
D
-
500
0 5 0
time[second]
Solidification Condtions
(O Solidfication Rate [um./sec]
© Temperature Gradient [C/um]
Value: 1E-3

PanSolidification HTC

Set Extra Outputs

Figure 10.28: Dialog to setup compositional space and solidification conditions for

In addition to use the default output, user can also customize the outputs using the
‘Extra Outputs” function. In this example, we defined the following extra output:
time; T — temperature; w (*) — alloy composition; fs — solid phase fraction; sqrt
(fs) — the square root value of the solid phase fraction; and csSI — the CSI index
|dT/d(fs)12|. (Note: The CSI index is introduced in Pandat 2022 version. For earlier

versions, users can use the expression of -T//sqrt (fs) to obtain the CSl values.)

X | | Table Editor

oK Table Type: Default ~

Cancel

Tables Graphs
Output Tables: |
u i
i

e

am_space.
[x_5()
N|w_s0)

1 tor@)
n_tot(@)
x_tol('@")
wial(@)
dTdx(")

ddT('@")

Table Neme:  generated

Columns

<

time:
T
wi)
fs

sqtfs)
csi

-

dwdT('@)

Dragand

Double click to enter edit mode:
In edit mode. press "Ctri"+'m’ to show list of
Math functions.

Description: Crack Susceplibility Index.

new table. Doubl to edit

Figure 10.29: Set properties in the extra table
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9. After setup the compositional space for HTC and define the proper thermal history,

10.

11.

< 0.99 at each composition point.

Result Analysis -> Set Rules

Target Workspace:  D-\ManualCalc\HTC_PanSolidfication'defaul

user can click “Run HTC” button to perform HTC simulations.

Run “Result Analysis” from the “Batch Calc” menu. User can use this
commend to analyze the calculated results for a group of alloys and pick a certain
property from each calculation for comparison. As shown in the following Figure

10.30, the criterion is to output the CsI=MAX (CSI) point with the condition of sqrt

Analyze

Cancel

Common Tables for All Calculations: (only one table can be chosen for analysis at one time)

|D \_ManualCalc\HTC_Pan Solidfication \default Simulation'\ Table\generated table

Common Celumns for the Target Table: (drag and drop to change the oder)

Sel/Clr All

1. Set an Expression to Select Rows: (choose a templats text and insert)
[#=10 v

sgrt(f£s)<0.99

Insert Text

Insert Selected
Column Name:

2 Get Min/Max Value from Selected Row (choose 2 template text and insert)
T=MINT) ~ | Insert Text
CSI=MAX (CSI)

Examples:
1_finding the rows with values in a certain range: fl < 1.0 ANDfl > 0.9;
2 finding the row with minimum T with T=MIN(T)

a Empty Row Between Results

Figure 10.30: Criteria for Cracking Susceptibility Index setting from solidification

results analysis

and dig out more information using other rules.

Figure 10.31 shows the obtained crack susceptibility map for Al-Cu-Mg alloys with

cooling rate of 20 K/s. User can run “Result Analysis” on this save workspace
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9000
8000
7000
6000
5000
4000
3000
2000
1000

Figure 10.31: Al-Cu-Mg crack susceptibility map with cooling rate of 20 K/s

10.2.5 HTC in Console Mode

In order to facilitate the integration of PanEvolution with a third-party software package such
as iSight or DEFORM, a new feature is developed so that the software can call
PanEvolution for multiple simulations with different conditions. In this case, PanEvolution
run in a console mode rather than in a regular GUI mode. This would significantly reduce
the overhead from creating and maintaining many GUI components. In this mode, the
simulation is performed through a script file or Pandat batch file (.pbfx file). After the
simulation is done, the results are saved as ASC11 files, which can then be loaded by third-

party software package for subsequent simulations.

A typical application of this function is to run HTC of an alloy at various cooling profiles.

The command to run this type of precipitation HTC is:

Pandat.exe Ni-14Al.pbfx "“D:\ConsoleMode\results” cooling curve.txt

1

There are four arguments passed to Pandat .exe in order to run HTC:

a. Ni-14A1.pbfx: batch file name, which defines all the simulation conditions such as
unit, alloy chemistry, output format, etc.; The heat treatment schedule will be replaced

by the 3rd argument if there is cooling curve file attached;



10 Batch Calculation and High-Throughput Calculation 304

b. D:\ConsoleMode\results: working folder for Pandat HTC. A default workspace
will be created automatically when running Pandat each time. The old workspace will
be removed in this folder. If the user wants to keep the workspace and its results, all
the files in this folder should be backed up before running HTC each time. Or the user

may specify a different working folder for each HTC calculation;

c. cooling curve.txt: the files defining cooling curves for different points. The file

format is Tab Delimited text file.

time P1 P2 P3
hour G C C
0 550 550 550
10 500 550 550
100 500 500 550
1000 450 500 550|

Figure 10.32: The example file format defining cooling curves for different points
The following is the structure of the working folder (see Figure 10.33):

1. Workspace folder: contains all the results for each simulation;

2. cooling curve summary.txt:the summary file which contains the results for the
final step of each simulation; if there are multiple tables in pbfx file, only the results

from the last table is summarized; the file format is Tab Delimited text file;

3. pandat.log: which logs the simulation progress; the level can be controlled by the

last argument as shown above.

results
| cooling_curve_summary.txt
_J pandat.log

Figure 10.33: The structure of the working folder

Please referto .. .\Pandat 2025\Pandat 2025 Examples\ConsoleMode folder for

the related files.
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11  Appendix

11.1 Mathematical Functions and Operations

Table 11.1 lists the common mathematical functions which can be used in databases (tdb
file) as well as in Pandat GUI table column expressions. Table 11.2 and Table 11.3 lists the

mathematical operations which could be used in Pandat table column expressions.

Table 11.1: Mathematical Functions for Databases and Table Column Expressions

sin(x), cos(x), tan(x), tan2 Trigonometric functions. tan2 (y, x) =tan
(y,x) (y/x)

asin(x), acos(x), atan(x),
Arcus functions. atan2 (y, x) =atan (y/x)
atan2 (y, x)

sinh (x), cosh(x), tanh(x) Hyperbolic functions

asinh(x), acosh(x), atanh
Arcus hyperbolic functions

(x)

log2(x), loglO(x), 1ln(x) Hyperbolic functions
exp (x) Exponential function
abs (x) Absolute value

sgrt (x) Square root

rint (x) Round to integral value

sign (x) Sign function
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Table 11.2: Mathematical Operations for Pandat Table Column Expressions

Operation
e : TR S H-T*S
troTy Addition, subtraction, multiplication, division ALY S (L
X X a
* /, ~  andexponentiation s

H//T ( See Section 3.3.11

// Numerical derivative
for an example)

Table 11.3: Logical Operators for Pandat Table Column Expressions

#phases=2
= equal to phase name=Liquid+Fcc+Hep
tieline=5 (specifying tieline density)

I= not equal to phase name!=Fcc
> larger than T>1200

< less than x (A1)<0.5

>= larger than or equal to f (@Liquid) >=0

<= less than or equal to a(Al)<=0.3
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11.2 Pandat Table Format Syntax

Table 11.4 lists the special words and formats used in Pandat table columns.

Table 11.4: Table Format Syntax (commonly used properties)

Note and Example

phase name

#phases

£(ex*)
fw(@*)

x (*@*)

w(*@*)

y(*@*)

Temperature

Names of phases that are in
equilibrium

Number of phases in equilibrium

Molar fraction(s) and weight
fraction(s) of a phase or phases

Nominal composition of an alloy in
molar fraction or weigh fraction

Composition of a phase or every
phase in equilibrium in molar
fraction or weight fraction

Site fraction of species in every
sublattice for a specified phase or
for every phase in equilibrium. If a
phase has only one sublattice, it
lists the composition of the phase; if

Temperature can be in Celsius,
Kelvin, or Fahrenheit. The unit can
be changed/selected in the row
below symbol T and the values
updated instantly

Liquid+Fcc means two phases
are in equilibrium, one is Liquid
and the otheris Fcc

f (@Fcc) : molar fraction of Fcc
phase

£ (@*): molar fraction of every
phase in equilibrium

Fraction can be easily converted to
percentage by selecting % from the
unit row in the table

w (*@Liguid) :composition of the
Liquid phase in weight fraction

w (*@*) :composition of every
phase in equilibrium in weight
fraction

y (AL@*) :site fraction of AL in
every sublattice of every phase

y (*@Beta) :site fraction of every
component in every sublattice in
Beta phase
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Syntax

Note and Example

dxdT L

(*@*) dwdT

L(*@*)

dxdT_S

(*@*) dwdT

S(xex)

G(:ref ph
[*1)
H(:ref ph
(*1)
S(:ref ph
[*1)
mu (*)

a phase has two or more
sublattices, it lists the site fraction
of every component in every
sublattice. If a component does not
occupy a certain sublattice, the site
fraction of this component will not
be listed in that sublattice

Liquidus slope when liquid is in
two-phase equilibrium with the
solid phase.

Solidus slope when the solid
phase is in two-phase
equilibrium with the liquid.

Gibbs energy, enthalpy, entropy
and heat capacity of the system in
the equilibrium state. The
equilibrium state may include one
phase or a mixture of phases

Gibbs energy, enthalpy and
entropy of the system per mole of
atoms referring to the given
reference state.

Chemical potential of a specified
component or every component
when the system reach equilibrium

y (*@x*) :site fraction of every
component in every sublattice in
every phase in equilibrium

The listed Gibbs energy, enthalpy,
and entropy are the properties of
one mole atoms refer to the default
reference state defined in the
database. If the Gibbs energies of
pure components are from SGTE
substance database, the default
reference state is GHS298

G(:Fcc[*]) isthe Gibbs energy
of the system per mole of atoms
referring to FCC of every element.
H(:Fcc[Al], Hcp[Mg]) isthe
enthalpy per mole of atoms
referringto Fcc Al and Hcp Mg.

mu (A1) is chemical potential of Al
in the equilibrium system referring
to the default reference state
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Note and Example

a(*:ref ph
[*1)
r(*:ref ph
[*1)

fs, fl

H tot

H Latent

Chemical potential of a specified
component or every component
when the system reach equilibrium
referring to the given reference
state

activity of a specified component or
every component when the system
reach equilibrium

activity or activity coefficient of a
specified component or every
component when the system reach
equilibrium referring to the given
reference state

Fraction of solid (accumulated) and
liquid during solidification

Total enthalpy of the system per
mole of atoms. During the
solidification process, H totis
listed at each temperature. It is the
total enthalpy of one mole atoms of
the system at that temperature. It
refers to the default reference state
defined in the database

Heat evolved during solidification
from the beginning temperature to
the current temperature

Latent heat. It is the heat released
due to phase transformation only.
During solidification, a small

mu (Al:Fcc[Al]) is chemical
potential of A1 in the equilibrium
system referring to the Fcc Al

a (Al) is the activity of Alin the
equilibrium system referring to the
default reference state

a(Al:Fcc[Al]) isthe activity of
Al inthe equilibrium system
referring to the Fcc Al

For example, at 500°C there listed
two phases: Liquid+Fcc, the
fraction of Liquid is 0.9 and that of
Fccis 0.1,thenH totisthe
enthalpy of 0.9 mole of Liquid
plus the enthalpy of 0.1 mole of Fcc
at 500°C.

The beginning temperature can be
set as a temperature above the
liquidus if the user chooses to do
so. The default setting for
solidification starts at liquidus
temperature

For example, when temperature
decreases from T1to T2, asmall
fraction of liquid, dfL, transformed
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Syntax

Note and Example

P (@gas)

G(@x)
H(@*)
S(@*)
Cp(@*)

G(@*:ref ph
[*1)
H(@*:ref ph
[*1)
S(@*:ref ph
[*1)
Cp(@*:ref ph
[*1)

H(*@*:ref
ph) S
(*@*:ref ph)

G_id(ex*)

amount of liquid transformed to
solid at each small temperature
decrease. Latent heat listed at a
certain temperature is accumulated
from the beginning of solidification
to the current temperature

External pressure

Partial pressure of species

The pressure of gas phase when
the system reaches equilibrium

Gibbs energy, enthalpy, entropy
and heat capacity of a specified
phase or every phase involved in
the calculation

Gibbs energy, enthalpy, entropy
and heat capacity of a specified
phase or every phase involved in
the calculation referring to the
given reference state

Partial molar enthalpy and entropy
of a component in a phase with a
given reference phase

Gibbs energy, enthalpy and

to solid, the latent heat of this small
stepis dfL* [H Liquid (T2) -
H Solid (T2)].Inother words,
the heat released of the Liquid
due to the temperature decrease
from T1 to T2 is notincluded in
Latent heat

Unit can be changed in the second
row of the table, and P values
updated instantly

P (02) is the partial pressure of 02

The listed value is for per mole of
atoms.

The reference state is the default
reference state defined in the
database

The listed value is for per mole of
atoms.

If the calculation (line calculation) is
for the system, these properties for
a phase are listed only in the range
where the phase is stable; if the
calculation is for individual phase,
then these properties are listed in
the entire range

If reference phase is not given, the
default reference state in database
is used

S id(@Fcc) is the entropy of the
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Note and Example

H id(@*)
S_id(@*)

G ex(@%*)
H ex(@%)
S_ex (@%)

G _Mag (@*)
H Mag (@*)
S Mag (@*)

mu (*@*)

mu (*@*:ref

ph[*])

a(*x@x)
r(*@x)

a(*@*:ref ph
[*1)
r(*@*:ref ph
[*1)

entropy due to ideal mixing for the
given phase

Excess Gibbs energy, enthalpy and
entropy other than ideal mixing part
for the given phase

Magnetic contribution part on
the Gibbs energy, enthalpy and
entropy for the given phase

Chemical potential of component(s)
in a specified phase or in every
phase involved in the calculation

Chemical potential of component(s)
in a specified phase or in every
phase involved in the calculation
referring to the given reference
state

Activity and activity coefficient of
component(s) in a phase referring
to the default reference state in
database

Activity and activity coefficient of
component(s) in a phase referring
to the given reference state

Fcc phase per mole of atoms due
to ideal mixing.

G ex (@Fcc) is the excess Gibbs
energy of the FcC phase per mole
of atoms.

G Mag (@Bcc) is the magnetic
contribution on the Gibbs energy of
the BCcC phase per mole of atoms.

mu (A1@Fcc) is chemical potential
of Al in Fcc phase.

If the calculation (line calculation) is
for the system, these properties for
a phase are listed only in the range
where the phase is stable; if the
calculation is for individual phase,
then these properties are listed in
the entire range

mu (A1lQ@Fcc:Fcc[*]) ischemical
potential of A1l in FCC phase
referring to FCC state of every
component.

a (Culfcc)=exp{mu
(CuQRfcc) /RT}
r=a/x

see mu (*@*) for an example

a(Cul@fcc:liquid)=exp{ (mu

(Cu@fcc) -mu (pure liquid Cu
at same T))/RT}

seemu (*@*:ref ph([*]) foran

example
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Syntax

Note and Example

DF (@[ *)

DF (@!*)

Driving force of each phase entered
the calculation referring to the
equilibrium state of the system.
Driving force can only apply to point
calculation or line calculation

Driving force for each dormant
phase referring to the equilibrium

For example P1, P2, and P3 phases
are selected in a point calculation
(given an overall composition and
temperature), and the result shows
P1 and P2 are in equilibrium at this
point, then DF (Q|P1)=0, DF
(@|P2)=0, and DF (@|P3)<0. P3
is not stable, and the absolute
value of DF (@|P3) is the minimum
energy needed to make P3 stable.
It should be pointed out that the
equilibrium compositions of P1 and
P2 are not at the overall
composition, and the driving force
of P3 is most likely not at this
overall composition as well unless
P3 is a line compound and its
composition is the same as the
overall composition.
For a line calculation, such as at a
fix temperature with varying
composition, the equilibrium at
each point along the line is
calculated, and the driving force of
each phase at each point can be
listed in the table using DF (@] *).
Again, notice that driving force of a
phase at a certain composition
point is not the energy difference
between this phase and the
equilibrium state at this
composition, it is the minimum
energy needed to form this phase
(most likely at another

composition).

For example P1, P2, and P3 phases
are selected in a point calculation



313

11.2 Pandat Table Format Syntax

Note and Example

tieline

f tot (@%)

Vm, alpha
Vm, density

Vm (@*),
density (@%*)

n mole

n_ kg

surface
tension
(€liquid),
viscosity

(@liquid)

state of the system. Again, it only
applies to point calculation or line
calculation. A dormant phase does
not enter a calculation, but its
driving force is calculated. This is
different from a suspended phase,
which does not involve in the
calculation at all.

This column will list the names of
phases in equilibrium and the table
is the selected tieline properties.

Accumulated fraction of each solid
phase during solidification. By
Scheil model, it is accumulated
from each solidification step. By
Lever rule (equilibrium) model, it is
the fraction of each phase in
equilibrium at the current
temperature.

Molar volume, expansion
coefficient, density

Molar volume and density of each
phase involved in the calculation

amount in mole and in kg

Surface tension and viscosity of
liquid phase

(given an overall composition and
temperature), P4 is setas dormant
phase. Again, the result shows P1
and P2 are in equilibrium at this
point, then DF (@ | P1) =0, DF
(@|P2)=0,and DF (@ | P3) <O0.
However, if you list DF(@!P4), it
may be greater than zero. This
means P4 will be stable ifitis
selected to enter the calculation.

See Section 3.3.11.2 Tutorial for
an example

f tot(RLiquid) = f1l

total summation of the solid
phases: sum (f tot (@Solid;))
= fs

n mole, n kg, n kg(*), n_

mole (@*), n_kg(*@x)
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Syntax

Note and Example

M(*@*)

DC (*,J@*:N)

DT (*@%*)

Struct (@%*)

HSN (@*)

eVal (#*@%*)

eVec (*#*@*)

Atomic mobility of species in a
phase

Chemical diffusivity of species in a
phase

Tracer diffusivity of species in a
phase

This is for a phase with multiple
sublattice structure. It gives the
structure in the form such as
“[20111”, which means the first
two sublattice have the same site
fractions.

determinant of Hessian matrix of
Gibbs free energy of a phase

eigenvalues of Hessian matrix of
Gibbs free energy of a phase. *
after # represents the eigenvalue
index

eigenvectors for the eigenvalues of
Hessian matrix of Gibbs free
energy of a phase. * before #
represents the component of
eigenvector. * after # represents
the eigenvalue index.

J = gradient species, N = reference
species (N cannot be *)

HSN (@Fcc)

eVal (#A1@Fcc), eVal
(#Cu@Fcc)

eVec (Al#1@Fcc), eVec
(Cu#l@Fcc)
eVec (Al#2Q@Fcc), eVec
(Cu#2@Fcc)
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11.3 PanEvolution tables

Table 11.5: Summary of Equations for Nucleation Models

““

J

B*

AG*

R*

AGVol

AGg

Oeff

*

J=N,Zp* exp(— ic; ) exp(——
B
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N\ 3
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~ 27N R2 \ k5T

, AnR*?
Bt = " Degs
1
B 2723
a3
AG* = Ur i
: (AGV A AG5)2
2048
R = —
AGvol
AGy+AGg

2
AGg = EuA2f(AR)

(baaﬂ—aa'aa)3 J 1

Ocff =
c% 36m

) The transient nucleation rate

Potential nucleation sites

Zeldovich factor

Atomic attachment rate

Incubation time

Nucleation barrier energy

Critical nucleation radius

Volume energy change during
nucleation.AGy/is the
chemical driving force per
volume and AG g is the elastic
strain energy

Elastic strain energy. The
volume misfit A and particle
aspect ratio Ag are given in
kdb file

Effective interfacial energy
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Operation

ap = 0.329 ascr Baiss (NAVO?)_% AH,, The estimated interfacial

(o)

el energy based on GBB method

-1
2

. Doy = | (Cpi — Coi) Effective diffusivity for multi-

ot ‘ iz1  CuiDo; component alloys

Table 11.6: Model Options for precipitation in kdb
Description

model KWN, Fast-Acting(FA) Refer to Figure 5.2

Refer to Figure 5.3 . The aspect ratio Ay and
morphology Sphere; Cylinder shape factors are set to be 1 automatically
when “Sphere” is selected

Refer to Table 11.5. Both homogeneous and

Modified_Homogeneous; heterogeneous nucleation can be considered
I, Grain_Boundary; Grain_ by “Modified_Homogeneous”. In this case,
Edge; Grain_Corner; the values of N,, and AG* must be manually
Dislocation adjusted through N£, AG,, and AGg as
discussed in Table 11.8.
A constant value of The aspect ratio A; can
Simplified; be assigned for “simplified”and “SFFK”.
growth SFFK; Choose “SFFK_Shape Evolution”for
SFFK_Shape_ Evolution shape evolution, which means Ay varies
during particle growth
Each “PrecipitatePhase” has a “name”
and “phase name”. “phase name” must be
phase name consistent with the name in tdb/pdb. The

‘phase name” tag can be empty if “name”

and “phase name” are same.
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Table 11.7: Model Options for grain growth in kdb

Description

Grain_OneSize, Grain_

model - Refer to Figure 5.2

MultiSize
morphology Sphere Only spherical approximation is considered
nucleation N/A Recystallization process is not included

The simplified grain growth model is
implemented as shown in Equations Eq. 5.38

growth Grain_Simplified and Eq. 5.41. User’s grain growth model can
be defined in KDB (see example Section
5.3.8 )

Table 11.8: Kinetic model parameters for precipitation in kdb

Description

Molar volume of matrix or precipitate

phase Vm in Eq. 5.2
Molar Volume m3/mole <Parameter type="Molar Volume" and Vain Eq.
value="6E- 6" description="Molar 53

Volume" />

The grain size of the matrix phase

: . <Parameter type="Grain  Size" .
Grain Size m Din Eq. 5.12
- value="1e- 4" description="Grain
size, default value = le-4m" />

The dislocation density in the matrix

phase
Dislocation 2 <Parameter type="Dislocation_ .
i m- p;jin Eq. 5.10
Density Density" value="1el3" description

= "Dislocation density, Default

value =1.0el2/m*-2" />

The aspect ratio for the matrix grain
Grain Aspect <Parameter type="Grain_ Aspect .
N/A - -~ AinEq.5.12

Ratio Ratio" value="1.0"

description="grain aspect ratio,
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Contact Angle

Aspect Ratio

Interfacial

Energy

Interfacial

Energy L

Antiphase
Boundary

Energy

Atomic Spacing

degree

N/A

J/m?2

J/im?2

J/m?2

Description

default value = 1.0" />

Contact angle of nucleus on grain
boundary, default value = 90 degree

The aspect ratio of the precipitate
phase. The value of Aris evolving if
“SFFK_Shape_Evolution” is chosen
as growth model.

<Parameter type="A R" value="1"
description

="Initial aspect

ratio" />

Interfacial energy

<Parameter
Energy" value="0.2" description
="Interfacial Energy" />

User keyword “IFE_CAC(*)” to get
the calculated interfacial energy:
<Parameter type="Interfacial
Energy" value="IFE CALC(*)"
description="Interfacial Energy"

/>

Interfacial energy in L direction

<Parameter
Energy L" value="0.05"
description="Interfacial Energy in

L direction" />

Antiphase boundary energy

Usually use lattice constant

<Parameter type="Atomic Spacing"
value="7.6E- "

description="Atomic Spacing" />

type="Interfacial

type="Interfacial

Oaa = 2c0800,p

inEq. 5.8

Arin Eq.5.19

TaB in Eq. 5.2
and Eqg. 5.13

Used in “SFFK

Shape
Evolution”
model

YAPB in Eq.
5.34 and Eq.
5.36

ainEq. 5.4
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Nucleation

Site Parameter

Driving Force

Factor

Strain Energy

Volume Misfit

Kinetic
Parameter

Factor

Effective
Diffusivity

Factor

Steady State
Nucleation

Rate

N/A

N/A

N/A

N/A

N/A

N/A

Description

Homogeneous: choose a value close
to solute concentration;
Heterogeneous: choose a value close
to nucleation density when
“Modified Homogeneous” optionis
chosen for nucleation model.
Otherwise, use the model
automatically estimate the nucleation
density and default value of 1.0 can
be used. Such an example is given in
Section 5.3.5

A factor adjusting chemical driving
force obtained by thermodynamic
calculation

The elastic strain energy per volume
of precipitate offsetting the calculated
value by equation Eq. 5.5.

The volume misfit

A factor adjusting kinetic parameter
obtained by thermodynamic and
mobility calculation

A factor adjusting effective diffusivity
for nucleation obtained by mobility
calculation

0: transient nucleation rate;
1: steady state nucleation rate;

N¢in Eq. 5.7 and
Eq.5.11

A pre-factor
applied to AGy,
in Eq. 5.2

AinEq.5.6

A pre-factor
applied to adjust
Kin equation
Eq.5.14

A pre-factor
applied to adjust
Deffin Eq 54

ezp(3-)
5.1

in Eq.
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Table 11.9: Kinetic model parameters for grain growth in kdb

Description

Interfacial

Energy

Grain

Boundary Width

Grain
Boundary
Mobility

Factor

Zener Drag

Force Factor

Table 11.10: User-defined models for grain growth in kdb

Grain
Boundary

Mobility

Zener Drag

J/im?2

N/A

N/A

m/(s-J/mol)

J/mol

High angle grain boundary energy

Grain boundary width. A suggested
value is equal to twice the atomic
radius.

A pre-factor to adjust grain boundary
mobility.

A factor for Zener drag force, default is
0 for not considering Zener pinning
effect.

Description

User-defined grain boundary mobility. It
can be an expression, for example: 1e-

18/2.86e-10
<VariableTable name="Variables
replacing built- in variables">
Parameter type="Grain_ Boundary
Mobility" value="KP (@Grain)/2.86e-
imo" description="Grain  Boundary
Mobility" />
</VariableTable>

User-defined drag force for Zener

y in equations
Eq. 5.40, Eq.

5.41 and Eq.

5.42

dinEq.5.39

A, in Eq. 5.39

Bin Eqg. 5.41

KP(@FCC)(AZ

in Eq. 5.39 s
the effective
atomic mobility
for multi-
component
alloys
calculated from
mobility
database.
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Description

pinning effect. It can be an expression,
for example: -1.5*7.1E-6*0.75*0.15/(0.3

Force
*1e-6), whichis "-
factor*vm*Sigma*fv/size"
User-defined grain growth rate. It can
be an expression, for example: KP
(@Grain)/2.86e-10"2*0.75*7.1e-6/s
Growth Rate m/s . . .
- (@Grain) with KP (@Grain) is the
effective mobility and s (@Grain) is the
mean grain size
Table 11.11: Mechanical model parameters defined in kdb
Description
) uin Eq. 5.6
Shear Modulus Pa The shear modulus of the matrix phase
and Eq. 5.36
Burgers Vector m The Burgers vector of the matrix phase  bin Eqg. 5.36
Taylor Factor N/A The Taylor factor of the matrix phase Min Eq. 5.37
Solution

_ scaling factor of alloying element for :
Strengthening N/A i i ajin Eq. 5.31
solution strengthening

Factor
Strength Strengthening parameter due to i
N/A T ) kpin Eq. 5.27
Parameter precipitation hardening
Shearing Critical radius shifting from shearing to .
. . m ) : Rcin Eq. 5.27
Critical Radius looping mechanism
o The baseline contribution including
Intrinsic
- MPa lattice resistance, work-hardening and Ogin Eq. 5.30
Strength

grain boundaries hardening.
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Description

The yield strength in MPa can be
Hardness Factor N/A converted to hardness in VPN based Ain Eq. 5.32
on Eq. 5.31

The yield strength in MPa can be
VPN converted to hardness in VPN based Bin Eq. 5.32
on Eq. 5.31

Hardness

Constant

Table 11.12: Model parameters for RX and Dislocation Density in kdb

Description

Work hardening coefficient for dislocation .
f WH N/A . , fwin Eq. 5.44
density evolution model

Dynamic recovery coefficient for :
f DRV N/A : ) : : fyin Eq. 5.45
dislocation density evolution model

Static recovery coefficient for dislocation

f SRV N/A . .
- density evolution model

Recrystallization coefficient for dislocation :
f RX N/A : _ fyin Eq. 5.46
density evolution model

Avrami

- N/A Exponent for JIMAK nin Eq. 5.49
Exponent
time half S The time for 50% RX for JIMAK tg5in Eq. 5.49
Nucleation

) Parameter for potential nucleation sites .
Site N/A . . N¢in Eq. 5.57
for the Fast-Acting nucleation model

Parameter
Kinetic Kinetic parameter factor for the Fast-

) o Pre-factor of
Parameter N/A Acting growth model, which is a pre-factor

- - . R Deff in Eq. 5.60
Factor to adjust the effective self-diffusivity D¢
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Table 11.13: User-Defined variables for RX and Dislocation Density in kdb

Description
Dislocation Density User-defined dislocation density rate to replace the built-in K-
Rate M model defined by Eq. 5.43

User-defined nucleation rate to replace the built-in model
defined by Eq. 5.58

Nucleation Rate

Nucleation Barrier User-defined Nucleation barrier energy to replace the built-in
Energy model defined by Eq. 5.56

User-defined Critical nucleus size for RX to replace the built-

Critical Grain Size RX
- - - in model defined by Eq. 5.55

Dislocation Mean Free User-defined Dislocation mean free path for critical density to
Path replace the built-in model defined by Eq. 5.54

User-defined Growth rate to replace the built-in RX growth

Growth Rate
- model defined by Eq. 5.59

Table 11.14: Symbol and syntax for retrieving system quantities

Unit (SI) Comments
time second Time
T K Temperature

Total Transformed Volume Fraction:

vEt vft = Zp vfp where UJ? is the transformed

volume fraction of phase

X (comp) W ”,
' Overall alloy composition
(comp)

Table 11.15: Symbol and syntax for retrieving quantities of precipitate phases or grain

Comments

Average size/radius of equivalent sphere particles or
s (@phase) m )
grain
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D (@phase)

L (@phase)

A R(@phase)

nd (@phase)

nr (@phase)

vf (@phase)

X (comp@phase) ,

(comp@ phase)

W

IFE CALC (@phase)

dgm (@phase)

vf range
(@phase, 1b, ub)

s range

(@phase, 1b, ub)

Grain Size

dislocation

density (@*)

Unit (SI)

J/im?

J/mole

1/m?2

Comments

Diameter of cylinder

Length/Height of cylinder

Aspect ratio of cylinder

Number density

Nucleation rate

Volume fraction of specified phase

Instant composition of the matrix or precipitate phases

Model calculated interfacial energy

Nucleation driving force of phase(s)

The volume fraction for different particle groups
defined by a size range [Ib, ub] such as primary,
secondary and tertiary in Ni-based super alloys, for
example vf range (@L12 FCC,0.5e-8, 0.5e-7)

average size for different particle groups defined by a
size range [Ib, ub], for example s range (€L12
FCC,0.5e-8, 0.5e-7)

Mean grain size for the deformed matrix grains

and the recrystallized grains

Dislocation density in the deformed matrix grains

or the recrystallized grains. Example:

dislocation density (@Grain)
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Table 11.16: Symbol and syntax for retrieving quantities of particle size distribution (PSD)

time

psd_id

psd s
(@phase)

psd nd
(@phase)

psd _gr
(@phase)

psd ns
(@phase)

psd nnd
(@phase)

psd_df
(@phase)

psd cvf
(@phase)

N/A

#m3

m/sec

The PSDs are saved for the user-specified times; the PSD for
the last time step is automatically saved. Using time = tto
get the PSD for time “t”.

The PSD consists of a certain number of cells (size classes);
psd_id gets the cell id.

The characteristic size of a precipitate phase or grain for each
cell.

The number density of a precipitate phase or grain for each
cell.

The growth rate of a precipitate phase or grain for each cell.

Normalized size of the cell
psd_s(Q@phase)

psd_ns(Q@phase) = — @ 2o

Normalized number density of the cell
psd_nd(Q@phase)

psd_nnd(Qphase) = — d(@phase)

The distribution function:

psd_df(Q@phase) = (@phase)

psd_w(Qphase) psd_nnd(@phase) with

psd_w(@phase) ping the cell width

Cumulative volume fraction of phase(s). Example: psd cvf
(QL12_FCC).
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Table 11.17: Symbol and syntax for retrieving mechanical properties

Unit (SI)

Comments

sigma_y

Hv

sigma_ i

sigma_ss

sigma p (@*)

sigma m

(RGrain)

MPa

vpn

MPa

MPa

MPa

MPa

Table 11.18:

Overall yield strength. Example: sigma y

Overall microhardness. Example: hv

Intrinsic yield strength. Example: sigma_ i.

Yield strength due to solution strengthening. Example:

sigma_ss.

Yield strength due to precipitation hardening. Example:
sigma p (@Mg5Si6).

Yield strength due to dislocation interactions in grain
structure.

Constants of mathematics and physics

Comments

Boltzmann constant

Archimedes' constant.

Molar gas constant.

Avogadro constant.

Natural Logarithmic Base.
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11.4 Keywords and Syntax in POP File

One of the commonly used experimental data file formats is POP. The POP format has
been widely accepted in CALPHAD community. PanOptimizer accepts most of the
keywords in POP forma and adds a few special keywords. The keywords and syntax
accepted in PanOptimizer are summarized below in Table 11.19. PanOpimizer is case

insensitive to the following keywords.

Table 11.19: Keywords and Syntax in POP File

Command Syntax

Create New Equilibrium [integerl],
integer2
This command defines specific phase equilibrium.
Each experimental equilibrium must start with the
CREATE command. The first integer is a unique
Create New Equilibrium identifier, and the second integer is an initialization
code, for which 0 means that all components and
phases are initially suspended, 1 means that all
components are entered but all phases suspended,
2 means all components and phase are initially
entered.

ENTER SYMBOL CONSTANT ENTER SYMBOL CONSTANT dT=200
This command can be used to define a constant
value which appears in pop files more than once as a
symbol.

ENTER SYMBOL FUNCTION SXS=-100+8.314*T
. This command can be used to define a function
ENTER SYMBOL Function ) ) :
- which appears in pop files more than once as a

symbol.

COMMENT [string]
COMMENT this will be used for legend text when merged with
the phase diagram

Change Status Change Status [Phase] [Name] =
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Syntax

Set Condition

Set Reference State

Experiment

Set Start Value

[Status] [Value]

This command defines the status of selected
phases. Four statuses are allowed: Fixed,
Suspended, Dormant, and Entered. The value is
an initial phase amount for Entered phases
(PanOptimizer will use this value as a start value for
the Entered phase to solve the phase equilibrium).
The exact value of phase amount must be provided
for Fixed phases.

Set Condition [state variable 1 =
value] [state variable 2 = value]...
This command defines the calculation conditions at
which the degree of freedom of the system is zero
and the phase equilibrium can be calculated.
Examples of conditions are temperature, pressure,
and composition, or a constraint function.
Uncertainty can be added to each condition.

Set Reference State [component]
[reference states]

This keyword defines the reference state of a
component. The field of reference state includes
phase name, temperature and pressure in

sequence.

Experiment [state variable 1 = value

uncertainty] [state variable 2 = value
uncertainty]

This keyword specifies the quantity to be fitted by the
optimization. The syntax of this command is similar
to the command of Set Condition. Itis followed
by a state variable or a function name and a value
and an uncertainty.

Set Start Value [state variable 1 =

This keyword is mainly used if the phase described
by complicated compound energy model. It is also
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Syntax

used for phases with fixed status. The most
frequently used variable is site fraction of sublattice.
PanOptimizer can automatically search the site
fractions of components and species when the
phases are in entered status

Table Head Table Head, Table Values and Table End
The three keywords define a set of phase equilibria

Table Values o .

- under similar conditions. The keyword Table Head

Table End must be followed by Create New Equilibrium.
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Table 11.20: Recognized variables used in defining experimental data

Function Name

Syntax

GM, HM, SM

GMR, HMR, SMR

Cp

ACR

Temperature in the system (in K).

Pressure in the system (in Pascal).

System size (mole number in moles)

X (comp) : overall molar fraction of a component in a
system.
X (phase, comp): molar fraction of a componentin
a phase.

W (comp) .: overall weight fraction of a component
in a system.

W (phase, comp):weight fraction of a component
in a phase.

Y (phase, constituent # sublattice):The
site fraction of the constituent in certain sublattice of
the phase. For example: Y (Sigma, Fe#3) is the
site fraction Fe in the third sublattice of the Sigma
phase.

GM (phase), HM(phase), SM(phase)
Gibbs energy, enthalpy and entropy of phase per
mole of atoms.

GMR (phase), HMR (phase), SMR (phase)
Gibbs energy, enthalpy and entropy of phase per
mole of atoms with given reference state.

Cp (phase) : The heat capacity of a phase.

ACR (comp, phase)
Activity of component in a phase with a given
reference state.
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Function Name

Syntax

MU

MUR

M, LOGM

DT, LOGDT

DC, LOGDC

NPF

DGM

TC

BMAGN

v™M, DS, Mw, VS, ST

MU (comp) , MU (phase, comp)
Chemical potential of component in system or
phase.

MUR (comp) , MUR (phase, comp)
Chemical potential of component in system or phase
with given reference state.

M (phase, K), LOGM (phase, K)
Mobility coefficient or log10 of the mobility
coefficient where K = diffusing species.

DT (phase, K), LOGDT (phase, K)
Tracer diffusion coefficient or log10 of the tracer
diffusion coefficient where K = diffusing species.

DC (phase, K, J, N), LOGDC (phase, K, J,
N)

Chemical diffusion coefficient or log10 of the
chemical diffusion coefficient where J = gradient
species and N = reference species. Note: the
reference species N must be given for DC
calculation.

NPF (phase) : mole phase fraction of the given
phase.

DGM (phase) : The driving force of the given phase.
Curie temperature for magnetic ordering

Bohr magneton number for magnetic ordering

VM (phase), DS (phase), MW (phase), VS
(Phase), ST (phase)

Molar volume, density, molecular weight, viscosity
and surface tension of phase.
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