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1. PanPhaseDiagram

Example 1.1 Al-Mg Binary Phase Diagram

Purpose: Learn to calculate and use a binary phase diagram
Module: PanPhaseDiagram
Database: AIMgZn.tdb
Calculation Method 1:
e From menu bar click Batch Calc-> Batch Run, select Example_#1.1.pbfx;
Calculation Method 2:

e Load AlMgZn.tdb following the procedure in Pandat User’s Guide 3.2.1, and
select Al and Mg two components;

e Perform 2D calculation following the procedure in Pandat User’s Guide 3.3.3;

e Set Calculation Condition as shown in Figure 1.1.1;
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Figure 1.1.1: 2D calculation with composition from pure Al to pure Mg and
temperature from 0°C to 800°C
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Post Calculation Operation:

e Label phase field following the procedure in Pandat User’s Guide 2.3.3;
e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
e Zoom the interested area following the procedure in Pandat User’s Guide 2.3.3;
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Figure 1.1.2: Calculated Al-Mg binary phase diagram

Information obtained from this calculation:

e Phase stability as a function of composition and temperature;

e Congruent melting temperature and composition of a phase. For example the
congruent melting temperature of the AlMg Gamma phase is at 463.3°C and
x(Mg)=0.537;

e Invariant reaction temperatures and phase compositions. For example the three
phase equilibrium: Liquid->AlMg Gamma+Hcp is at 436°C, the composition,
x(Mg), of each phase at equilibrium is indicated in Figure 1.1.2. Details on the
invariant reactions can be found in the “invariant” table as shown in Figure
1.1.3, and composition of each phase involved in the invariant reaction can be
found in the “invariant_tieline” tables as shown in Figure 1.1.4.

~2 ~
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Pandat

File Edit View Databases BatchCalc PanPhaseDiagram  PanPrecipitation PanOptimizer PanDiffusion  Pangolidification Property Table Graph Help
HEEHAB S ) X BE W ANEHEA G o @0 MEREBE 22 FA0DELZ2
A X | /& 2D_A-Mg.graph )T invariant table | TE] invariant tielinetable |'T tielineable |

53 Pandat Workspace ‘default’ =~

T reaction phase_name #phases ) x(Mg) wiAl) wiMg)  (@AMg_Beta) f(@AlMg_Eps) f@AIMg_Gamma)
4] section_default B - [mole/mole ~|[molejmole ~][kaika ~|[kaikg -]
8 Graph

H E;D AMg 1 4504670 Liquid => Fec + AlMg_Beta Liquid+Fec+AIMg_Beta 3 0637666 036234 0661444 0338556 0881903
5 Table 2 |4495020 Liquid => AlMg_Beta + AMg_..  Liquid+AIMg_Beta+AlMg_Ga.. |3 0576044 0423956 0601337 0398663 0615573 0384427

[ Defauit 3 (4362780 Liquid => AMg_Gamma +Hep  Liquid+AIMg_Gamma+Hep |3 0310102 0689898 0332888 0667112 0684957

£ tieline 4 |4097750 AlMg_Gamma + AMg_Beta =>__ | AMg_Gamma+AIMg_Beta+Al |3 0505622 0494378 0531702 0468298 0571404 1000000 042859

B8 5 2500880 AlMg_Eps => AlMg_Gamma +__| AMg_Gamma+AMg_Eps+AlL |3 0463558 0536442 0489616 0510384 0693389 1000000 0306611

[E] invariant_tieline

Figure 1.1.3: The invariant table showing all the three-phase equilibrium in the Al-Mg
binary system

£ Pandat Software by CompuTherm, LLC — [m] X
ile  Edit View Databases BatchCalc PanPhaseDiagram  PanPrecipitation PanOptimizer PanDiffusion  PanSolidification  Property Table Graph Help

EERd s iDEXIBEIFANIHRARIGETDMBEBEAMERIE|IFQANLIETLTZ2

Workspace 1 x = i [ invariant_tielinetable >
B@ Pandat Workspace 'default’ ** T reaction phase_name (A} x(Mg) wiAl
moleimole | molelmole | kgkg |
b1 : Liquid => Fec + AlMg_Beta Liquid 0.637666 0.362334 0.667444
2 |4504672 Liquid => Fee + AIMg_Beta Fee 0.834154 0.165846 0.848109
3 4504672 Liquid => Fee + AIMg_Beta AlMg_Beta 0.611354 0.388646 0635872
4 |4504672 Liquid => Fee + AIMg_Beta Liquid 0.637666 0.362334 0.661444
5
o EEE - -
6 4495016 Liquid => AlMg_Beta + AIMg_Ga... | Liquid 0576044 0.423956 0.601337
7 |1495016 Liquid => AIMg_Beta + AIMg_Ga... | AlMg_Beta 0.611354 0.388646 0635872
3 |4495016 Liquid => AIMg_Beta + AIMg_Ga... | AlMg_Gamma 0519503 0.480497 0.545508
g |4495016 Liquid => AIMg_Beta ~ AIMg_Ga... | Liquid 0.576044 0.423956 0.601337
10
11 |4362780 Liquid => AIMg_Gamma +Hcp | Liquid 0.310102 0.689598 0332888
Work
—— 12 |4382780 Liquid => AIMg_Gamma + Hep | AIMg_Gamma 0.399399 0.600601 0424707
. 13 4362780 Liquid => AIMg_Gamma +Hcp | Hep 0.115955 0.884045 0127103
AR 14 4362780 Liquid => AIMg_Gamma +Hep | Liquid 0.310102 0.689898 0332888
v General Info 15
FolderName  Al-Mg phase diagramt 16 | 409.7759 AlMg_Gamma + AMg_Beta => Al AMg_Gamma 0.505622 0494378 0531702
Path CllUsers\fanzh\Docum
= uysrw— 17 4097759 AlMg_Gamma + AIMg_Beta => Al AMg_Beta 0611354 0.388646 0635872
T c 13 |409.7759 AlMg_{ +AIMg_Beta => Al. AlMg_Eps 0.566038 0.433962 0.591505
reaction 15 |400.7759 AlMa_¢ +AMg_Beta=> Al. AlMg_( 0505622 0494378 0531702
phase_name
i 20
x(Al) mole/mole
x(Ma) molefmole 21 |2500882 AlMg_Eps => AIMg_Gamma + Al... AlMg_Gamma 0.463558 0.536442 0.489616
wiAl kalka 22 |250.0882 AlMg_Eps => AIMg_Gamma + Al...  AlMg_Eps 0.566038 0.433962 0581505
w(Ma) kalkg 23 |2500882 AlMg_Eps => AIMg_Gamma + Al.. | AlMg_Beta 0.611354 0.388646 0.635872
24 |250.0882 AlMg_Eps => AIMg_Gamma + Al AlMg_Gamma 0.463558 0.536442 0489676
< >

Figure 1.1.4: The invariant_tieline table showing the composition of each phase
involved in the invariant reaction in the Al-Mg binary system
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Example 1.2 Phase Fraction as a Function of Composition

Purpose: Learn to calculate and use a phase fractions vs. composition plot
Module: PanPhaseDiagram
Database: AlMgZn.tdb

Figure 1.2.1 is the Al-Mg binary phase diagram, which clearly shows the single phase
region, two-phase region, three-phase equilibrium. However if you want to know the
fraction of a stable phase in a two-phase field at a certain temperature, you need to
draw a horizontal line at this temperature and calculate it by lever rule. In this
example, we calculate the fraction of each phase as a function of composition, x(Mg),
at 300°C (the red dash line).
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Figure 1.2.1: Al-Mg binary phase diagram

Calculation Method 1:

¢ From menu bar click Batch Calc-> Batch Run, select Example_#1.2.pbfx;
Calculation Method 2:

e Load AlMgZn.tdb following the procedure in Pandat User’s Guide 3.2.1, and
select Al and Mg two components;
e Perform 1D calculation following the procedure in Pandat User’s Guide 3.3.2;

~4 o~
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e Set Calculation Condition as shown in Figure 1.2.2;

Start Paint End Point

T(C) = T(C)
x(Al) x(Al)
*(Mg) x(Ma)

Total: Total:

&

Number of steps: (100 EI Individual Phases

Figure 1.2.2: 1D calculation from pure Al to pure Mg at 3000C

Post Calculation Operation:

e Add legend for graph following the procedure in Pandat User’s Guide 2.3.3;
e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

Information obtained from this calculation:

e The composition range that a phase is stable at the selected temperature;

e In a single phase field, the fraction of the stable phase is 1;

e In a two-phase field, the fraction of one phase decrease from 1 to O, while the
other increase from O to 1 as shown in Figure 1.2.3;

e Details on the fraction of each phase as a function of composition can also be
found in the Default table as shown in Figure 1.2.4;



Pandat™ 2020 Example Book

1
—f(@AIMg_Beta)
—f(@AIMg_Eps)
—f(@AIMg_Gamma)
—f(@Fcc)
0.8 f(@Hep)
S
= 0.6+
(&)
©
| -
L
()
2}
@© 0.4
£
o
0.2

0.2

0
& A

0.4

0.6
x(Mg)

0.8

Figure 1.2.3: Phase fraction variation as a function of composition
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Mg

I3 Pandat Software by
File Edit View Databases BatchCalc PanPhaseDiagram  PanPrecipitation  PanOpti PanDiffusion S ation Property Table Graph Help
GBEEHEHA B % B VgD EHHE A G i = & E AnMET2
RO B X | & 20 Al-Mg.graph |'[] invarianttable |[] invariant 1 VE & V%] Default.graph V[T |
‘3??”::ﬂ:’"‘“”“'mw T 3 XA x(Mg) phase_name (@AIMg_Beta) f(@AIMg_Eps) (@AMg Gamma)  f(@Fcc)
-5 section_default lc < |[bar ~|[molefmole _+|[molejmole ~| lefmol lefmol mole/mol Je/mol
-[EE Graph
¥ 8 20_AMg 13000000 1.000000 1.000000 0.000000 Fec 1.000000
5B Table 2 3000000 1.000000 0990000 0010000 Fec 1000000
[ Defoutt 3 3000000 1000000 0980000 0020000 Fos 1000000
[ tieline 4 [300.0000 1.000000 0970000 0030000 Fee 1.000000
E :::::::::ja‘m 5 3000000 1.000000 0960000 0040000 Fec 1.000000
& [ line_defeut 6 3000000 1000000 0950000 0050000 Fos 1000000
5[ Graph 7 3000000 1.000000 0940000 0060000 Fec 1.000000
{5 Defautt 8 300.0000 1.000000 0.930000 0.070000 Fce 1.000000
=@ Table 9 3000000 1.000000 0.525000 0.075000 Fec 1.000000
cobd 103000000 1000000 0924375 0075625 Foc 1000000
113000000 1.000000 0924002 0075999 Fec 1.000000
123000000 1000000 0924002 007599 FecrAMg Beta 0000000 1000000
133000000 1000000 0923750 0076250 Foc+AlMg_Beta 0000805 0999135
143000000 1.000000 0922500 0077500 FecvAlMg_Beta 0004803 0995197
15 3000000 1000000 0920000 0080000 FecrAlMg Beta 0012799 0987201
16 3000000 1000000 0910000 0090000 Foo+AlMg_Beta 0044784 0955216
17 3000000 1.000000 0900000 0100000 FecvAlMg_Beta 0076769 0923231
£ Databases || Warkspace | 18 |300.0000 1.000000 0.890000 0110000 Fec+AMg_Beta 0108753 0.891247
erty Bx| 19 3000000 1000000 0880000 0120000 Foo+AlMg_Beta 0140738 0859262
B 20 3000000 1.000000 0870000 0130000 FecvAlMg_Beta 0172723 0827277

Figure 1.2.4: Default table showing phase fraction variation as a function of

composition
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Example 1.3 Phase Fraction as a Function of Temperature

Purpose: Learn to calculate and use a phase fractions vs. temperature plot

Module: PanPhaseDiagram

Database: AlMgZn.tdb

In Example 1.2, we have calculated the fraction of each phase as a function of
composition. In most cases, people would like to know phase transformation when
temperature varies. In this example, we calculate the fraction of phases as a function
of temperature for an alloy with 70 at% Al and 30 at% Mg (the red dash line in Figure

1.3.1). Such a calculation is especially valuable for a multi-component alloy.

700
600
Liquid
5007 Fec+Liquid \ Hep+Liquid
2 /\
) Fcc \
o 4004 © Hcp
2]
E & :
© o &
) = O,
Q. 300 < o
=
£ =
(0] 8
= @
200 AlMg_Beta+Fce 5! AlMg_Gamma+Hcp
=
<
100+
0 T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
P x(Mg)

Figure 1.3.1: AlI-Mg binary phase diagram

Calculation Method 1:

e From menu bar click Batch Calc-> Batch Run, select Example_#1.3.pbfx;

Calculation Method 2:

e Load AlMgZn.tdb following the procedure in Pandat User’s Guide 3.2.1;

e Perform 1D calculation following the procedure in Pandat User’s Guide 3.3.2;

~7 ~
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e Set Calculation Condition as shown in Figure 1.3.2;

End Point

Value
T(C) 700 FTC)

=(Al) 0.7 x(Al)

x(Mg) 0.3 x(Mg)

Total:

Number of steps: | 100 = [ Individual Phases

Figure 1.3.2: 1D calculation from 700°C to 0°C for alloy with 70 at% Al and 30 at% Mg

Post Calculation Operation:

e Add legend to the graph following the procedure in Pandat User’s Guide 2.3.3;
e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

Information obtained from this calculation:

e Liquid is the only stable phase at high temperature until 496.1°C, which is the
liquidus temperature;

e Below liquidus, Fcc phase forms and its fraction increases while that of the
Liquid phase decreases until the eutectic temperature 450.47°C;

e At eutectic temperature 450.47°C, Liquid is disappeared (drops to 0% from
68.3%), fraction of the AlMg Beta phase jumps from 0% to 60.21% and that of
the Fcc phase jumps from 31.7% to 39.79%;

o Details on the fraction of each phase as a function of temperature can be found
in the Default table as shown in Figure 1.3.4;
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1

0.8
[
.g 0.6
S —f(@Liquid)
i —f(@Fcc)
2 —f(@AIMg_Beta)
8 04
o

0.2

450.47°C 496.1°C
0 T T

0 200 400 600
T[C]
Figure 1.3.3: Phase fraction variation as a function of temperature

Par re by
file Edit View Datsbases BatchCalc PanPhaseDiagram  PanPrecipitation  PanOpti PanDiff PanS Property  Iable Graph Help
DRERH BE|DH BE W SHEHEAR G DA EE R hAnDET2
Workspace . “’ X | [ 2 Al-Mg.graph | invarianttable |'[F] invariant tieline.table |7 tieline.table | /7] Default graph |7 D Default graph [T [
= ?g":::mm"m default ™ T P (AT) x(Mg) phase_name {(@AMg Bets)  {@Fcc) (@Liquid)
section_default c - |[oar - [ motejmole  +|[molejmole |
22 5530000 1.000000 0.700000 0.300000 Liquid 1.000000
B Table 23 5460000 1.000000 0.700000 0.300000 Liquid 1.000000
[ Default 24 5390000 1.000000 0.700000 0300000 Liquid 1.000000
[ tielne 25 5320000 1.000000 0700000 0300000 Liquid 1000000
H g :::::;:::Mm 26 5250000 1000000 0700000 0300000 Liquid 1.000000
5] tne_default 27 5180000 1.000000 0.700000 0300000 Liquid 1.000000
5[5 Graph 28 |511.0000 1.000000 0.700000 0300000 Liquid 1.000000
Default 29 |504.0000 1.000000 0.700000 0.300000 Liquid 1.000000
B'@T“’E; ‘ 30 |497.0000 1000000 0700000 0300000 Liquid 1.000000
=] EXWD;‘E};“ t 31 4961250 1.000000 0.700000 0300000 Liquid 1.000000
ah 32 4361060 1.000000 0.700000 0300000 Liquid 1.000000
Default 334361080 1.000000 0.700000 0300000 Liquid+Fec 0.000000 1.000000
@ Table 34 4956870 1000000 0700000 0300000 Liquid+Fec 0.003327 0996673
gl eiaut 35 4952500 1.000000 0.700000 0300000 Liquid+Fec 0006789 0993211
36 4935000 1.000000 0.700000 0300000 Liquid+Fec 0020514 0979486
37 4900000 1.000000 0.700000 0.300000 Liquid+Fec 0.047405 0952595
- 38 4830000 1.000000 0.700000 0.300000 Liquid+Fec 0099193 0900807
EIEEEEER " Worepece 39 |476.0000 1.000000 0700000 0300000 Liquid+Fee 0148732 0851268
Property *x 40 |469.0000 1.000000 0.700000 0.300000 Liquid+Fecc 0196474 0803526
HEa 414620000 1.000000 0.700000 0.300000 Liquid+Fec 0242835 0.757165
4 Appearance 42 4550000 1.000000 0.700000 0.300000 Liquid+Fec 0288208 0711792
BackgroundC[ AppWorkspa | 43 4515000 1.000000 0700000 0300000 Liquid+Fee 0310643 0689357
f”dcmm - ContoDark 44 4506250 1.000000 0.700000 0300000 Liquid+Fec 0316234 0683766
CellBorderSty Single 45 4504670 1.000000 0.700000 0.300000 FecvAlMg_Beta 0502127 0397873
DefaultCeliSh, DataGridViewCells | 46 4504670 1.000000 0.700000 0300000 Foc+AlMg_Beta 0602127 0397873
4 Layout 47 4504670 1.000000 0.700000 0300000 Fec+AlMg_Beta 0602127 0397873
AukoSizeCal Nane 48 4504670 1000000 0700000 0300000 Fcc+AlMg_Beta 0602127 0397873
49 4501870 1.000000 0.700000 0.300000 Foc+AlMg_Beta 0602499 0397501
50 449.7500 1.000000 0.700000 0300000 Fec+AlMg_Beta 0603078 0396922
51 4480000 1.000000 0.700000 0300000 FecvAlMg_Beta 0605371 0394629
52 |441.0000 1.000000 0.700000 0.300000 FeevAlMg_Beta 0614167 0385833

Figure 1.3.4: Default table showing details of phase fraction variation as a function of
temperature

~0~
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Example 1.4 Point Calculation at Fixed Temperature and Composition

Purpose: Learn to calculate and get detailed phase stability information at a given
temperature and composition

Module: PanPhaseDiagram
Database: AlMgZn.tdb

From the Al-Mg phase diagram shown in Figure 1.4.1, we know that two phases,
AlMg Beta+Fcc, are stable at the point indicated by ® (the cross of the two dash lines).
Other than that, no detail information about this point can be read directly from this
phase diagram. In this example, we perform a Point Calculation to obtain the detail
information at the selected point.
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o Fcc \
L 4004 © Hep
S g €
- w IS
© | o
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=
<
100
0 T T T T T T T

0 0.1 0.2 0.3 04 OI.5 0.6 0.7 0.8 0.9 1
&£ A x(Mg) Mg

Figure 1.4.1: AlI-Mg binary phase diagram

Calculation Method 1:

e From menu bar click Batch Calc-> Batch Run, select Example #1.4.pbfx;
Calculation Method 2:

e Load AlMgZn.tdb following the procedure in Pandat User’s Guide 3.2.1;
e Perform OD calculation following the procedure in Pandat User’s Guide 3.3.1;
e Set Calculation Condition as shown in Figure 1.4.2;

~10 ~
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Figure 1.4.2: Point Calculation for an alloy with 30 at% Al and 70 at% of Mg at 300°C

Calculation Method 3:

After the Al-Mg phase diagram is calculated, click on the Labeling mode,
then put the cursor at the selected point and press Ctrl button, click the mouse;

Information obtained from this calculation:

Two phases, AlMg Gamma and Hcp, are stable at the given condition
(temperature and composition);

The G, H, S, and Cp of the system at the given composition and temperature
are —22744.9J/mol, 6539.3J/mol, 51.0935J/Kemol, and 30.2876J/Kemol,
respectively;

The equilibrium composition of AlMg Gamma is x(Al) = 0.409686, x(Mg) =
0.590314;

The mole fraction of AlMg Gamma is 0.687999 (weight fraction is 0.696044);
The G, H, Cp, Gex, and Hex of AIMg Gamma at equilibrium composition are
-23186.3 J/mol, 5976.71 J/mol, 31.3752 J/Kemol, 135.828 J/mol, and 146.6
J/mol, respectively;

The site fraction of AIMg Gamma are: yy, = 1, y4 = 0.0291951, y;;, = 0.970805,
yal = 0.96088, yi = 0.0391201;

The equilibrium composition of Hcp is x(Al) = 0.058129, x(Mg) = 0.941871,;

The mole fraction of Hcp phase is 0.312001 (weight fraction is 0.303956);
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e The G, H, Cp, Gex, and Hex of Hcp at equilibrium composition are —21771.6
J/mol, 7779.87 J/mol, 27.8893 J/Kemol, 179.735 J/mol, and 184.813 J/mol,
respectively;

e The site fraction of Hcp is the same as its composition since it is essentially one
sublattice model, the second sublattice is occupied by vacancy

AlMg Gamma + Hep

K °C Pa atm

573.15 300 100000 0.9860923

Component | x w pi{J/mel) H(J/mol) |S(J/K mel)
Rl 0.3/0.32239 -25561.7 |4867.54 |53.08913
Mg 0.7/0.67761 -21537.7 |8181.01 |53.5614

ni{mol) G(J/mocl) H({I/mol) 5 (J/K mol) Cp(J/K-mol)
1 -22744.9 £539.3 51.0935 30.2878

Vi (cm”3/mol) density(g/cm”3)

12.7871 1.96355
There are 2 stable phases
Component x W p(J/mol) H(JT/mol) |5 (T/K mol)
Rl 0.409686 0.435173 -25561.7 |187.211 |44.9253
Mg 0.590314 0.564827 -21537.7|99094.69 |55.01e
f fw n(mol) G(J/mol) H(J/mol) Cp(J/Kmol) G_ex(J/mol) H_ex(J/mol) HSN
0.687999 |0.696044 |0.6870999 -23186.3|5976.71 1 31.3752 135.828 146.6 160083
eVec
eVal
160089 |1
AlMg G
Vi {em* 3/mol) density({g/cm*3)
12.3484 2.05683
Sublattice Size Species ¥y dcdy
10 Mg |1 0
a1 0.020919851 -1.3053e+0a
24
Mg 0.970805 -1.20873e+086
zl 0.960B8 -1.21125e+06
24

Mg 0.0391201 -1.11467e+06

Figure 1.4.3: Calculated results for an alloy with 30 at% Al and 70 at% of Mg at 300°C
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Example 1.5 Isotherm of Al-Mg-Zn at 500°C

Module: PanPhaseDiagram

Database: AlMgZn.tdb

Purpose: Learn to calculate and use an isothermal section in a ternary system

A complete phase diagram of a ternary system should be described by a triangular
prism in a 3D space with each edge of the triangle base representing the composition
axis of each component and the vertical axis the temperature. Due to the complexity of
many ternary systems, phase stability of a ternary system is usually described by
Isothermal sections parallel to the triangle base (constant temperature) and isoplethal
sections vertical to the triangle base plane. In this example, we will calculate an
isothermal section of Al-Mg-Zn at 500°C.

Calculation Method 1:

e From menu bar click Batch Calc-> Batch Run, select Example_#1.5.pbfx;

Calculation Method 2:

e Load AlMgZn.tdb following the procedure in Pandat User’s Guide 3.2.1, and
select all three elements;

e Perform 2D calculation following the procedure in Pandat User’s Guide 3.3.3;
e Set Calculation Condition as shown in Figure 1.5.1;

Section (20) Calculation

— ] [

Y-Axis Point —_—
Y OK
Cancel
Options
- Extra Outputs
Origin X
Load Condtion
Total

| Select Phases
Select Comps
Contour Lines

Scanline Density: 0 >

Value
P T(C) 500

*(Al)

9
x(Ma) 1]
x(Zn) o

9

Crigin Point X-Axis Point
Value Value
P T(C) 500 P T(C) 500

*(Al) (Al

M|

x(Mg) x(Mg)

*(Zn) x(Zn)

A
- - (=] =]

Total Total:

Figure 1.5.1: 2D calculation of an isotherm of Al-Mg-Zn at 500°C
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Post Calculation Operation:

e Label phase field following the procedure in Pandat User’s Guide 2.3.3;
e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
e Add tie-lines following the procedure in Pandat User’s Guide 2.3.1;

Figure 1.5.2: Calculated isotherm of Al-Mg-Zn at 500°C

Information obtained from this calculation:

e Phase stability in different composition areas, single phase, two-phase, and
three-phase regions, can be viewed clearly at this temperature;

e Equilibrium between two phases is connected by tie-lines, and the equilibrium
compositions of the two phases can be read at the end points of the tie-line;
Details on the tie-lines can be found in Table->tieline as shown in Figure 1.5.3.
In this table, the compositions of the two phases connected by each tieline are
listed for all the calculated tielines;
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e Three-phase equilibrium is shown by the tie-triangle. The composition of each
phase in the three-phase equilibrium is listed in invariant_tieline table, as
shown in Figure 1.5.4.

&% Pandat Software by CompuTherm, LLC — O x
File Edit View Databases Batch Calc PanPhaseDiagram  PanPrecipitation  PanOptimizer PanDiffusion  Pangolidification  Property Table Graph Help
FEIEHADsls DX BEINIANSHLA G AEDMRIEBRE AL EIFEILA0DET 2

invariant.table

phase_name x(Ma) x(Zn) wilAl) wiMg)

‘moleimole | moleimole | moleimole | kglka +|[katka v

0.790910 1.010358E-008 | 0.208090 0.609502 7.013663E-009
Liquid 0472177 1.460986E-007 |0527823 0269609 7.514453E-008

tieline

invariant
invariant_tieline
therm of Al-Mg-Zn at 500C

0.790913 1.704691E-007 |0.209086 0.609507 1.183360E-007
500.0000 0472176 2.4B4966E-D06 | 0.527822 0.269609 1.267835E-006

500.0000 0.790967 2.737583E-006 |0.208030 0.609587 1.900497E-006
500.0000 Liquid 0472164 3057717E-005 |0527796 0.269608 2 035666E-005

W0 o~ g B W

BackaroundColor [ AppWorkspace _

GridColor [ controlDark
BorderStyle FixedSingle 500.0000 Fec 1.818285E-005

CellBorderStyle  Single o
500.0000 Liquid 000263 0.268606
DefaultCellStyle  DataGridViewCellStyle { B o

Layout
AutoSizeColumns] None 500.0000 Feo 0.000102 0.612614

500.0000 iqui 0.001460 0.269599

Figure 1.5.3: The tieline table showing the detailed information of calculated tieline

& Pandat Software by CompuTherm, LLC - [m] x
File Edit Miew Databases BatchCalc PanPhaseDiagram  PanPrecipitation  PanOptimizer PanDiffusion  PanSolidification  Property Table Graph Help
HEEHHPsls DX BB GENEHHEL AR G@RDMBIEBE RS RIEIRAoLET2

Workspace b invariant_tieline.table Al-Mg-Zn.graph”™ tieline table invariant.table invariant_tielinetable X

invariant reaction phase_name x(Al) x(Mg) x(Zn)
invariant_tieline

moleimole | moleimole | mole/male |k |

Liquid 0.108822 0.506845 0.384333
Cl4 0.053458 0.336829 0.609713
T_AlMgZn 0.143574 0.387826 0468600
Liquid 0.108822 0.506845 0.384333

BackgroundCaolor - AppWorkspace
GridColor [ controlDark
BorderStyle FixedSingle
CellBorderStyle  Single

DefaultCeliStyle  DataGridViewCellStyle {
Layout

AutoSizeColumns! None <

Figure 1.5.4: The invariant_tieline table showing the composition of each phase in the
invariant reaction
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Example 1.6 Isopleth of Al-Mg-Zn at 15 at% Zn
Purpose: Learn to calculate and use an isoplethal section in a ternary system
Module: PanPhaseDiagram

Database: AlMgZn.tdb

As mentioned in Example 1.5, isopleths are sections vertical to the triangle base plane
of the triangular prism. An isopleth is important in understanding phase relationship
in a ternary system when temperature is a variable. In this example, we will calculate

an isoplethal section in the Al-Mg-Zn ternary parallel to Al-Mg binary with 15 at% of
Zn.

Calculation Method 1:
e From menu bar click Batch Calc-> Batch Run, select Example_#1.6.pbfx;
Calculation Method 2:

e Load AlMgZn.tdb following the procedure in Pandat User’s Guide 3.2.1;
e Perform 2D calculation following the procedure in Pandat User’s Guide 3.3.3;
e Set Calculation Condition as shown in Figure 1.6.1;

Section (2D) Calculation [
Y-Axis Point v —
Value —————
Cancel
FOTIC) 800
Options
x(Al) 0.85 =
Origin x (B0 ]
xMg) |0 g
" Load Condition
@) 015
- 1 ———————————
Total Select Phases
Select Comps
Cortour Lines
Scanline Density: |0 -
| A
hd [l
Origin Point X-Axiz Point
. 9 @
Value Value
.C T R O < O
x(Al) 0.85 o x{Al) 0
x(Ma) 0 L x(Ma) 0.85
x(Zn) 0.15 @ x({Zn) 0.15
Total: 1 Total: 1

|

Figure 1.6.1: 2D calculation of an isopleth parallel to Al-Mg binary with 15 at% Zn
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Post Calculation Operation:

e Label phase field following the procedure in Pandat User’s Guide 2.3.3;
e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

700

600 +

Fcc+Liquid
500+

400

3004

Temperature [C]

Fcc+T

200+

AIMg_Gamma+T

AlMg_Gamma+Hcp+T

100+

k AlMg_Gamma+Hcp+MgZn

0 T T T

0 0.2 0.4 0.6 0.8
‘3 x(Mg)

Figure 1.6.2: Calculated isopleth parallel to Al-Mg binary with 15 at% Zn

Information obtained from this calculation:

e Phase stability as a function of composition of Mg and temperature. Single
phase, two-phase, and three-phase regions, can be viewed clearly at different
composition and temperature;

e Tie-lines cannot be viewed on an isopleth since they are usually not on the
same isoplethal plane except for a pseudo-binary. The tieline information is
listed in tieline Table as shown in Figure 1.6.3.

e The invariant reactions and the phase composition for every phase in the
invariant reaction are listed in invariant_tieline table as shown in Figure 1.6.4.
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andat Sof are ompu Erm, -
£ Pandat Software by CompuTherm, LLC [m} X

File Edit View Databases Batch Calc PanPhaseDiagram  PanPrecipitation  PanOptimizer PanDiffusion  Panjolidification  Property Table Graph Help
ElEHHBD s & B BB ® 6l [ A GG E BEAMEEEINLOLEHT 2

B tielinetable B invarianttable 5] A Zn. [E] tielinetable

phase_name x(Al) x(Mg) wiAl) wiMg})

[ tieline moleimole | mole/mole moleimole > | kglkg kaikg

[ invariant
[7] invariant_tieline
sopleth of Al-Mg-Zn at 15_Zn

4697362 0578720 0271280 0.150000 0487711 0.205936
469.7362 Foc 0.898239 0.074690 0.027071 0.871125 0.0652489

469.7370 Ligquid 0.578722 0.271278 0.150000 0487712 0.205935
469.7370 Fec 0.898239 0.074689 0.027071 0.871126 0.065248

20_Al-Mg-Zn
s

Property

469.7549 Liguid 0.578749 0.271251 0.150000 0487734 0.205914
469.7549 Fec 0.898248 0.074679 0.027073 0.871130 0.065239

Q@ U R W N =

Appearance

BackgroundColor I:l AppWorkspace
GridColor I cControlDark 469 7906 Liquid 0578803 0271197 0.150000 0487777 0.205872
BorderStyle FixedSingle 469.7906 Fec 0.898264 0.074658 0.027078 0.871140 0.065220
CellBorderStyle  Single

DefaultCellStyle  DataGridViewCellStyle {
Layout

AutoSizeColumnsl None

Liquid

Figure 1.6.3: The tieline table showing the detailed information of calculated tieline

£3 Pandat Software by CompuTherm, LLC - m} x
File Edit View Databases Batch Calc PanPhaseDiagram  PanPrecipitation PanOptimizer PanDiffusion  PanSolidification  Property Table Graph Help
HIEHA BalsD | R=RICN O == | |E3 e llEE Ik AoLET 2

2D_Al-Mg-Zn.graph B ticlinetable B invanant.table [ invariant_ticlinetable %

I=he-Il

-} Pandat Workspace ‘default’ = reaction phase_name *(Al) x(Mg)

5 Isopleth of Al-Mg-Zn at 15_ mole/mole | mole/mole ¥ |mc ¥
% Graph 4754617 T_AIMgZn + Liquid => Fec+C14 | T_AIMgZn 0.196070 0.329807 04741
~/#2] 20 Al-Ma-Zn 4754617 T_AIMgZn + Liquid => Fec+C14 | Liquid 0.468124 0.184109 0.3477
Databases 4754617 T_AIMgZn + Liquid => Fec + C14 | Fec 0.902262 0.029388 0.0683
4754617 T_AIMgZn + Liquid => Fec+ C14  |C14 0.076135 0.332468 05813
4754617 T_AIMgZn + Liquid => Fec+ C14 | Liquid 0.468124 0.184109 0.3477
4754617 T_AIMgZn + Liquid =» Fec + C14 | Fec 0.902262 0.029388 0.0683
4754617 T_AIMgZn + Liquid => Fee+C14 | T_AIMgZn 0.196070 0.329807 04741
4754617 T_AIMgZn + Liquid =» Fec+ C14 | C14 0.076135 0.332468 05913

Property

v  Appearance ~
BackgroundCoIctD AppWorkspace
GridColor [ controlDark
BorderStyle FixedSingle
CellBorderStyle  Single
DafaultCallShia D

L = R e

Figure 1.6.4: Invariant_tieline table showing composition of each phase involved in the
invariant reaction
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Example 1.7 Liquidus Projection of Al-Mg-Zn

Purpose: Learn to calculate and use a liquidus projection in a ternary system
Module: PanPhaseDiagram
Database: AlMgZn.tdb

As shown in Example 1.5 and Example 1.6, isotherms and isopleths are two types of
phase diagrams used to view the phase relationship in a ternary system. Another type
of phase diagrams commonly used to understand a ternary system is the liquidus
projection which is the projection of the liquid surface onto the base triangle plane. In
this example, we will calculate the liquidus projection of Al-Mg-Zn ternary system.

Calculation Method 1:
e From menu bar click Batch Calc-> Batch Run, select Example_#1.7.pbfx;
Calculation Method 2:

e Load AlMgZn.tdb following the procedure in Pandat User’s Guide 3.2.1;
e Perform 2D calculation following the procedure in Pandat User’s Guide 3.3.5;
e Set Calculation Condition as shown in Figure 1.7.1;

Phase Projection

-

!

|zotherms

o

&
a“E

Calculate Isotherms:

Temperature Interval [C]: 50 Options
Extra Outputs
Default Auis Names
¥hxis:  x(Zn) - Load Condition
Save Condition
Y Bxis: Al -

Select Phases

Select Target Phase Select Comps

Target Phase: Liguid -

Show Results for Subsystems:
Show 30 Diagram:

Figure 1.7.1: Calculation of liquidus projection of the Al-Mg-Zn system
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Post Calculation Operation:

e Label phase field following the procedure in Pandat User’s Guide 2.3.3;
e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
o Label the isothermal lines by put the cursor on each line and then press F2;

a Liquidus Projection Al

0.2

Hap

Hcep

N N N N

0.8 1
Mg X(Zn) Zn
Figure 1.7.2: Calculated liquidus projection of the Al-Mg-Zn system

O
o
[N}
o
~
=}
o)}

Information obtained from this calculation:

e The phase name labeled in each region indicates the primary solidified phase
from liquid when the given alloy composition falls in that region;

e The univariant liquid projection lines (blue lines) trace the composition of the
liquid phase for the three-phase equilibrium among the liquid and the other two
phases separated by the liquid projection line;

e The isothermal lines (from red to green with temperature descending) represent
the liquidus temperatures. The liquidus temperature for all the compositions
along each line is identical;

e Each triple point at the intersection of three projection lines represents a
invariant reaction (four phases in a ternary system) involving the liquid phase.
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All the invariant reactions are listed in invariant table as shown in Figure 1.7.3.
The composition of each phase involved in the invariant reaction is listed in
invariant_tieline table as shown in Figure 1.7.4.

Ble EGA View Detabases BatchCakc  PanPhaseDisgrem ecipitaton  PenOptimizes  BanDifusion PanSoliddication Bropety Isble Graph  Help

E2HdBsa 1A B G i R ] * ELoME®m2
Workspace 3x T vaint seineiable_| ] sothermtable | 1 Defauksable | (] temedable | [ invarant table | (] imearont icine able | 5 20 Al-Mg-Zngraph® | 1 Defautitable |/ teimesable | £ miarontisble | L invorant tiene.able | | Defauktable | % X
= f_‘,""" Wodspace el * T reacton phase_name sphases ) Mg} ) WA wiMg) wZn)  §@AMg Beta) {@AMg_Gamma)  H@C14) 1@Fd
@ £ section default C - molejmole + | molejmole +| molejmole  ~|(kgkg ~ kakg v kglkg x| mole/mole m o molefmole  Mole/
et 1 (6603200 | Liquid=>Fec LiquidsFec 2 1000000 0000000 |0000000 1000000 (0000000 |0000000 1.000000
) PP_AMMg-Zn 2 [6498500 Liquid => Hep Liquid+Hep 2 0000000 1000000 0000000 0000000 1000000 0000000
L PP_AMgZn 3 4195280 Liquid => Hep Liquid+Hcp 2 0000000 0000000 1000000 0000000 0000000 1.000000
(%) Table 4
- e 5 4504670 Liquid lgBeta Liqu Mg_Beta 3 0637666 0362334 0000000 0661444 0338556 0000000 0831903 | 0118097
] variont sicline 6 4495020 Liquid => AlMg_Beta +AMg_. _ Liquid-AMg_Beta-AMg_Ga_ |3 0576044 0423356 0000000 0601337 0398663 0000000 0615673 0384427
2] sotherm 7 4%27%0 Liquid => AlMg_Gamma +Hep  Liquid-AMg_GammasHep |3 0310102 0639698 0000000 0332688 0667112 0000000 0684957
4 section_defauit 1 3 4158000 Liquid + C14 => Mg2Zn3 Liquid+Mg2Zn3+C14 3 0000000 0643610 0356390 0000000 0401644 0598366 0798670
9 3820300 Liquid => Hep + Fec LiquideHep+Fec 3 0110828 0000000 0889172 0048915 0000000 0951085 0273455
10 (3812400 Liquid + C14 => Mg2Zn1 LiquideC14+Mg2Zn11 3 0000000 0086611 0912289 0000000 0034045 0965955 027717
N 3669990 Liquid => Mg2Zn11 + Hep LiquideMg2Zn1 1+Hep 3 0000000 0070105 0929895 0.000000 0027258 0972742
12 3469990 Liquid - Mg2Zn3 => MgZn Liquid-MgZn+Mg2Zn3 3 0000000 0703380 0296020 0000000 0469198 0530802
13 3396200 Liquid ~ Hep = Mg7Zn3 Liquid-Hep-Mg7Zn3 3 0000000 0711350 0288050 0.000000 0478809 0521191
" (3395810 Liquid => Mg7Zn3 - MgZn Liquid-Mg7Zn3-MgZn 3 0000000 071091 0283089 0000000 0477547 0522453
15
16 4754620 Uquid+ T =>Fee +C14 LiquideFee-CldsT 4 0468124 0184109 0347766 0316993 0112301 0570706 0558158 0441842
_ 17 448150 Liquid => T+ AMg_Gamma + | Liquid+T+AlMg_Gamma-AM |4 0519883 0431124 0048988 0506240 0378156 0115603 0377557 0455567
£ Databses ) Workspace | 18 4465130 Liquid => T+ AMg_Beta « Fcc  Liquids T+AIMg_Beta+Fec 4 0601735 0342158 0056107 0575316 0294679 0.130004 0592632 0191158
Propery 2x| 19 434150 Uquid=C14+T=>Mg2Zn3 Liquid+C14+ToMg2Zn3 4 0055053 0606534 0338413 0038728 0334341 0576331 0663860
BB Q 20 (357509 Liquid + C14 => Mg2Zn11 + Fec  LiquidsMg2Zn11+FccsCl4 4 0104908 0.076680 0818412 0048628 0032017 0919356 0230089 0126698
“ Appearance 21 (3535250 Liquid = T+ Mg2Zn3=>MgZn | Liquid+T-Mg2Zn3-MgZn 4 0045923 0636388 0267659 0034977 0470916 0494106
Z:;‘gl:""c'g ‘C’t:zfg::“" 2 (31870 T+Hep => Liquid+ AMg_Ga..  Liquid+T+Hcp-AlMg_Gamma |4 0116067 0695813 0188119 0096824 0522861 0380315 0223573
BorderSyle  FersdSingle 2 3450100 Uiquid => Mg2Zn11 + Hep + Fee |Liquid+Mg2Zn1i-Hep-Fee |4 0081867 0060094 0858038 0036953 0024434 0938613 017793
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Figure 1.7.3: Invariant table showing all the invariant reactions involving liquid phase

£ Pandat Software by CompuTherm, LLC - m] X
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lE‘ Activity in Al-Mg at 300C ~

T reaction phase_name x(Al) x(Mag) x(Z™
section_default
section default 1 mole/mole ~ | mole/mole ~ | mole ~
section_default 2 1 660.3201 Liquid => Fec Liquid 1.000000 0.000000 0.00000¢
section_default 3 2 660.3201 Liquid => Fee Fee 1.000000 0.000000 0.00000¢
section_default_4
-/, Liquidus projection of Al-Mg 3
Graph 4 540.8497 Liquid => Hep Liquid 0.000000 1.000000 0.00000¢
PP_Al-Mg-Zn 5 540.8497 Liquid => Hep Hep 0.000000 1.000000 0.00000¢
6
7 4105276 Liquid => Hep Liquid 0.000000 0.000000 1.00000(
3 419.5276 Liquid => Hep Hep 0.000000 0.000000 1.00000
9
10 4504672 Liquid => Fec + AlMg_Beta Liquid 0.637666 0.362334 0.00000¢
11 4504672 Liquid => Fec + AlMg_Beta Fec 0.834154 0165846 0.00000¢
BackgroundCole [ AppWorkspace 12 |450.4672 Liquid => Fec + AIMg_Bata AlMg_Beta 0.611354 0388646 0.00000¢C
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BorderStyle FixedSingle
CellBorderStyle  Single 14
DefaultCeliStyle DataGridViewCellStyle { 45 4495016 Liquid => AlMg_Beta + AIMg_Ga... Liquid 0.576044 0.423956 0.00000¢
¥ Layout 16  |4495016 Liquid => AlMg_Beta + AIMg_Ga_.  AlMg_Beta 0611354 0.388646 0.00000¢
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17 4495016 Liquid => AlMg_Beta + AIMg_Ga... AlMg_Gamma 0.519503 0.480497 0.00000¢
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LY = 03141962

Figure 1.7.4: Invariant_tieline table showing composition of each phase involved in the
invariant reaction
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Example 1.8 Solidification Simulation by Scheil Model and Lever Rule

Purpose: Learn to perform solidification simulation for a given alloy composition

Module: PanPhaseDiagram

Database: AlMgZn.tdb

Pandat has two models for solidification simulation, one based on Lever rule and the
other Scheil model. Lever rule assumes infinite slow cooling so that equilibrium is
reached at every step of solidification. Scheil model assumes fast cooling and fast
diffusion in the liquid so that liquid maintains uniform composition, no diffusion in
the solid and local equilibrium is reached between liquid and solid at the interface. In
this example we will perform two solidification simulations using the two models for
an alloy with 40 at% of Al, 50 at% of Mg and 10 at% of Zn. We will then compare the

simulation results by plotting them on the same plot.

Calculation Method 1:

Calculation Method 2:

From menu bar click Batch Calc-> Batch Run, select Example_#1.8.pbfx;

Load AlMgZn.tdb following the procedure in Pandat User’s Guide 3.2.1;

Perform solidification simulation following the procedure in Pandat User’s

Guide 3.3.6;

Set Calculation Condition as shown in Figure 1.8.1, check “Scheil” for the first

calculation and “Lever” for the second calculation

Solidification Simulation '_. p

[S5)

Liquid Composition

Value

e

> TiC) 1000

| Cancel

x(Al) 04
x(Mg) 05
x(Zn) 01

Total: 1

Solidification Model

@ Non-equilibrium (Scheil)

Max Temperature Step Size [K]:

) Equilibrium (Lewver)

Start simulation from liquidus surface

End when no more liquid

Figure 1.8.1: Input the alloy composition

~ 22 ~

Options
Extra Outputs

Load Condition
Save Condition

Select Phases | |
Select Comps

Load Chemistry
Save Chemistry

n

4

M

for solidification simulation



Pandat™ 2020 Example Book

Post Calculation Operation:

e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
e Add text and arrow on the plot following the procedure in Pandat User’s Guide
2.3.3;

Information obtained from this calculation:

e Figure 1.8.2 shows the fraction of solid as a function of temperature from Scheil
simulation. Solidification starts at 457°C and ends at 336.9°C, the freezing
range is 120.1°C;

e The primary solidified phase is T_AlMgZn phase, AlMg Gamma starts to solidify
at 447.5°C and Hcp starts to solidify at 351.8°C. Put the cursor on the line
segment, a tool tip will pop out showing the phase(s) solidified in that
composition and temperature range (Figure 1.8.2). Press ‘F2’ to label it;

o Detail information for the simulation, such as solidification start temperature
for a certain phase, the total fraction of each solid at different temperatures,
latent heat, and total heat evolved can be found in the Default Table as shown
in Figure 1.8.3;

e Certain properties can be selected from the Default table and plotted. Figure
1.8.4 shows the fraction of each solid phase as a function of temperature, and
Figure 1.8.5 shows the Latent heat and total heat evolution as a function of
temperature;

e Figure 1.8.6 shows the lever rule simulation which follows equilibrium
calculation. It therefore shows a very narrow solidification range, starting from
457°C and ending at 437°C;

e Only two phases solidified from lever rule simulation, i.e., T_AlMgZn phase and
AlMg Gamma phase;

e Details on the fraction of solid phase, heat evolution, and so on can also be
found in the Default table;

e Figure 1.8.7 shows the overlapped plots from Scheil simulation and Lever rule
simulation. To merge two plots together, we first open the plot from Lever rule
simulation as shown in Figure 1.8.6, right click the mouse and choose “Copy
Data”, then open the plot from Scheil simulation as shown in Figure 1.8.2,
right click the mouse and choose “Paste Data”. The two plots from Lever rule
simulation and Scheil simulation are merged in the same diagram as shown in
Figure 1.8.7;
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3 Pandat Software by CompuTherm, LLC - [m} X
File Edit View Databases Batch Calc  PanPhaseDiagram  PanPrecipitation  PanOptimizer  PanDiffusion  PanSolidification  Property Table Graph  Help
HEIEHA D = DEX BEIW alHMAR| ol |bA 2 | B | E3 A A A AN =N vy

Default.graph Default.graph & Default.graph Default.graph

Workspace E Defaulttable

2|8 Lever rule
500
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Press 'F2° to add label
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1. Title
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* AxisX Font Arial, 36pt 350
> AxisX Tick Font  Arial, 24pt 351.8°C
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Figure 1.8.2: Fraction of solid as a function of temperature from Scheil simulation

Pandat Software by CompuTherm, LLC — [m] Ed
Y P

Eile Edit View Dotabases Batch Calc  PanPhaseDiagram  PanPrecipitstion PanOptimizer  PanDiffusion  PanSolidification  Property  Table Graph Help
Ol |2 W Gl B o= | & [ BB s8R AR e |61 [ | EH | 52 A N e )

Workspace Default.graph Default.graph Default.graph

Default.graph

Lever rule T fl fs phase_name a L)
E i mole/mole mole/mole Jimole
1 457.0120 1.000000 0.000000 Liquid+T_AIMgZn 0.000000
2 457.0077 0.999765 0.000235 Liquid+T_AIMgZn -2.378610
3 456.9877 0.999295 0.000705 Liquid+T_AIMgZn ~7.133830
4 456.9477 0.998356 0.001644 Liquid+T_AIMgZn -16.636270
5 456.8677 0.996481 0.00351% Liquid+T_AIMaZn -35.609190
6 456.7077 0.992744 0.007256 Liquid+T_AIMgZn ~73.427550
7 456.3877 0.985318 0.014682 Liquid+T_AIMgZn -148.5569
B 455.7477 0.970666 0.029334 Liquid+T_AIMaZn -296.8059
o 454.4677 0.942138 0.057862 Liquid+T_AIMgZn -585.4226
10 |451.9077 0.888102 0.111898 Liquid+T_AIMgZn -1.132.3518
11 |449.3477 0.838732 0.161268 Liquid+T_AIMaZn -1.634.9201
12 |448.0677 0.815918 0.184082 Liquid+T_AIMgZn -1.869.0440
13 |447.7477 0.810415 0.189585 Liquid+T_AIMgZn -1,925.7681
14 |447.5877 0.807690 0.192310 Liquid+T_AIMaZn -1.953.8942
BackgroundColo [ AppWorkspace 15 |447.5477 0.807012 0.19z988 Liquid+T_AIMgZn -1,960.8989
GridColor [ controlDark 16 |447.5277 0.806673 0.193327 Liquid+T_AIMgZn -1.964.3976
BordecSule FixedSingle 17 |4475177 0.806504 0.193496 Liquid+T_AIMgZn -1.966.1461
CellBorderStyle  Single
PP [ ——" 18 |447.5085 0.806349 0.193651 Liquid+T_AIMgZn+AlMg_Gamma -1,967.7469
~ Layout 19 |447.5077 0.806156 0.193844 Liquid+T_AIMgZn+AlMg_Gamma -1.969.2127
AuvloSizeColurmn| None 20 |447.4877 0.801606 0.198394 Liquid+T_AIMgZn+AIMg_Gamma -2.003.8815
21 |447.4477 0.792655 0.207345 Liquid+T_AIMgZn+AlMg_Gamma -2,072.0811
22 |447.3677 0.775333 0.224667 Liquid+T_AIMgZn+AlMg_Gamma -2.204.1675
23 |447.2077 0.742838 0.257162 Liquid+T_AIMgZn+AIMg_Gamma -2.452.2105
24 4468877 0.685288 0.314712 Liquid+T_AIMgZn+AlMg_Gamma -2,802.4821
25 4462477 0.593059 0.406941 Liquid+T_AIMgZn+AIMg_Gamma -3.601.5332 ~
< >

Figure 1.8.3: Detailed solidification information listed in the Default table
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Figure 1.8.4: Fraction of each solid phase as a function of temperature
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Figure 1.8.5: Heat evolution as a function of temperature
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Figure 1.8.6: Fraction of solid as
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a function of temperature by Lever rule simulation
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Figure 1.8.7: Merge the Scheil and Lever simulation results together
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Example 1.9 Calculation of Gibbs Energy Curves

Module: PanPhaseDiagram
Database: AlMgZn.tdb
Purpose: Learn to calculate the Gibbs energy of a system or individual phase

Figure 1.9.1 is the Al-Mg binary phase diagram. In this example, we learn to calculate
the Gibbs energy of the system and the Gibbs energy of each phase as a function of
composition, x(Mg), at 300°C (the red dash line).

700
600
Liquid
500 FCC+LiqUid HCp+L|qUId
O,
) Fcc \
< 400+ © Hcp
2 & £
© ] &
) s O,
o 300 < >
£ \ 2
o) I <
l_ [0
200 AlMg_Beta+Fcc 2‘ AlMg_Gamma+Hcp
=
<
100
0 T T T T

0 0.2 0.4 0.6 0.8 1
‘3 Al x(Mg) Mg

Figure 1.9.1: Al-Mg binary phase diagram

Calculation Method 1:

e From menu bar click Batch Calc-> Batch Run, select Example_#1.9.pbfx;

Calculation Method 2:

e Load AlMgZn.tdb following the procedure in Pandat User’s Guide 3.2.1;
e Click “Property” on the menu bar and select “Thermodynamic Property”;
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e Set Calculation Condition as shown in Figure 1.9.2. The property selected is G,
and the reference states are set as Fcc for Al and Hcp for Mg, the Gibbs energy
of the system (stable phases in each composition range) will be calculated as
shown by Figure 1.9.4;

o If the “Individual Phases” is checked, and G(@*) is selected instead of G, the
Gibbs energy curve of every phase as a function of composition will be
calculated as shown by Figure 1.9.5;

f—r - T
Thermodynamic Property Calculation S
Start Point End Point
Value Value

P T(C) 300 T 300
S o o Options
X4 i Bt Outpts |

x(M o x(M 1

e By | Condhin
Tost: |1 = Condton

%
|

i
|

Individual Phases

Point Calculation

Number of steps: | 100 EI

Choose Target Properties for Plot: Reference State ('Default’ as defined in tdb):
G s@) Componert Ref. Phase

H Co(@?) = e =
s mu("@") "

Cp al"@) Mg * |Hep -
af’) %

Gi&")

HIE")

Figure 1.9.2: Calculation of the Gibbs energy for individual phases or the system from
“Property” calculation

Calculation Method 3:

e Load AlMgZn.tdb following the procedure in Pandat User’s Guide 3.2.1;

e Click “PanPhaseDiagram” on the menu bar and select “Line Calculation”;

e Set Calculation Condition as shown in Figure 1.9.3, check the “Individual
Phases”;
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End Point

P T(C)
x(Al}

x(Ma)

Total:

Mumber of steps: m Individual Phases

Figure 1.9.3: Calculation of the Gibbs energy for individual phases by Line calculation

Post Calculation Operation:

e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
e Add text and arrow on the plot following the procedure in Pandat User’s Guide
2.3.3;

Information obtained from this calculation:

e Figure 1.9.4 shows the Gibbs energy of the system as a function of x(Mg), i.e.,
the Gibbs energy at each composition represents the Gibbs energy of the stable
phase(s) at that composition,;

e Figure 1.9.5 shows the Gibbs energy curve of every individual phase as a
function of x(Mg)

e Detail Gibbs energy values can be found in the “thermodynamic property” table
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Figure 1.9.4: Calculated Gibbs energy of the system
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Figure 1.9.5: Calculated Gibbs energy of each individual phase by Line calculation
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Example 1.10 Calculation of Activity at Constant Temperature

Purpose: Learn to calculate activities of components in a system
Module: PanPhaseDiagram

Database: AlMgZn.tdb

Figure 1.10.1 is the Al-Mg binary phase diagram. In this example, we learn to
calculate the activity of Al and Mg as a function of x(Mg) at 300°C (the red dash line).

700
600 -
Liquid
500 FCC+LiqUid Hep+Liquid
O,
) Fcc \
o 4004 © Hcp
> 23 £
et (NN ] E
E ol ©
) s O,
o 300 < >
=
£ \ 2
() 3
= 2
200 AlMg_Beta+Fcc ol AIMg_Gamma+Hcp
=
<
100
0 T T T T

0 0.2 0.4 0.6 0.8 1
‘3 Al x(Mg) Mg

Figure 1.10.1: Al-Mg binary phase diagram

Calculation Method 1:

e From menu bar click Batch Calc-> Batch Run, select Example_#1.10.pbfx;

Calculation Method 2:

e Load AlMgZn.tdb following the procedure in Pandat User’s Guide 3.2.1;
e Click “Property” on the menu bar and select “Thermodynamic Property”;
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e Set Calculation Condition as shown in Figure 1.10.2. The property selected is
a(*), and the reference states are set as Fcc for Al and Hcp for Mg; (*) means the
activity of every component (both Al and Mg in this case)

—
Thermodynamic Property Calculation &8
e

End Point

boTIO)

*(Al}

x(Mg)

Total:

MNumber of steps: 100 B Individual Phases Point Calculation

Choose Target Properties for Plot: Reference State (Default’ as defined in tdb):
SIE") Component Ref. Phase

H Cp(E”) = - -
5 mu(*@) . e

Cp a("@)
muf’)

Mg + | Hep -
[ Hi@?)

Figure 1.10.2: Calculation of the activity of Al and Mg from “Property” calculation

Calculation Method 3:

e Load AlMgZn.tdb following the procedure in Pandat User’s Guide 3.2.1;
o C(Click “PanPhaseDiagram” on the menu bar and select “Line Calculation”;
e Add the new table following the procedure in Pandat User’s Guide 2.4.1;

Post Calculation Operation:

e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
e Add text and arrow on the plot following the procedure in Pandat User’s Guide
2.3.3;

Information obtained from this calculation:

e Figure 1.10.3 shows the activities of Al and Mg as a function of x(Mg) using Fcc
Al and Hcp Mg as reference states;
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e Activity of Al is 1 at x(Al)=1 (x(Mg)=0) since it is pure Fcc Al at this temperature
and Fcc is used as the reference state; Activity of Al decreases with the increase
x(Mg) and becomes zero at x(Mg)=1;

o Activity of Mg is O at x(Al)=1 (x(Mg)=0) and increases with the increase x(Mg)
and becomes 1 at x(Mg)=1;

e Activity of either component is constant in a two-phase field

1
Hc|
< AIMg_Beta+Fcc AlMg_Gamma+Hcp
AlMg_Gamma
a
O 0.8-
T
o AIMg_Beta+AlMg_[Eps
= AlMg_Fps+AlMg_Gamma
8
L 0.6 ——a(Al:Fcc[Al])
$ AIMg_Eps+AlMg_Gamma a(Mg:Hcp[Mg])
(@]
= AlMg_Beta+AIMg_Eps
-g AlMg_Gamma
© 0.4 -
<
Y
o
= AlMg_Beta+Fcc AlMg_Gamma+Hcp
S
g 0.2k
Hcp
0 , : . .
ﬁ 0 02 04 0.6 0.8 1
Al x(Mg) Mg

Figure 1.10.3: Activities of Al and Mg in Al-Mg binary at 300°C
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Example 1.11 Calculation of Activity at Constant Composition

Purpose: Learn to calculate activities of components as a function of temperature
Module: PanPhaseDiagram
Database: AlMgZn.tdb

Figure 1.11.1 is the Al-Mg binary phase diagram. In this example, we learn to
calculate the activity of Al and Mg as a function of temperature at a fixed composition
(the red dash line).
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<
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0 0.1 0.2 0.3 0.4 0i5 0.6 0.7 0.8 0.9 1
‘3 Al x(Mg) Mg

Figure 1.11.1: Al-Mg binary phase diagram

Calculation Method 1:

K

e From menu bar click Batch Calc-> Batch Run, select Example_#1.11.pbfx;
Calculation Method 2:

e Load AlMgZn.tdb following the procedure in Pandat User’s Guide 3.2.1;
e Click “Property” on the menu bar and select “Thermodynamic Property”;
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Set Calculation Condition as shown in Figure 1.11.2. The property selected is
a(*), and the reference states are set as Liquid for both Al and Mg;

F - o ]
Thermodynamic Property Calelaion - =
I Start Point End Point
P T(C) 800 Y T(C) 0
x(Al) 0.7 x(Al) 07
x(M 03 =M 03
e by | Candin
Total: 1 Total: 1

:
§

Individual Phases Point Calculation

Number of steps:

Choose Target Properties for Plot: Reference State ('Default’ as defined in tdb):
5@ Component Ref. Phase

H Cp(@") —

5 mu('@") > ~ | quid -
Cp a(@”) Mg ~ || Liquid -
mu(*)

ar) - - -
Hi&)

Figure 1.11.2: Calculation of the activity of Al and Mg from “Property” calculation

Calculation Method 3:

Load AlMgZn.tdb following the procedure in Pandat User’s Guide 3.2.1;
Click “PanPhaseDiagram” on the menu bar and select “Line Calculation”;
Add the new table following the procedure in Pandat User’s Guide 2.4.1;

Information obtained from this calculation:

Figure 1.11.3 shows the activities of Al and Mg as a function of temperature
using Liquid Al and Liquid Mg as reference states;

In the Liquid phase field at high temperature, activities of both Al and Mg
decrease as temperature decreases;

In the Fcc+Liquid two-phase field, the activity of Al decreases as temperature
decreases, but the activity of Mg increases as temperature decreases. This is
because in this two-phase field the activity of each component follows its
activity along the liquidus line. The composition of Mg increases along the
liquidus line with decreasing temperature, which makes its activity increase;
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e In the AlMg Betat+Fcc two-phase field, activities of both Al and Mg decrease
with the decrease of temperature refer to the Liquid Al and Mg reference states;

0.7
——a(AlL:Liquid[Al])

0.64 ——a(Mg:Liquid[Mg])
S 0.54 Liquid
=3
>
R=)
- 0.4
)
=
E‘ <«— Fcc+Liquid
5 0.3
g AlMg_Beta+Fcc
-
©

0.1

O T T T
0 200 400 600 800
& Temperature [C]
Figure 1.11.3: Activities of Al and Mg at 70% at% Al and 30 at% Mg as a function of

temperature
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Example 1.12 Calculation of Molar Volume and Density at Fixed Temperature

Purpose: Learn to calculate physical properties in a system
Module: PanPhaseDiagram

Database: AlMg MV.tdb

Figure 1.12.1 is the Al-Mg binary phase diagram. In this example, we learn to
calculate the molar volume and density of the system as a function of x(Mg) at 300°C
(the red dash line).
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Figure 1.12.1: Al-Mg binary phase diagram

Calculation Method 1:

e From menu bar click Batch Calc-> Batch Run, select Example_#1.12.pbfx;

Calculation Method 2:

e Load AlMg MV.tdb following the procedure in Pandat User’s Guide 3.2.1;

e Click “Property” on the menu bar and select “Physical Property”;

e Set Calculation Condition as shown in Figure 1.12.2. The property selected is
Vm (molar volume) and density
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End Point

T(C)
b x(AD

x(Ma}

Total: 1

Mumber of steps: | 100 EI Individual Phases Point Calculation

Choose Target Physical Properties for Plot:
Vm

alpha_Vm

Vm{&")

denstty(@")

Figure 1.12.2: Setup calculation of molar volume and density from pure Al to pure Mg
at 300°C

Calculation Method 3:

e Load AlMg MV.tdb following the procedure in Pandat User’s Guide 3.2.1;
e Click “PanPhaseDiagram” on the menu bar and select “Line Calculation”;
e Add the new table following the procedure in Pandat User’s Guide 2.4.1, and

select Table Type as “physical_property”;
Information obtained from this calculation:

e Figure 1.12.3 shows the calculated molar volume which increases with the
increase of Mg content; Figure 1.12.4 is the calculated density which shows the
opposite trend as that of the molar volume;

e Details information can be found in the physical_property Table as shown in

Figure 1.12.5;
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Figure 1.12.3: Calculated molar volume of the system from pure Al to pure Mg in Al-
Mg binary at 300°C
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Figure 1.12.4: Calculated density from pure Al to pure Mg in Al-Mg binary at 300°C
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File Edit View Databsses BatchCalc PanPhaseDiagram  PanPrecipitation PanOptimizer PanDiffusion PanSolidification Property Table Graph Help
FEEHG Ba| s eaX BRI ADEHRLE (G AR BRBEREE k ANODEL 2
i 4x Vm.graph density.graph* Default.graph | (7] generated.table graph_g.graph [ physical_property.table |

=t Pandat Workspace ‘default’

default T phase_name X[Al) x(Mg) WAl wiMg) Vm density
=] line_default Imola{mo\e v][molelmo\e v][kg{kg v”kgfkg - " cm”3mel ”g]cm"3
: PR 00 0000 AMg_Beta+AlMg_Eps 0611354 0.388646 0635872 0364128 11586600  |2238920
50 |300.0000 AlMg_Bela+AMg_Eps 0610677 0389323 0635213 0364787 11589900 2238150
- Table 51 3000000 AMg_Beta+AlMg_Eps 0610000 0390000 0634553 0365447 11593200  |2237370
B 52 |300.0000 AlMg_Beta+AMg_Eps 0600000 0400000 0624795 0375205 11641800  |2225890
=[] fine.defauit 1 53 |300.0000 AlMg_Beta+AMg_Eps 0530000 0410000 0615018 0384982 11.690400 2214410
54 3000000 AMg_Beta+AlMg_Eps 0580000 0420000 0605219 0394781 11738900  |2202930
55 |300.0000 AlMg_Bela+AMg_Eps 0570000 0430000 0595401 0404599 11787500 |2.191450
56 3000000 AMg_Beta+AlMg_Eps 0566038 0433962 0591505 0408495 11806800 |2186910
T seneed 57 |300.0000 AMg_Gamma+AlMg_Eps 0566038 0433962 0591505 0408495 11806800 2186910
58 3000000 AlMg_Eps 0566038 0433962 0591505 0408495 11806800  |2.186910
59 |300.0000 AlMg_Gamma+AlMg_Eps 0566038 0433962 0591505 0408495 11806800  |2.186910
60 3000000 AlMg_Gamma-+AlMg_Eps 0565263 0434717 0590763 0409237 11809800  |2186190
61 |300.0000 AMg_Gamma+AlMg_Eps 0564528 0435472 0590020 0409980 11812900  |2.185480
62 3000000 AlMg_Gamma-+AlMg_Eps 0563019 0436981 0588535 0411465 11818900 |2.184060
63 3000000 AMg_Gamma+AlMg_Eps 0560000 0440000 0585562 0414438 11831100 |2181210
64 |300.0000 AMg_Gamma+AlMg_Eps 0550000 0450000 0575703 0424297 11871400  [2171770
65 3000000 AlMg_Gamma+AlMg_Eps 0540000 0460000 0565623 0434177 11911800  |2162330
& Databases || Workspace | 66 |300.0000 AlMg_Gamma+AlMg_Eps 0530000 0470000 0555923 0444077 11952100 2152890
Property ax | & [3000000 AlMg_Gamma-+AlMg_Eps 0520000 0480000 0546002 0453998 11992400 |2143450
[31=0Es) 68 | 3000000 AMg_Gamma+AlMg_Eps 0510000 0430000 0536061 0463939 12032700  |2134010
4 Appearance 69 |300.0000 AlMg_Gamma-+AlMg_Eps 0500000 0500000 0526098 0473902 12073000 |2.124570
BackgroundGolc[T] AppWorkspace 70 3000000 AMg_Gamma+AlMg_Eps 0490000 0.510000 0516115 0483885 12113400 |2115130
S:f dc:rlsmt’yle gsssﬂ‘”;;':ark 71 3000000 AMg_Gamma+AIMg_Eps 0480000 0520000 0506111 0493889 12153700 |2.105690
CelBorderStyle Single 72 300.0000 AlMg_Gamma+AlMg_Eps 0474221 0525779 0500320 0499680 12177000 2100230
DefauliCeliStyle DataGridViewCellStyle || 73 300.0000 AlMg_Gamma 0474221 0525779 0500320 0499680 12177000 |2.100230
4 Layout 74 3000000 AlMg_Gamma 0470000 0530000 0496086 0503914 12177000 |2089310
AuloSizeColumn) Nons 75 3000000 AMg_Gamma 0460000 0540000 0486040 0513960 12177000 2097110
7 |300.0000 AMg_Gamma 0450000 0.550000 0475973 0524027 12177000 |2084910
77 3000000 AlMg_Gamma 0440000 0.560000 0465685 0534115 12177000 |2082710
78 |300.0000 AlMg_Gamma 0430000 0570000 0455775 0544225 12177000 |2090510
79 3000000 AlMg_Gamma 0420000 0580000 0445644 0554356 12177000  |2088310
30 3000000 AMg_Gamma 0410000 0590000 0435492 0564508 12177000  |2086110
81 |300.0000 AlMg_Gamma 0409686 0590314 0435173 0564827 12177000 |2086050
82 3000000 AMg_Gamma-+Hep 0409686 0590314 0435173 0564827 12177000 |2086050
83 |300.0000 AMg_Gamma-+Hep 0409375 0590625 0434857 0565143 12178400  |2.085770
84 3000000 AlMg_Gamma-+Hep 0408750 0591250 0434222 0565778 12181200  |2085220
85 |300.0000 AlMg_Gammar+Hep 0407500 0592500 0432951 0567049 12186300  [2.084110
8 3000000 AlMg_Gammar+Hep 0405000 0595000 0430408 0569592 12198400  |2081900
87 |300.0000 AMg_Gamma-+Hep 0400000 0600000 0425313 0574681 12221200  |2077480

composition and the calculated molar volume and density
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Example 1.13 Calculation of Molar Volume and Density at Fixed Composition

Purpose: Learn to calculate physical properties in a system
Module: PanPhaseDiagram

Database: AlMg MV.tdb

Figure 1.13.1 is the Al-Mg binary phase diagram. In this example, we learn to
calculate the molar volume and density of the system as a function of temperature at a
fixed composition (the red dash line).

700
600+
Liquid
500 Fcc+Liquid \ Hcp+Liquid
O,
) Fcc \
< 4004 © Hcp
- a £
—-— w E
© ol ©
) = O,
O 300+ < o
= =
<
() T
= 3
200 AIMg_Beta+Fc¢ o) AlMg_Gamma+Hcp
=
<
100
0 T T T T T T T

0 0.1 0.2 0.3 0.4 0|.5 0.6 0.7 0.8 0.9 1
‘3 Al x(Mg) Mg

Figure 1.13.1: Al-Mg binary phase diagram

Calculation Method 1:
e From menu bar click Batch Calc-> Batch Run, select Example_#1.13.pbfx;

Calculation Method 2:

e Load AlMg MV.tdb following the procedure in Pandat User’s Guide 3.2.1;
e Click “Property” on the menu bar and select “Physical Property”;
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e Set Calculation Condition as shown in Figure 1.13.2. The property selected is
Vm (molar volume) and density

1

Mumber of steps: Individual Phases Point Calculation

Choose Target Physical Properties for Plot:

Wm
alpha_Vm
density
Wm(@&")
density(@")

Figure 1.13.2: Setup calculation of molar volume and density from O to 800°C at a
fixed composition

Calculation Method 3:

e Load AlMg MV.tdb following the procedure in Pandat User’s Guide 3.2.1;
o C(Click “PanPhaseDiagram” on the menu bar and select “Line Calculation”;
e Add the new table following the procedure in Pandat User’s Guide 2.4.1, and

select Table Type as “physical_property”;

Information obtained from this calculation:

e Figure 1.13.3 shows the calculated molar volume which increases with the
increase of temperature; Figure 1.13.4 is the calculated density which shows
the opposite trend as that of the molar volume;

e Details information can be found in the physical_property Table;
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Figure 1.13.3: Calculated molar volume of the system in Al-Mg binary from O to 800°C
at a fixed composition

24
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Figure 1.13.4: Calculated density of the system in Al-Mg binary from O to 800°C at a
fixed composition
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Example 1.14 Density Contour Diagram

Purpose: Learn to calculate density contour diagram. In this example, the density
contour lines will be plotted in the Al-Mg binary phase diagram so that density at
different temperatures and compositions can be viewed together with phase stability.

Module: PanPhaseDiagram
Database: AlMg MV.tdb
Calculation Method 1:
e From menu bar click Batch Calc-> Batch Run, select Example_#1.14.pbfx;
Calculation Method 2:

e Load AlMg MV.tdb following the procedure in Pandat User’s Guide 3.2.1;

e First set up the calculation condition as shown in Figure 1.14.1 in the same
way as we did to calculate Al-Mg binary phase diagram (see Example_#1), then
click “Contour Lines” to open the contour line dialog as shown in Figure 1.14.2;

e Choose “User Custom Type” and click Add. Type in “density” for the Contour
Type in the “Properties” window as shown in Figure 1.14.2, then press OK;

r ’ B
Section (2D) Calculation —- - S
Y-Axis Point
v
nc:
1
g ori .
x(Ma) 0 rigin
Load Condition
Select Phases | ()|
l -
Scanline Density: |0 $
| .
Origin Point X-Axis Point
Value Value
e ] e ]
x(Al) 1 x(Al) o
x(Mg) |0 D x(Mg) 1
Total: 1 Total: 1 |

Figure 1.14.1: Setup calculation for the Al-Mg binary phase diagram, then press
“Contour Lines”
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F
EEETIE W
Pre-Defined Contour Types: Properties:
ContourType  density Lok ]|
Te Start Cancel
g Stop
@) Step 01
Constraints Contour Constraints
’ Add ] [RBH\UHEI
Contour Curves:
Name
Contour_density
Contour Type
Contour Type.

Figure 1.14.2: Type in “density” for the Contour Type in the “Properties” window

Post Calculation Operation:

e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

Label each line by putting the cursor on each line and wait for the tool tip to
pop out, then press F2;

Information obtained from this calculation:

e Figure 1.14.3 shows the density contour diagram, i.e., plotting density contour

lines on top of the Al-Mg binary phase diagram. The density on the same red
line is constant;
Density contour diagram is very useful in alloy design. Given the requirements

on stable phases and alloy density, the alloy compositions can be identified
from this one diagram;
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Figure 1.14.3: Density contour diagram for the Al-Mg binary system
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Example 1.15 Activity Contour Diagram

Purpose: Learn to calculate activity contour diagram. In this example, the activity
contour lines of Mg will be calculated and plotted on the isothermal section of the Al-

Mg-Zn ternary system at S00°C.
Module: PanPhaseDiagram
Database: AlMgZn.tdb

Calculation Method 1:

e From menu bar click Batch Calc-> Batch Run, select Example_#1.15.pbfx;

Calculation Method 2:

e Load AlMgZn.tdb following the procedure in Pandat User’s Guide 3.2.1;

e First set up the calculation condition as shown in Figure 1.15.1 in the same
way as we did to calculate Al-Mg-Zn isotherm (see Example_#5), then click
“Contour Lines” to open the contour line dialog as shown in Figure 1.15.2;

e Choose “User Custom Type” and click Add. Type in “a(Mg:Hcp)” for the Contour
Type in the “Properties” window as shown in Figure 1.15.2, then press OK;

- .
Section (2D) Calculation J - [

Y-Axis Point
Value
x(Al)
x(Ma) 0
! x(Zn) ]
Total: 1
|
Qrigin Point
Value
P TIC) 500
| x(Al) o
x(Ma) 1
||
x(Zn) ]
Total: 1

)

Cancel
1

Y 0K

Options

Origin y | EdmOdps

Load Condtion
Save Condition

Select Phases
Select Comps I
Contour Lines I

T

Scanline Density: |0 =

||

X-Axis Point I

|

Value I

P TC) 500 i

x(Al) i} I
@ x(Ma) 0
x(Zn} 1

Total: 1

Figure 1.15.1: Setup calculation for an isotherm in the Al-Mg-Zn ternary at 500°C,
then press “Contour Lines”
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i b
w0 R e . s

Pre-Defined Contour Types: FProperties:

a(Mg:Hcp)

Te Start

Stop

Step 0.1

Constraints Contour Constraints

Contour Curves:

Name
Contour_a(Mag:Hep)

Contour Type
Contour Type.

Figure 1.15.2: Type in “a(Mg:Hcp)” for the Contour Type in the “Properties” window, it
is to calculate the activity of Mg contour lines using Hcp Mg as reference state

Post Calculation Operation:

e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
e Label each line by putting the cursor on each line and wait for the tool tip to
pop out, then press F2;

Information obtained from this calculation:

e Figure 1.15.3 shows the activity contour diagram of Mg at 500°C. The variation
of Mg activity in the composition triangle is clearly seen at this temperature;

e Activity contour lines can also be plotted only in the selected phase field, such
as in the Liquid phase field, in the Liquid+Fcc phase field. An example is given
in Pandat User’s Guide 3.3.4;

~ 48 ~



Pandat™ 2020 Example Book

Al
‘3 T=500°C

AN
NS
*-
0.4
0.2
O\8
0\9
0 N N N N N N\
0 0.2 0.4 0.6 0.8 1
Mg X(Zn) Zn

Figure 1.15.3: Activity contour diagram of Mg in the Al-Mg-Zn ternary at 500°C
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Example 1.16 Pressure Contour Diagram

Purpose: Learn to calculate pressure contour diagram. In this example, the pressure
contour lines of total pressure and partial pressure of N2 in the Ti-N system will be
calculated and plotted on the Ti-N binary phase diagram.

Module: PanPhaseDiagram
Database: TiN_Gas_Pressure.tdb
Calculation Method 1:
e From menu bar click Batch Calc-> Batch Run, select Example_#1.16.pbfx;
Calculation Method 2:

e Load TiN_Gas_Pressure.tdb following the procedure in Pandat User’s Guide
3.2.1;

e First set up the calculation condition as shown in Figure 1.16.1 for calculating
Ti-N binary phase diagram, then click “Contour Lines” to open the contour line
dialog as shown in Figure 1.16.2;

e Choose “User Custom Type” and click Add. Type in “log(P(@gas))” for the
Contour Type in the “Properties” window as shown in Figure 1.16.2, then OK;

Section (20) Calculation,, | S el =
Y-Axiz Point v e
Value e
nc:
T(C) 4000
Piba q Options
(bar) - Bxtra Outputs
Load Condition
x(T0) ! Save Condition
Total: 1
o Select Phases
Select Comps
stabilty []
Scanline Density: |0 <
] A
hd [Ea™)
Crigin Point u LJ X-Axis Point
Value Value
T(C) 0 T(C) 0
Pibar) 1 - P(bar} 1
x(T1) 1 @ x(Tl) 0
Total: 1 Total: 1

Figure 1.16.1: Setup calculation for Ti-N binary phase diagram, then click Contour
Lines
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i B
i T Gl =

I Pre-Defined Contour Types: FProperties:

Contour Type log(P(@gas)) I

Te Start -30

Stop 10

Step 2

Constraints Contour Constraints

Contour Curves:

Name
Contour_log(P(@gas))

Contour Type
Contour Type.

Figure 1.16.2: Type in “log(P(@gas))” for the Contour Type in the “Properties” window,
it is to calculate the total pressure contour lines from logP = —10 to 30 with step 2

Post Calculation Operation:

e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
e Label each line by putting the cursor on each line and wait for the tool tip to
pop out, then press F2;

Information obtained from this calculation:

e Figure 1.16.3 shows the contour diagram of total pressure in Ti-N system,;

o If we type in “log(P(N2@gas))” as the Contour Type in the “Properties” window in
Figure 1.16.2, we will obtained the contour diagram for partial pressure logP(N2)
as shown in Figure 1.16.4;
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Figure 1.16.3: Calculated contour diagram of total pressure in the Ti-N system
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Figure 1.16.4: Calculated contour diagram of partial pressure of N2 in the Ti-N system
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Example 1.17 3D Diagram

Purpose: Learn to calculate a 3D diagram. In this example, 3D diagram is calculated
for a hypothetical ternary system.

Module: PanPhaseDiagram
Database: ABC.tdb
Calculation Method 1:
e From menu bar click Batch Calc-> Batch Run, select Example_#1.17.pbfx;
Calculation Method 2:

e Load ABC.tdb following the procedure in Pandat User’s Guide 3.2.1;

e Perform Phase Projection calculation following the procedure in Pandat User’s
Guide 3.3.5;

e Setup calculation condition as shown in Figure 1.17.1. From this setting, * is
selected as Target Phase which means all the phases in the system are selected
in the calculation;

¢ ¥ o
eerorr SR ==

N
lsotherms [ oK J
Calculate |Isotherms: ’ Cancel ]
Temperature Interdal [C]: 50 [ Options ]
[ BExtra Outputs ]
Default Axis Mames

¥ Axis: <(C) - [ Load Condition ]
’ Save Condition ]

Y Axis: ) -
[ Select Phases ]
Select Target Phase ’ Select Comps ]

Target Phase: ~ -

Show Results for Subsystems:
Show 30 Diagram:

Figure 1.17.1: Setup calculation for a 3D diagram
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Post Calculation Operation:

e In the Property window, under 4: Invariant Tieline Property, choose “True” for
the Show Invariant Tieline, the invariant reaction lines in the three binaries as
well as in the ternary will be shown (Figure 1.17.2);

e Rotate the 3D diagram to a position you like;

e Add a new Table as shown in Figure 1.17.3 to get the phase boundary data just
for the BCC phase. Select x(C) as x-axis by selecting this column first, then
press Ctrl and select x(A) as y-axis, then press Ctrl and select T as z-axis, plot
3D diagram as shown in Figure 1.17.4;

e Add a new Table as shown in Figure 1.17.5 to get the isothermal lines just for
the BCC phase, notice that the Table Type must be “isotherm”;

e Double click to open the 3D diagram for BCC (Figure 1.17.4), single click the
table name for the isothermal lines. From the Property window, drag in x(C) first,
then press Ctrl and drag in x(A), then press Shift and drag in T, the isothermal
lines for the BCC phase will be plotted on it as shown in Figure 1.17.6;
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Figure 1.17.2: Calculated 3D diagram for the A-B-C system
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Figure 1.17.4: Plot 3D diagram for BCC phase only
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Drag and drop available columns to setup a new table. Double click property cell to edit
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Figure 1.17.5: Add a new Table to get the isothermal lines just for the BCC phase
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Figure 1.17.6: 3D diagram for the BCC phase with isothermal lines
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Example 1.18 Temperature-Pressure Diagram

Purpose: Learn to calculate a Temperature-Pressure diagram. In this example, a
Temperature-Pressure diagram is calculated for pure Fe component.

Module: PanPhaseDiagram
Database: Fe_Pressure.tdb
Calculation Method 1:
e From menu bar click Batch Calc-> Batch Run, select Example_#1.18.pbfx;
Calculation Method 2:

e Load Fe_Pressure.tdb following the procedure in Pandat User’s Guide 3.2.1;
e Perform a Section Calculation from PanPhaseDiagram, and set the calculation
condition as shown in Figure 1.18.1;
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Post Calculation Operation:

e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
e Label the graph following the procedure in Pandat User’s Guide 2.3.3;

Information obtained from this calculation:

Figure 1.18.2 shows the default plot when calculation is finished, it is T-
loglO(P). It clearly demonstrates the stability of each phase at different
temperature and pressure;

Detailed information on the three-phase reactions, i.e., the temperatures and
pressures at triple points can be found in the “invariant” table;

e From Default table, other plots, such as T-P diagram, can be plotted as shown
in Figure 1.18.3;
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Figure 1.18.2: Temperature-log (Pressure) diagram for pure Fe component
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Figure 1.18.3: Temperature-Pressure diagram for pure Fe component
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Example 1.19 Phase Fraction Contour Diagram for Ti64

Purpose: Learn to calculate and plot phase fraction contour diagram in a multi-
component system. In this example, a contour diagram is calculated and plotted for an
isopleth in the Ti-Al-V-N-O five components system.

Module: PanPhaseDiagram

Database: PanTi2020.pdb (this database is a thermodynamic database for multi-
component titanium alloys which is only available to users who have licensed it)

Calculation Method 1:

e Load PanTi2020.pdb following the procedure in Pandat User’s Guide 3.2.1;

e Perform a Section Calculation from PanPhaseDiagram, and set the calculation
condition as shown in Figure 1.19.1;

e C(Click “Contour Lines” in the dialog shown in Figure 19.1, then set the Contour
Type as shown in Figure 1.19.2;

F = B
I .
Y-Axiz Point
Y
Yalue
PTG ‘121]] |
%
=2 origi .
wes(N) | 0.02 Lrgin
Load Condition
W) |01 .
%(Ti g95.88
w(Ti) Select Phases
[
I Scanline Density: |0 $
| |
FA
i
I Qrigin Point @ X-Axis Point
' Value Value
' FT(C) ‘GDD | T(C) 600 |
wia(Al) 0 b wSa(Al) 10 H
|
' wi(N) | 0.02 D] wi(N) | 0.02 |
w3 (0] 01 w3 (0] 01
(Q) () |
w(Ti) 95.88 w(Ti) 85.88
I
wa (V) 4 w3 (V) 4
Total: 100 Total: 100 |
| I

Figure 1.19.1: Setup a calculation for an isopleth along Ti-Al side with fixed V, O, and
N compositions
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Figure 1.19.2: Setup contour lines as the fraction of Bcc () phase

Post Calculation Operation:

Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
Label the graph following the procedure in Pandat User’s Guide 2.3.3;

Label each line by putting the cursor on each line and wait for the tool tip to
pop out, then press F2;

Information obtained from this calculation:

Figure 1.19.3 shows the isopleth Ti-Al-4V-0.10-0.02N (wt%) with contour lines
of fractions of the B phase. It clearly shows how the fraction of the B phase
varies with temperature and composition. This plot provides a guidance on the
selection of alloy composition and heat treatment condition if certain fraction of
B phase is needed in the microstructure;

For Ti64 (6 wt% of Al as indicated by the black dash line), the fraction of B
phase (and o phase) in the o+f two-phase structure can be read from the
contour diagram directly given a heat treatment temperature;
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Example 1.20 Phase Forming Driving Force in High Entropy Alloys

Purpose: Learn to calculate and plot driving force contour lines on a multi-component
phase diagram. Figure 1.20.1 shows an isopleth of CoCrFeNi—-AliCoCrFeNi which
indicates that addition of Al promotes the formation of Bcc and B2. However, it does
not tell which phase has higher thermodynamic driving force at different temperature
and composition. In this example, the driving force contour lines for B2 and Bcc are
plotted on the Liquid+Fcc diagram in the Al-Co-Cr-Fe-Ni system to view the driving
force of forming B2 and Bcc in this system

Module: PanPhaseDiagram

Database: PanHEA.pdb (this database is a thermodynamic database for high entropy
alloys which is only available to users who have licensed it)
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Figure 1.20.1: Calculated isopleth of the CoCrFeNi—AliCoCrFeNi with x=0~2

Calculation Method 1:

e Load PanHEA2020.pdb following the procedure in Pandat User’s Guide 3.2.1;
e Perform a Section Calculation from PanPhaseDiagram, and set the calculation
condition as shown in Figure 1.20.2;

e Click “Select Phases” and set status of each phase as shown in Figure 1.20.3;

e Click “Contour Lines” and then set the Contour Type as shown in Figure 1.20.4
to calculate the driving force contour lines for B2 phase, click OK;
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e Click “Contour Lines” and then set the Contour Type as shown in Figure 1.20.5
to calculate the driving force contour lines for Bcc phase, click OK;

Section (2D) Calculati

Y-Axiz Point

TIC)

x%(Al)

x%(Co)

x%(Cr)

x%(Fe)

x%(Ni)

Scanline Density:

X-Axis Point

TIC) T(C)

x%(Al) x%a(Al)

x%%(Co) x%(Co)

x%I(Cr) x%(Cr)

x%(Fe) x%(Fe)

x%(Ni) x%(Ni)

Total: Total:

Suspended Phases (42): Dormant Phases (2): Entered Phases (2):

Aocos™
ALSCOZ2 Bce Liquid

ALSCR4_H
ALSCR4_L
ALSFENI
ALCR2
ALCU_EPSILON1
BCC_A12
BCC_B2
CHI_A12
CUB_A13
DO_19_Ti3Al
EPS
GAMMABRASS
H_SIGMA

Hep

L10_TiAl
L12_FCC
Laves_C14
Laves_C15
Laves_C36
MnNi_Beta

Figure 1.20.3: Fcc and Liquid are selected to enter the calculation, B2 and Bcc are
dormant in the calculation, but their driving force to become stable phases can be
calculated
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Pre-Defined Contour Types: FProperties:

Contour Type DF(@1B2)
Te Start

G Stop

g@t} Step 2000

Constraints Contour Constraints

Contour Curves:

Name

Contour_DF(@B2)

Contour Type
Contour Type.

Figure 1.20.4: Setup calculation of driving force contour lines for B2 phase

Froperties:

Contour Type DF(&1Bcc)

Start

Stop

Step 500

Constraints Contour Constraints

Contour Curves:

Name

Contour_DF(@!Bcc)

Step

Step value of the contour lines.

Figure 1.20.5: Setup calculation of driving force contour lines for Bcc phase
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Post Calculation Operation:

Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
Label the graph following the procedure in Pandat User’s Guide 2.3.3;

Label each line by putting the cursor on each line and wait for the tool tip to
pop out, then press F2;

Information obtained from this calculation:

After operation of Figure 1.20.4, a diagram with driving force contour lines of
B2 will be plotted, and after operation of Figure 1.20.5, a diagram with driving
force contour lines of Bec will be plotted;

To merge the two plots together by choose one of the diagram, say the one with
Bcee contour lines, to be shown in the main display window, then single click
Table->Contour_DF(@!B2) table, drag x%(Al) to the main display window, then
press Ctrl and drag T to the main display window;

The merged diagram is shown in Figure 1.20.6. From this figure it is seen that
at low Al composition, neither B2 or Bcc has the driving force to form (negative
driving force); with high Al composition, both phases have the driving force to
form, and B2 has higher driving force than that of the Bcc phase;

1700

Red line: Bcc
Green line: B2

1500

1300

1100

Temperature [C]

900+

700

500

‘3 0 X% (Al)

Figure 1.20.6: Driving force contour diagram for both Bcc and B2 phases
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Example 1.21 User-defined Property

Purpose: Learn to define any property in a database in a format similar to that of the
Gibbs energy and plot the contour lines of the defined property on a multi-component
phase diagram.

Module: PanPhaseDiagram
Database: AINi_U.tdb

The molar volume of Al-Ni binary system is taken as an example here. Instead of using
the specific variable V, for molar volume, we define a property of U to represent the
molar volume. In the database file (.tdb), first define the property U with the keyword
“USER_PROPERTY” as

Type Definition a USER PROPERTY U 1 !

Then, define the property U as a function of x, the mole fraction, with the keyword
“VARIABLE X”:

Type Definition b GES AMEND PHASE DESCRIPTION * VARIABLE X U !

For any phase with such a property U, include “ab” in the phase definition such as in
“Liquid” phase,

Phase Liquid %ab 1 1 !
The parameters for the property are defined in the format similar to that of the Gibbs
energy. An example file “AlNi.tdb” is included in the Pandat example folder. A batch
file “Example_#1.22.pbfx” is also included in the same folder, which produces an

identical contour diagram as shown in Figure 1.21.1 except that the property name is
U instead of Vm. It should emphasize again that U can be any property.

Calculation Method 1:
e From menu bar click Batch Calc-> Batch Run, select Example_#1.21.pbfx;
Calculation Method 2:

e Load AINi_U.tdb and select both components

e Pop out dialog for Section (2D) Calculation

e Set up contour lines as Figure 1.21.2

e Click OK and perform calculation to obtain Figure 1.21.1
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Figure 1.21.1: Al-Ni binary phase diagram with the calculated contour lines of molar
volume (cm3/mol).

Set Contour Lines X
Pre-Defined Contour Types: FProperties:
Contour Type u oK
;E' Stop
G Step 05
5 Constraints ‘Contour Constraints
fl@*)
Add Remaove
Contour Curves:
Name
Contour Type
Contour Type.

Figure 1.21.2: Setup contour lines for Property U from interface
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Example 1.22 Run Pandat in Console Mode

Purpose: Learn to run Pandat in the console mode for the calculation of Al-Mg binary
phase diagram;

Module: PanPhaseDiagram

Database: AlIMgZn.tdb

Calculation Method 1:

Double click the batch file Example_#1.22.pbfx;

Calculation Method 2:

Run through a windows (.bat) file, double click the Example_#1.22.bat;

The content of an example (.bat) file is shown below:

Full path of Pandat ™
executable file (.exe)

1

Start console mode ‘

start| “Pandat 2020 - Silent Mode” “C:\...\Pandat.exe” “AlMg.pbfx”
. . . Output level "
“D:\console_working_folder” 1 0: Less Batch file
y 1: Normal
Working folder for the output results ‘ 2: More

Figure 1.22.1: Example of the (.bat) file for console mode

Note that above figure shows an example windows (.bat) file. There are a few things
that user needs to make sure before running this example:

The full path of “Pandat.exe”. The default path for Pandat 2020 is: “C:\Program
Files (x86)\CompuTherm LLC\Pandat 2020\bin\Pandat.exe

If the batch file (.pbfx) is not in the same folder of the windows (.bat) file, the full
path of the batch file (.pbfx) needs to be given.

The working folder for the console mode must have been created before running
the windows (.bat) file. Then a Pandat workspace will be created in this folder
and all simulation results are saved under this workspace. This argument is

optional and no graph files are generated if the working folder is not given. This
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will save many computer resources. In general, the user may not pass this
argument so that only data (.dat) files are generated after each simulation. In

“Example_#1.22.pbfx”:

<table name="AlMg PhaseDiagram.dat" source="default">

A table name “AlMg PhaseDiagram.dat” is given with an extension “.dat” and
then a data file (.dat) will be created in the same folder as the batch file. User
may give a full path for the data file in order to save it into a specified folder.

e 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.
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Example 1.23 High Throughput Calculation (HTC): Pattern Compositions

Purpose: Learn to run high throughput calculation;

Module: PanPhaseDiagram

Database: AlIMgZn.tdb

Calculation Method: HTC Calculations by Setting Composition Range and Steps

e Load proper database and choose the Al-Mg-Zn system.
e Choose the HTC function from the Batch Calc - High Throughput
Calculation (HTC) (as shown in Figure 1.23.1).

Eatch Calc | PanPhaseDiagram  PanPrecipita

i Batch RBun
Run All Batch in Folder

Load Condition

Save Condition as a Batch File

Create a Wew Batch
Edit a Batch File

High Throughput Calculation (HTC)
Result Analysis

Join Analysis Reports

Figure 1.23.1: HTC function under the “Batch Calc” menu

e Choose the calculation type from the drop-down list of HTC pop-up window and
select “Solidification”.

High Throughput Calculation x
Choosze Calculation Type: QK
v Cancel

Figure 1.23.2: Dialog to choose calculation type of HTC
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e Define the compositional space for HTC simulation.
After choosing the calculation type, a window pops out as shown in Figure 1.23.3. 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 Al in this
case. After 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

Run HTC
Start End Steps Cancel
rcel
T(C) 1000 1000 0
Options
wa(Al) -1 -1 -1 Extra Outputs
w(Mg) 1 30 29

a1 |

Select Phases
Select Comps

[ Import Alloys

Solidification Madel
(® Non-equilibium (Scheil) () Equilibrium {Lever)

Start simulation from liquidus surface

End when no more liquid

=

Max Temperature Step Size [K]:

Figure 1.23.3: Dialog to setup compositional space for HTC

e 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.
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e Choose “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.

Batch Calc | PanPhaseDiagram  PanPrecipita
§! BatchRun
Run All Batch in Folder

Load Condition

o < y S <
Save Condition as a Batch File

Create a New Batch
Edit a Batch File

High Throughput Calculation (HTC)
Result Analysis
Join Analysis Reports

Figure 1.23.4: “Result Analysis” function under the “Batch Calc” menu

e 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 1.23.5.

Result Analysis -> Choose Workspace

Choose
Target
Workspace

C:“Program Files {xBE)"CompuThem LLC“Pandat 2016%Fandat 2016 Examples
“PanPhase Diagram*.Solidification "HTCYHTC pnide

There are 36 calculations for analysis.

Continue
Cancel

Figure 1.23.5: “Result Analysis” popup dialog to choose target workspace

e Define the criteria of the properties as filters for result analysis.
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Result Analysis -> Set Rules X

Target Workspace: Z\Documents'\ Example Book 2020test default ‘ Analyze
Cancel

Commeon Tables for All Calculations: (only one table can be chosen for analysis at one time)

Z\DocumentshExample Book 2020 est \default Solidification Simulation’ Table\Default table ~ |

Commeon Columns for the Target Table: (drag and drop to change the eder) Sel/Clr All

b T []f_tot{@AlMg_Beta) [ ] fi@Hep)

LIfl || f_tot(@C14) [ wian

L fs LI f_tot(@Mg2Zn17) w(Ma)

|| phase_name || f_tot(@Hcp) wiZn)

L]a || f(@Liquid) Oa

|| H_Latert || f(@Fcc) ImELLY

|| H_tot L | fl@T_AlMgZn) [ x(mg)

[ | _tot(@Liquid) [ | fl@AlMa_Beta) [ =(Zn)

|| f_tot{@Fec) LI fl@C14) [ Label

[ | f_tot(@T_AlMgZn) [ | fi{@Mg2zZn11)

1. Set an Expression to Select Rows: (choose a template text and insert) Inzert Selected

=10 v| | Insert Text Column Name

f1=1.0

2. Get Min/Max Value from Selected Row (choose a template text and insert)

T=MIN(T) ~ | Insert Text

] \ sults
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).

Figure 1.23.6: “Result Analysis” popup dialog to define the criteria of the properties

In Figure 1.23.6, 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”. As shown in Figure 1.23.6,
temperature and the alloy composition will 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” at the
bottom of the window allows user define the criteria. In Figure 1.23.6, this criterion is
fl=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 in the “Set an Expression to Select Rows”. Click “Analyze” to create the “Analysis
Report” as shown in Figure 1.23.7. In this table, each row lists the liquidus
temperature 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 1.23.8.
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/7| TLreport |
CalculationMame AlloyChemistry T w(MG@LIQUID) w({ZN@LIQUID)
c v % v % v
1 PR osaL- 1MG+1ZNinw% |653 5360 1.000000 1.000000
2
3 |solidification_defaul 1 |97AL+IMG+2ZNinw% | 651 6410 1.000000 2000000
4
5 |solidification_default 2 | 96AL+1MG+3ZNinw% |6497380 1.000000 3000000
6
7 solidification default 3 95AL+IMG-4ZNinw% 6478280 1000000 4000000
8
9 |solidification_default 4 | 94AL+IMG+5ZNinw% 6459110 1.000000 5000000
10
11 solidification_default 5 | S3AL+IMG+6ZNinwS% 6439860 1.000000 6000000
12
13 |solidification_defaul 6  |92AL+IMG+7ZNinw% |642 0550 1.000000 7000000
14
15 |solidification_default 7 | 91AL-IMG+B8ZNinw% |640.1160 1.000000 2000000
16
17 |solidification_defaul 8  |S0AL+IMG+SZNinw% |6381690 1.000000 9000000
18
19 solidfication_defaull 9 89AL+IMG+10ZNinw% 6362160 1000000 10000000
20
21 |solidification_default_ 10 | 97AL+2MG+1ZNinw% 6484620 2000000 1.000000
22
23 |solidification_default_11 | 96AL+2MG+2ZNinw% 6465690 2000000 2000000
2
25 |solidification_dsfault_ 12 |95AL+2MG+3ZNinw% | 644 6700 2000000 3000000
2
27 |solidification_default 13 | 94AL+2MG+4ZNinw% | 642 7640 2000000 4000000
28
29 |solidification_default_14 | 93AL+2MG+5ZNinw% | 6408510 2000000 5000000
30
| 31 solidification_default 15 92AL+2MG+6ZNinw% 6389320 2000000 6000000

Figure 1.23.7: Analysis report file of T;
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Figure 1.23.8: 3D diagrams of the liquidus temperatures: colormap (left) and 3D
surface (right)
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Example 1.24 High Throughput Calculation (HTC): Random Compositions

Purpose: Learn to perform HTC with random compositions.
Module: PanPhasediagram
Database: AIMgZn.tdb

Calculation Method: HTC Calculations by Importing Alloy Compositions

e Load AlMgZn.tdb

e Start the HTC function from the menu “Batch Calc - High Throughput
Calculaiton (HTC)”. Then choose “solidification” as calculation type.

e Check the “Import Alloys” box at the solidification simulation popup window,
and then click the “Import” button to import the pre-prepared alloy
composition file (Example_#1.24 _alloys.txt).

e C(Click the “Run HTC” button perform HTC simulations

e Save the workspace of the HTC results for further analysis as mentioned in
Example 1.23.

| Solidification Simulation X

Solidification Simulation X
Liquid Composition [W] Liquid Composition Wl
| Start End Steps {? Start End Steps ﬁ
> T(© 1000 1000 0 > T(©) 1000 1000 0 —
wk@) |0 o1 [0 amm wh@) |0 10 1 o mo;::”
w%(Mg) 0 0.1 10 w%(Mg) 0 |01 10
W%(Zn) 0 0.1 10 W%(Zn) 0 !o 1 10

100 Imported
4 import Alloys

Solidfication Model
@® Non-equiibrium (Schei) O Equiibrium (Lever)

T
® Non-equilbrium (Schei) (O Equilibrium (Lever)

Start simulation from liquidus surface M Start simulation from liquidus surface M

End when no more liquid £ End when no more liquid M

T_End[C} 0 T_End[C] 0

Max Temperature Step Size [K]: ZI Max Temperature Step Size [K]: [:l

Figure 1.24.1: HTC solidification dialogs before (left) and after (right) import
alloy composition file

Please refer to the Pandat™ 2020 manual Section 9 for detail information of preparing
the alloy composition file.
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Example 1.25 Friction-stir welding between AA5454 Al alloy and AZ91 Mg alloy

Purpose: Learn to perform complicated multi-component vertical section calculations
and understand the application of zero phase fraction (ZPF) line of the liquid phase.
Commercial Mg database is required to perform the calculation of this example.

Module: PanPhasediagram
Database: PanMg2020.pdb

Background: Due to the formation of brittle intermetallic phases in the fusion zone,
joining Mg alloys with Al alloys through fusion welding is not very suitable. Friction
stir welding (FSW) provides a potential method for joining Mg alloys and Al alloys. In
this example, an AZ91 cast Mg alloy and rolled AA5454 Al alloy are assumed to be
jointed through FSW. A vertical section from the composition of AZ91 to AA5454
shows the possible intermetallic phases could be formed in the welding interface. In
addition, the zero phase fraction line of the liquid phase indicates the maximum
temperature that can be tolerated during the welding process to avoid the melting zone
in the interface.

Calculation Method:

e Create a workspace and select the PanPhaseDiagram module following Pandat
User’s Guide 2.1;

e Load PanMg2020.pdb following the procedure in Pandat User’s Guide 3.2.1,
and select the elements: Al, Fe, Mg, Mn, Zn.

e Perform 2D calculation. (Also detailed described in Pandat User’s Guide 3.3.3)

e Set Calculation Condition as shown in Figure 1.25.1;

e As this is a complicated phase diagram calculation, option “extensive search” is
recommended. Click options in the interface shown in Figure 1.25.1, an
interface as shown in Figure 1.25.2 will pop-up. Select “Extensive Search” in
the “PanEngine Settings”. Then click OK. (Detailed description on “Extensive
Search” can be found in Pandat User’s Guide 3.2.2). Note that “extensive search”
may not be necessary for most calculations, yet, it provides users with an
option for the calculation of complicated diagrams.
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Section (20 Calculation by
Y-Axis Point
Value Ll Y OK
¥ T(E) 600 Cancel
P(atm) 1 Cptions
i Extra Outputs
w(Al) 95 6% QOrigin X
Load Condition
w(Fe) 0.3
Save Condition
w%(Mg) 3
Select Phases
w(Mn) 1
Stability [] | Select Comps

(2] 0.0 ;
w(Zn) Peeudo [] Contour Lines

Total: 100 ~ Scanline Density: m
Ongin Point @ @I X-Mxis Point

Value 2 Value ~

F o T(C) 300 FT(C) 300

Platm) 1 Platm) 1

w(Al) 95.69 @ wi(Al) 82

w(Fe) 0.3 w%l(Fe) 0.01

wh(Mg) |3 w%(Mg) 9053

w%(Mn) 1 w(Mn) 0.2

w(Zn) 0.01 w%I(Zn) 1

Total: 100 v Total: 100 ]

Figure 1.25.1. Set vertical section calculation conditions: Composition from AA5454:
Al-3Mg-1Mn-0.3Fe-0.01Zn(wt.%) at left edge to AZ91: Mg-8.2A1-1Zn-0.2Mn-0.01Fe
(wt.%) at right edge; Temperature range from 300 °C to 500 °C.

Options X
. Calcul.atIon PanEngine Parameters
Units
- Tabl:‘:nEnglne Setous [ Extensive Search
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

[ 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 transition temperature. dG MUST be zero for stable equilibium 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 | | LoadfromFile | SavetoFile [ OK | | Cancel

Figure 1.25.2: Set “Extensive Search” option.
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Set “Contour line” calculations to highlight the ZPF line of the liquid phase.
Click “Contour line” in the interface shown Figure 1.25.1, The “Set Contour
Lines” interface pop-up as shown in Figure 1.25.3, select the “f(@*)” from the
Pre-Defined Contour Types, “f(@*)” means the fraction of certain phase, then
select “Liquid” to replace the “*” to define the fraction of liquid phase. Start
value and Stop value are set as “0”, and Step value set as “1”. Then click OK.

Set Contour Lines X |

Pre-Defined Contour Types: Properties:

meen ]} Contour Type f(@Liquid) on
density(@"*) Stop P
Vm
Step 1
density - .
User Custom Type Constraints Contour Constraints
Te
T0
G v
Add Remove

Contour Curves

Name

Contour_f(@Liquid)

Contour Type
Contour Type

Figure 1.25.3 Contour line setting for the ZPF line of the liquid phase.

The interface goes back to Figure 1.25.1, click OK to start calculation.

Post Calculation Operation:

The default calculated phase diagram is shown as Figure 1.25.4. The left edge
corresponds to the composition of AA5454 (Al-3Mg-1Mn-0.3Fe-0.01Zn(wt.%)),
and the right edge is the composition of AZ91 (Mg-8.2Al-1Zn-0.2Mn-0.01Fe
(Wwt.%)). The highlighted red line is the ZPF line of the liquid phase, which
represents the melting temperature at each composition. In other words, liquid
phase will appear above the red line.

Change the scale and increment of the diagram. (Also detailed described in
Pandat User’s Guide 2.3.1) The scale of the axes can be set through the
Property window at the left side of the interface as shown in Figure 1.25.5. In

this example, X axis is set from O to 90.59, increment value 10. Y axis is set
from 300 to 600 with increment of S0.
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w%(Mg)
Figure 1.25.4 Default calculated phase diagram from AA5454 to AZ91.
G35 2 A1 3 5 3195 . 538 138 515 1) 0 315 2 A s % 0 DD 2
e e —
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g 400
’_
350
300 T T T T T
& 0 10 20 30 40 50 60 70 80 90
w%(Mg)

Figure 1.25.5 Graph property setting window to set axis scale, increment, title text.
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Label phase field (Also described in detail in Pandat User’s Guide 2.3.3);

Click button LI |, Pandat goes into Label function, then click the mouse on the
diagram, the phase field at the location of the mouse will be labeled. If the user
holds the <Ctrl> key first and then click the mouse on the diagram, the
program will do a point calculation at the composition and temperature where
the cursor locates. After added all phase field labels and put them in proper
position, the final phase diagram is shown as Figure 1.25.6.

500

Al,;Fe,+Al,Mn+Liquid

Al,Mn
AlgMn+Fcc+Liquid AlgM
’ Liquidy, AlsMn '\ Al ,Mg,+Al,;Fe,
+Liquid +Al,Mn+Liquid
Al gMg;Mn,+AlMn l
+Fcc+Liquid
450 - 7/

Al gMg;Mn,+Al;Mg,

+Al;Mn+Fcc Al,Mg;,

Al,Mn+Fcc +Al;Mg,
e +Al,Mn
+AlgMn

Al,Mg;+Al sFe,
+Al,Mn+Hcp

Al,Mn+Hcp

Al,,Mg,,+Al,Mn
Al Mg, +Al,,Fe,+Al,Mn

Al;Mg,+AlgMn+Fcc
350

Al;,Mg,
+Al,Mn+Hcp

AlgoMg5+AlLMg,+Al,Mn+AlMn
Al,Mg,;+Al,Mg,,+AlMn+AlMn

300 T T T T T T T T T
g 0 10 20 30 40 50 60 70 80 90

w%(Mg)

Figure 1.25.6 The vertical phase diagram from AA5454 to AZ91 with phase field labels.

The phase fields including Liquid phase are labeled as red.

Information obtained from this calculation:

The local temperatures in the welding zone during friction-stir welding process
should be controlled to be lower than given by the red line to avoid partial
melting. The lowest temperature in this case is 435.7 °C.

Different intermetallic phases may form in the joining zone: The AlsMg, phase
with some AlsMn precipitate near the Al alloy side, and Mgi7Ali> phase with
minor precipitation of AlsMn near the Mg alloy side.

Similar approach can also be used to understand other reactions between
different materials, for example coating/substrate reactions.
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Example 1.26 Calculate Open Circle Voltage (OCV) under Equilibrium Condition

Purpose: Learn to perform equilibrium calculation, use extra output table and extra
output graph to output chemical potential and voltage value to simulate the open
circle voltage curve of an alloy system for battery application.

Module: PanPhasediagram
Database: LiSn.tdb

Background: Carbon based anode material is widely used in Li-ion batteries. But its
low charge density motivates the search for next generation of anode materials. Sn
based alloy is one of potential anode candidates. The calculation of open circle voltage
curve of the Li-Sn system sheds a light on the potential capacity of the alloy system.
This example shows how to calculate the open circle voltage curves directly from
PanPhaseDigaram modular and compare with experimental data. In an alloy system,
the equilibrium open-circle voltage E is associated with chemical potential through the

Nernst equation: g, —u>™ =-nFE . F is Faraday’s constant, 94685 C/volt. In this
example of Li-Sn system, n = 1, then E =—(u, —u>™)/F . At 688 K, Li and Sn are in

liquid state, so the reference state is liquid Li.
Calculation Method 1:

e Create a workspace and select the PanPhaseDiagram module following Pandat
User’s Guide 2.1;
e From menu bar click Batch Calc-> Batch Run, select Example_#1.26.pbfx;

Calculation Method 2:

e Create a workspace and select the PanPhaseDiagram module following Pandat
User’s Guide 2.1;

e Load LiSn.tdb following the procedure in Pandat User’s Guide 3.2.1;

e Start line calculations, click PanPhaseDiagram -> Line Calculations or click the

icon = from the toolbar.

e A line calculation setting window will pop up as shown in Figure 1.26.1. The
temperature is set as 688 K, as experimental data are available at 688 K for
comparison. The composition range is from pure Sn, i.e. X(Sn) = 1, to pure Li,
i.e. x(Li) = 1. The Number of steps is set to be 200.

~82 ~



Pandat™ 2020 Example Book

Line Calculation X
Start Point End Point
Value Value
POTK) > OTIK) | Cancsl
x(LI) 0 ) 1 T
Extra Outputs
%(SN) 1 *(SN) o
Load Condition
Total: 1 IEI Total: 1
Save Condition
Select Phases
Select Comps

Number of steps: [200 = [ individual Phases

Figure 1.26.1 Line calculation conditions setting.

e Set “Extra Outputs table”. In order to output the open-circle voltage value, some
extra outputs are required. Click “Extra Outputs” in the interface shown in
Figure 1.26.1, a new interface will appear as shown in Figure 1.26.2. Then click
the blue “+” symbol to pop out the Table Editor as shown in Figure 1.26.3.
From this Table Editor, one can select to output Extra properties which are not
shown in the default table.

Set Extra Outputs X
Tases_Graphs |1
Qutput Tables: li‘

Table Name Source Columns Edit

_ Default Default T.P.phase_namex(*}.f{@").G(@").G:w(*):n_kg..

Figure 1.26.2 Interface to set Extra Output.

e In this example, we output mu(Li:Liquid[Li]) as the chemical potential of Li in
the system with reference to the liquid phase, i.e. g, — """ . Then, we add

another quantity -mu(Li:Liquid[Li])/96485 which is equivalent to

o,Liquid

E=—(u, —w;""™)/F in this system. The quantity x(Li)/x(Sn) represents the y

in Li,Sn system. The settings are shown in Figure 1.26.3. After setting the table
editor, click OK.

Tips: The properties can be dragged from the left column to the right column, or
directly type in the right column. When click a property in the left column, the
description of this property is shown as description in the bottom of the
interface. For example, in Figure 1.26.3, a(*:Liquid[*]); Description: Activity of
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component in system with given reference state. Some simple calculations are
also applied in the table setting, such as -mu(Li:Liquid[Li])/96485 and
x(Li)/x(Sn) in this example.

Table Editor X
Table Type: | Default ~ Table Name: generated oK
G_id(@") ~ Columns Cancel
H_id(@") T
@) ) Clear Al
- %(SN) Original Strs
G_ex(@7) -
®(LI (SN}
H_ex(@")
mu(LI:LIGUIDILIT)
5_ex(@7)

mufLl:LIGUID[LIJ/96485

Cpl@”) phase_name

ri":Liquid['T)
G(:Liquid['])
mu(* @ Liquid['])
Hi*@":Liquid['])
S{"@":Liquid['])

tieline

struct(@”) Double click to enter edit mode:
. In edit mode. press 'Ctrl'+'m' to show list of
dGdy("@") v | Math functions._.

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

Description: Activity of component in system with given reference state.
Reference phase name must be given. Example: a(*:liquid[*])

Figure 1.26.3 Define extra output table by drag properties from the left column to the
right column or directly type in in the right column.

e Set “Extra Outputs graph”. Click the icon “Graph” in “Set extra output”
interface as shown in Figure 1.26.4, then click the blue “+” symbol to add extra
Graph. An interface as shown in Figure 1.26.5 will appear. Select the
“generated” table set in previous step in the “Table source”. Drag x(Li)/x(Sn)
from the left column to X axis in the right column; drag -
mu(Li:Liquid[Li]) /96485 from the left column to Y axis in the right column.
Then click OK.

e When the interface goes back to Figure 1.26.1, click OK. Calculation starts.

Set Extra Qutputs X
Tables Graphs
oK
Extra Graphs: * Iﬂi Cancel
Graph Name Graph Type # of Plots Edit

Figure 1.26.4. Set Extra Output Graphs interface
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Graph Options X
Table Source: |generated e Graph Mame: s Triangle? oK
oy Cancel
Available Columns: Plots: é:b‘ x ane
T X Axis Y Axis Source

(")

x(LI)ix(SN) -mu(LI:Liquid[LI])/S..

phase_name

Figure 1.26.5. Output Graphs option interface.

Post Calculation Operation

e Rescale the axis, and edit the axis title.
After the calculation, the calculated open circle voltage curve of Li-Sn system is
shown in Figure 1.26.6 with the default settings. Set the x-axis range from O to
6, and obtained as shown in Figure 1.26.7.

1

0.8

0.6

0.4

-mu(LI:LIQUID[LI])/96485

‘3 % 50 100 150
LI x(LI)/x(SN)

Figure 1.26.6 Calculated open circle voltage curve of Li-Sn system.
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0.8+

0.6

0.4

-mu(LI:LIQUID[LI])/96485

0 T T T T T

0 1 2 3 4 5 6
o x(Li)/x(Sn)

Figure 1.26.7 Calculated open circle voltage curve of Li-Sn system: Rescale x-axis of

x(Li)/x(Sn) to 0-6.
Import experimental data. From the menu, click Table -> Import Table From
Files, choose LiSn.txt file to import the experimental data table into the Pandat
workspace.

Compare calculated results with experimental data. From the menu, click
Graph -> Edit Plots, or click the button % from the toolbar to open the setup
Plot interface as shown in Figure 1.26.8. Select the imported LiSn table, choose
LixSn as X axis, and E_Li(V) as Y axis. Then click OK.

Setup Plot x

Choose Data Source
i (Check this option to import data from clipboard oK
L] Clipboard or press buttom below to import data from a table file ) Cancel

Import a Table File |D:'—-._‘.".u'0rk v3_Calculations®1_Pandat"ExampleBook \2020"LiSn_Example'LiSn_Example '-default'-Jine_E'-.|

Available Columns: Mew Plots: :%‘ K

LixSn[] X Axiz Y Axis Source
[v]

x(LIMx(SMN)[mole/mole]  -mulLELIQGUID[LITNMSE... generated

E_Li[V] LiSntable

Figure 1.26.8 Setup Plot, add the experimental data into generated figure.
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Then change “Plot Type” as “Point”, “Marker Color” as “Transparent”, “Marker Style” as
“Circle”; Then experimental data are changed to red open symbol, added legend,
change the Title of Y axis as (E vs Eui ) / V. The final produced figure is shown in
Figure 1.26.9.

1

——~Calphad Calculation
o Experimental data
0.84
O

Z 06 \ ©
=
LLl
Q 000 00 O
W 044

0.2+

O Py
0 T T T T -~ p O
0 1 2 3 4 5 6

‘3 x(Li)/x(Sn)

Figure 1.26.9 The calculated OCV curve of Li-Sn system at 688 K in comparison with
experimental data.
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2 PanOptimizer
Example 2.1 Parameter Optimization for the Fe-Cr-Ni Ternary System

Purpose: Learn to optimize thermodynamic parameters for a ternary system

Module: PanOptimizer
Database: Fe-Cr-Ni_OPT.tdb & Fe-Cr-Ni_OPT.pop

Figure 2.1.1 shows an experimentally determined isothermal section of the Fe-Cr-Ni
ternary system at 900°C. Two solution phases, Bcc (a) and Fcc (y), and one
intermetallic compound (o) are stable at this temperature. The experimental data
includes tie-lines (equilibrium between two different phases) and tie-triangles
(equilibrium of three different phases). This example shows how to optimize the
thermodynamic parameters for this system using the given experimental data.

_ Cr
Fe—Cir-Nl x -~ o- Tielines in this work
900°C 2\ «  Point probes in this work

Fe Ni
Figure 2.1.1: Experimentally determined Fe-Cr-Ni isothermal section at 900°C

Prepare files:

e Prepare the database file and pop following the procedure in Pandat User’s
Guide 4.3.1;
The binary thermodynamic parameters are selected from literature, which are
proven to describe the corresponding binary systems precisely. And the ternary
interaction parameters are set for optimization. User may go through the
database file (Fe-Cr-Ni_OPT.tdb) for more details.
The experimental data are input into the pop file (Fe-Cr-Ni_OPT.pop). The tie-
lines are stored in table format by giving an overall alloy composition at the
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midpoint of the each tie-line. The tie-triangles are input by giving an overall
alloy composition at centre point of each triangle. In both cases, the phases use
"ENTER" status so that PanOptimizer can easily find the corresponding
equilibrium.

Perform Optimization:

e Load the database and experimental files (tdb and pop files) following the
procedure in Pandat User’s Guide 4.3.2;

User may check the parameters to be optimized by clicking the "Parameters" button on
the optimization control panel, and check the difference between calculated
equilibrium and experiments by clicking the "Experimental Data" button as shown in
the red box in Figure 2.1.2.

PanOptimizer - Optimization X
Histogram Sum of Squares:|147.25028 ‘ Number of Function Calls: |52
o i
o |
g } \ |
o A {
200.00
& — | |
HEE ——
E i
s |
 100.00
0.00 v
0 20 40
Window (Number of Function Calls)
Optimizing Parameters Optimization P =
O No Bound Maxfon.Cals: [0 | | 1hemon A
® Bounded Done

Figure 2.1.2: Optimization result after one round

After several runs of optimization, the sum of squares will reach a minimum and does
not change, which means PanOptimizer has found an optimal result for the
parameters. User may calculate an isothermal section at 900°C and compare to the
experimental data. As shown in Figure 2.1.3, the calculated phase boundaries are in
good agreement with the experimental data. And user may also need to check the
values of the parameters and make sure that they are reasonable as shown in Figure
2.1.4. If there is noticeable difference between calculated boundary and the
experimental data, user need to figure out new ternary parameters that need to be
included in optimization or wusing more complicated model to describe the
corresponding phases.
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‘3 T=900°C

0 0.2 0.4 0.6 0.8 1
Fe x(Ni) Ni

Figure 2.1.3: Comparison between calculated isothermal section at 900°C and
experimental data

55 Model Parameters — O x
MName [ Low Bound Up Bound Value Default Value Std. Deviation Relative 5.0
BCCT... [~ |-50.0000 50.0000 241670 51270 25.88%
SIGMAQ...
SIGMAT...
Sove 108 | | Set s Detout | | Get Dot | | ke | | Encude |

Figure 2.1.4: Optimization results
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3 PanPrecipitation

Example 3.1 Precipitation Simulation of Ni-14Al (at%) Alloy

Purpose: Learn to perform a precipitation simulation of a binary alloy. In this example,
precipitation simulation will be performed for Ni-14Al alloy during isothermal ageing at
550°C, and experimental data will be added to the plots;

Module: PanPrecipitation

Database: AINi_Prep.tdb and Ni-14Al_Precipitation.kdb

Calculation Method 1:

From menu bar click Batch Calc-> Batch Run, select Example_#3.1.pbfx;

Calculation Method 2:

Create a workspace and select the PanPrecipitation module following Pandat
User’s Guide 2.1;

Load AINi_Prep.tdb following the procedure in Pandat User’s Guide 3.2.1;

Click on PanPrecipitation on the menu bar and select Load KDB, then select the
Ni-14Al_Precipitation.kdb, a dialog will pop out as shown in Figure 3.1.1. This
dialog shows the key information stored in the Ni-14Al_Precipitation.kdb, i.e,
the matrix phase is Fcc, and the precipitate phase is L12_FCC,;

Click File->Open File to open the Ni-14Al_Precipitation.kdb. As shown in Figure
3.1.2, in addition to the matrix phase and precipitate phase, other parameters,
such as, molar volume and interfacial energy are also defined in this file.
Details on these parameters can be found in Pandat User’s Guide 5.1.4;

Click on PanPrecipitation on the menu bar and click Precipitation Simulation. A
dialog will pop out as shown in Figure 3.1.3, set up the alloy chemistry on the
left and the heat treatment condition on the right. In this setting, an isothermal
ageing is performed at 550°C assuming the initial state is pure Fcc phase;

Select Alloy Parameters X
Defined Alley Parameters: Matrix Phase:
NI-14AI_KWN Fecc oK

Clear All

Precipitates:

L12 FCC

Filter: | |

Figure 3.1.1: Loading the Ni-14Al Precipitation.kdb
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£ Pandat Software by CompuTherm, LLC - m] X
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Eile Edit View Databases BatchCalc PanPhaseDiagram  PanPrecipitation PanOptimizer PanDiffusion  PanSolidification  Property Table Graph Help
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/7| Ni-14A1_Precipitation.kdb %
}(?xm.l. wversion="1.0" encoding="iso-8859-1"7> ~
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[ ANi Prep

<Header copyright="CompuTherm, LLC">

=
-5} Precipitation
ﬂ 14 «!-- Kinetic Database of PanPrecipitation for Precipitation Simulations ——>
<Bpplication name="PanPrecipitation” wversion="1.0" />
</Header>

<hlloy name="NI-14Al KWN">
<MatrixPhase name="Fcc">
«<ParameterTable type="kinetic" name="Parameters for gamma":>
<!-— Using Standard Unit —-->
<Parameter type="Molar Volume" wvalus="7.l1E-&" description="Molar Volume" f>

</ParameterTable >

<PrecipitatePhase name="L12 FCC" model="KWN" morphology="Sphere” nucleation="Modified Homc
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ho <ParameterTable type="kinetic" name="Parameters for Gamma_prime"s
20 <!-- Using Standard Unit --3>
21 <Parameter type="Molar Volume" valus="7.l1E-€" description="Molar Volume" />
22 <Parameter type="Interfacial Fnergy" value="0.025" description="Interfacial Energy" />
23 <Parameter type="Atomic Spacing” wvalue="3.621E-10" description="Atomic Spacing" />
4 Courier New, 10pt o4 <Parameter type="Nucleation Site Parameter” value="0.001" description="Nucleation Site
ForeColor Ml contolText 25 <Parameter type="Driving_Force Factor" value="1.0" description="Driving Force Factor"
BackColor [T control 26 </ParameterTable > - B
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Figure 3.1.2: Parameters defined in the Ni-14Al_Precipitation.kdb

Precipitation Simulation *
Alloy Composition
Value Thermal History: @ @ oK
Cancel
b x%(Al) 14 time{hour) Temperature(C)
0.00 550.00 Option:
x%(Ni) 86 5
100.00 550.00 Extra Outputs
Total: 100
0.00 Load Cond
Save Condition
Select Comps
Parameters
. 560.00
&l Load Chemistry
E‘ 550.00 Save Chemistry
@
—
540.00
0 50 100
time(hour)
Initial Structure
Equilibrium Caleulation O Temperature [C] 2000| (Equilibrium phases will not evolve)
Define through GUI O Set Initial Structure
Import from "ini' file O Browse...
None @

Figure 3.1.3: Setup the alloy chemistry (Ni-14 at%Al) and heat treatment condition
(isothermal ageing at 550°C) for the simulation
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Post Calculation Operation:

, |

Right click the Default graph and rename it as Vf;

Create a new table as shown in Figure 3.1.4. A new table with two columns will
be created with the first time in hour and the second size of L12_FCC in
nanometer. Create a plot from this table and rename it as Size;

Create a new table as shown in Figure 3.1.5. A new table with two columns will
be created with the first log(time in minute) and the second the number density
of L12_FCC in cm3. Create a plot from this table and rename it as nd;

Import a table from a file as shown in Figure 3.1.6, and select Ni-14Al_Exp.dat;
Open the Size graph, single click the Ni-14Al_Exp table and drag in the t(hr) as
x-axis, press Ctrl and drag in the radius(nm) as y-axis. In the Property window
set the Plot Type as Point, the plot with experimental data point is shown in
Figure 3.1.7;

Open the nd graph and add the experimental data on it as shown in Figure
3.1.8;

Create a new table as shown in Figure 3.1.9, select psd as the Table Type;
select the psd_s(L12_FCC) and the psd_nnd(L12_FCC) two columns to create a
new plot as shown in Figure 3.1.10;

Table Type: ’Default "] Table Name:  generated |
time Columns Cancsl
log 1 0¢time) 1/3600
T #  |si@L12_FCC)ted
* Criginal Strs
wit

x{‘j |

Figure 3.1.4: Create a new table with two columns with the first column time (hour)

and the second column the precipitate size (nm)

-
TabIeType:[Default "] Table Name:  generated i
time Columns Cancel |
log10¢ime) log10¢ime./&0)

T .+ |log10ind(@L12_FCC) le-6t [ Cexrm |
.

vit

o |

Figure 3.1.5: Create a new table with two columns with the first column log(time) and

the second the number density of the precipitate per cm”3
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Pandat
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| -[3% precipitation_default
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Figure 3.1.6: Import an experimental data table from a file

w
1

s(@L12_FCC)*1e9
N

0

a 0

20

40

/3600

60

80

100

Figure 3.1.7: Plot of size evolution with experimental data
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‘3 log10(time/60)

Figure 3.1.8: Plot of number density evolution with experimental data

, |
CTTEENT L 0 U

|
TableType:[psd v] Table Name:  generated '
- I |

| index Columns Cancel |
1

psd_id b |pedid

R psdl_s(@] [ Goan |

R psd_nd(@
psd_nnd{@%)

e - I

psd_ns(@”}

psd_nnd{@")

Figure 3.1.9: Create a new table for particle size distribution
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2.58607E-11 2.02586E-09 4.02586E-09 6.02586E-09 8.02586E-09
‘3 psd_s(L12_FCC)

Figure 3.1.10: Plot of particle size distribution

Information obtained from this calculation:

It is common practice to plot the experimental data on the calculated diagram.
When doing so, it is important to make unit consistency between the
experimental data and the calculated property. In Pandat calculation,
international standard unit is used, i.e., second for time, meter for length and
cube meter for volume, and so on;

Particle number density counts the number of particles in a unit volume.
Default output from Pandat is number per m3, it was converted to number per
cm3 in Figure 3.1.8;

The psd_nnd(L12_FCC) in Figure 3.1.10 is normalized number density, which
equals to the particle numbers of each size class divided by the total particle
numbers;

Figure 3.1.10 shows four distribution curves at four different times. The sharp
one is at early nucleation stage which shows small particle size and high
number density, the flat one shows the particle size distribution as final time
(100 hours in this simulation). The corresponding time of each distribution can
be found in the table. When create the table, simply put this time information
in the table as shown in Figure 3.1.11;

To only plot the particle size distribution curve at one time, set the index=1, or
2...or i. index=i means the final distribution. Figure 3.1.12 shows the table
created for the final size distribution and Figure 3.1.13 shows the distribution
curve;
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psd_id

psd_s(@)

psd_nd{@~)

psd_grl@)

psd_ns(@7)

psd_nnd{@")

Table Name: |p9d

Columns
2

psd_s(L12_FCC)
psd_nd{L12_FCC})
psd_nnd{L12_FCC)

index

time, 3600

logftime)

Figure 3.1.11: List the index and corresponding time for each size distribution curve

Table Editor

|| Table Type: [;ﬂj

psd_id

psd_s(@")

psd_nd(@")

| psd_gr(@”)

)

d_nnd(L12_FCC

ps

Table Name: |generated_2 | |
>
psd_s(@L12_FCC) I
psd_nnd(L12_FCC)
: |

Figure 3.1.12: Create the table for final size distribution
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Figure 3.1.13: Plot for final size distribution and the plot
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Example 3.2 TTT diagram of Ni-14Al (at%) Alloy

Purpose: Learn to calculate the TTT curve for a given alloy;
Module: PanPrecipitation

Database: AINi_Prep.tdb and Ni-14Al_Precipitation.kdb
Calculation Method 1:

e From menu bar click Batch Calc-> Batch Run, select Example #3.2.pbfx;

Calculation Method 2:

e Create a workspace and select the PanPrecipitation module following Pandat
User’s Guide 2.1;

e Load AINi_Prep.tdb following the procedure in Pandat User’s Guide 3.2.1;

e Click on PanPrecipitation on the menu bar and select Load KDB, then select the
Ni-14Al_Precipitation.kdb;

e Click on PanPrecipitation on the menu bar and select TTT Simulation, a dialog
will pop out as shown in Figure 3.2.1. In this dialog, user needs to input the
alloy chemistry (left), temperature range and step (bottom right) and the Target
volume fraction (top right). If the “Relative Vol%” box is checked, it means the
Target Vol% is relative to the equilibrium fraction of the precipitate phase at
each temperature, otherwise it is the volume fraction of the precipitate phase;

TTT Simulation X

Alloy Compasition Target Volume Percent

Relative Vol%? OK
Value e i
(Relative Vol% = Vil Vi_EQ) Cancel
[
x%(A) B Target Vol % oot
ions
x%(Ni) |86 20 =
Extra Outputs
Total: 100
Load Condition
Save Condition
TimeTemperature Range Select Comps

Max Time [hrl: 1000 Parameters

Max Temperature [C]: 1000 Load Chemistry
Save Chemistry

Min Temperature [C]: 300

Steps

# of Temperature Steps: |50 =

Figure 3.2.1: Setup a calculation of TTT curve for Ni-14Al (at%)
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Post Calculation Operation:

e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
e Add text following the procedure in Pandat User’s Guide 2.3.3;

Information obtained from this calculation:

o Figure 3.2.2 shows the default plot from the calculation. It should point out
that this TTT curve represents the time-Temperature curve when 2% of the
equilibrium precipitate at each temperature comes out. For example, the
equilibrium fraction of L12_FCC precipitate phase is 16.56% at 650°C, 2% of it
is 0.33%. In other words, it takes 6.6 second to precipitate 0.33% of L12_FCC at
this temperature.

e Perform another calculation for 10% and merge the two plots as shown in
Figure 3.2.3;

e Details on the time, temperature and fraction of precipitate can be found in the
Default table;

900

800

700+

%) T=650°C
- t=6.6s
9 ___________________
2
© 600-
—_
()
o
5
P 500-
400
300 T T T T T
0 1 2 3 4 5 6
‘3 log10(time in sec)

Figure 3.2.2: TTT curve for Ni-14Al (at%) when 2% of equilibrium L12_FCC formed
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Temperature [C]

500
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300 ; . . .
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a log10(time in sec)

Figure 3.2.3: Comparison of TTT curves for Ni-14Al (at%) when 2% or 10% of
equilibrium L12_FCC formed
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Example 3.3 Co-precipitation of y' and y” in the Ni-Al-Nb Pseudo-ternary System

Purpose: Learn to calculate co-precipitation of y and y” for an alloy in a pseudo-
ternary system,;

Module: PanPrecipitation
Database: NiAINb_Pseudo.tdb and Ni-2.4Al-3.8Nb.kdb
Calculation Method 1:
e From menu bar click Batch Calc-> Batch Run, select Example_#3.3.pbfx;
Calculation Method 2:

e Create a workspace and select the PanPrecipitation module following Pandat
User’s Guide 2.1;

e Load NiAINb_Pseudo.tdb following the procedure in Pandat User’s Guide 3.2.1;

e Click on PanPrecipitation on the menu bar and select Load KDB, then select the
Ni-2.4Al1-3.8Nb.kdb, the pop-out window is shown in Figure 3.3.1 which include
the alloy name, the matrix phase and the precipitates. Two precipitates are
defined in this case;

e Open the Ni-2.4Al-3.8Nb.kdb from Pandat workspace through File->Open File,
and view the kinetic parameters as shown in Figure 3.3.2;

e Click on PanPrecipitation->Precipitation Simulation, and set up the calculation
condition as shown in Figure 3.3.3;

,

Defined Alloy Parameters:

Pseudo Alloy718 FCC A1 oK

Matrix Phase:

Precipitates:

gamma_double_prime
L12 FCC

Filter:

Figure 3.3.1: Pop-out window when loading the Ni-2.4Al-3.8Nb.kdb
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<Header copyright="CompuTherm, LLC">
<!-— Kinetvic Database of PanPrecipitation for Precipitation Simulations -->
<Application name="PanFrecipitation” version="g.0beta” />

</Header>

<Alloy name="Pseudo Alloy718">
<MatrixPhase name="FCC_A1">

<ParameterTable type="kinetic" name="Parameters for gamma"s
<!-— Using Standard Unit -->
<Parameter type="Molar Volume" value="7.1E-6" description="Molar Volume" />
</ParameterTable >

<PrecipitatePhase name="L12_FCC" model="kwn" morphology="Sphere" nucleation="M_Homogeneous™
<ParameterTable type="kinetic" name="Parameters for Gamma prime">
<!-— Using Standard Unit -->
<Parameter type="Molar Volume" value="7.1E-6" descriprion="Molar Volume" />
type="Interfacial Energy" value="0.04" description="Interfacial Energy" />
type="htemic_Spacing” value="3.621E-10" description="Atomic Spacing" />
type="Nuclsation Site Parameter” valus="1E-3" dsscription="Nuclsation Site PBa

<Parameter
<Parametrer
<Parameter
<Parameter

type="Strain_Energy" value="0" description="strain energy" />
</ParameterTable >
</PrecipitatePhase >

<PrecipitatePhase name="gamma double prime"” model="kwn" morphology="sphers" nucleation="M_Hom
<ParamecerTable type="kinetic" name="Parameters for Gamma_prime">
<1-- Using Standard Unit -->
<Parameter type="Molar_Volume" value="7.1E-§" description="Molar Volume" /3>
<Parameter type="Interfacial Energy” value="0.08" description="Interfacial Energy" />
<Parameter type="Atomic_Spacing” value="3.621E-10" description="Atomic Spacing” /¥
type=MNucleation Site Parameter" value="le-3" description="Nucleation Site Pa
type="Strain Energy” value="(Q" description="strain energy” />
</ParameterTable >
</PrecipitatePhase >

<Parametrer
<Parameter

</MatrixPhase >

</Alloy >

Ready

parameters of the two precipitate phases

Alloy Composition

Value

Thermal History:

x%(AL) 24

time{hour) Temperature(C)

75000

x%(NE} 38

790.00

x%a(NI} 9338

0.00

Total: 100

Initial Structure:

Equilibrium Calculation ©  Temperature [C]:

Define through GUI © [

Import from ".ini* file © |

5
time(hour)

{Equilibrium phases will not evolve)

Set Initial Structure

Browse...

None @
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Figure 3.3.2: Open the Ni-2.4Al-3.8Nb.kdb in Pandat workspace to view the kinetic

Figure 3.3.3: Precipitation simulation of alloy Ni-2.4Al-3.8Nb ageing at 790°C for 10h
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Post Calculation Operation:

e The default plot shows the total volume fraction of y' and y” as a function of
time;

e Open the Default Table, create time vs. volume fractions of y' and y”, and time
vs. sizes of ' and y" plots as shown in Figure 3.3.4 and Figure 3.3.5;

e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

e Add legend following the procedure in Pandat User’s Guide 2.3.3;

0.14

—Vi(y)

—Vf(y")
0.12

0.1

0.08

0.06+

Volume Fraction

0.04

0.02

0 .

-5 3 -1 1
‘3 log10(time in hour)

Figure 3.3.4: Calculated volume fraction evolution of the two precipitate phases
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25

20+

o

0 2 4 6 8 10
& time (hour)

Figure 3.3.5: Calculated average size evolution of the two precipitate phases

Information obtained from this calculation:

e Figure 3.3.4 shows the calculated evolution of volume fraction of the two
precipitate phases. It is seen that y precipitated quickly at very early stage, but
gave way to y" at later time;

o Figure 3.3.5 shows the calculated evolution of the average size of the two
precipitate phases. It is seen that y" is bigger than v';

e Add a new table as shown in Figure 3.3.6 with the Table Type as psd. The
Columns are particle sizes and number densities with (@*) means all precipitate
phases. The default calculated size is in meter, which is converted to nm by
multiplying the column by 1le+9. The default calculated number density is
number/m”3, which is converted to mol/mA3. The index=i means to populate
the size and number density at the final state t=10h;

e Plot particle size distribution from the new table by selecting the particle size as
x-axis and number density as y-axis. Plot it for L12 (y') phase first and then add
the one for y"’ as shown in Figure 3.3.7;
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i ,, e

ITabIeT:.rpe:[psd v] Table Name: generated i

index

Columns Cancel

psd_id

index=i

psd_s(E7)

pad_nd(@")

psd_gr(@&")

psd_s(@1e+9 | CexAl |
v pad_nd(@")/5.022+29

psd_ns(@~)

psd_nnd(@")

Figure 3.3.6: Create a new table with particle sizes and number densities at final stage

1.2E-05

1E-05 Y

8E-06 Y

6E-06 -

4E-06

Number Density (mol/m”3)

2E-06

0~ T T !

0 10 20 30 40
‘3 Particle Size (nm)

Figure 3.3.7: Particle size distributions of y' and ¢y’ at final stage
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Example 3.4 Simulation of Hardness of Aluminum Alloy 6005

Purpose: Learn to calculate the particle size, number density and hardness of
aluminum alloy 6005;

Module: PanPrecipitation
Database: AlMgSi.tdb and AA6xxx.kdb

Calculation Method 1:

e From menu bar click Batch Calc-> Batch Run, select Example_#3.4.pbfx;

Calculation Method 2:

e Create a workspace and select the PanPrecipitation module following Pandat
User’s Guide 2.1;

e Load AlMgSi.tdb following the procedure in Pandat User’s Guide 3.2.1;

e Click on PanPrecipitation on the menu bar and select Load KDB, then select the
AA6xxx.kdb, the pop-out window is shown in Figure 3.4.1 which include the
alloy name, the matrix phase and the precipitate phase;

e Open the AA6xxx.kdb from Pandat workspace through File->Open File, and
view the kinetic parameters;

e Click on PanPrecipitation->Precipitation Simulation, and set up the calculation
condition as shown in Figure 3.4.2. Note the alloy composition is wt% (click
Option button to select the unit);

Select Alloy Parameters

Defined Alloy Parameters: Matrix Phase:

Filter: | |

Figure 3.4.1: The matrix phase and the precipitate phase for AA6005
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f ]
.Precip'rtzﬁun Simulation _
1
Alloy Composition .-
: Thermal History: 0K
Value C
time(hour) Temperature(C) [—]
w(AL) 9863
1 N
wh(MG) 055 1000.00 18500 | | Bdra Outputs |
-
w(S0) D82 0.00 0.00
T [0 o
Parameters
1595.00
®
& 12500
|_
175.00
0 500 1000
time(hour)
Initial Structure
Equilibrium Calculation © Temperature [Cl: 2000 (Equilibrium phases will not evolve)
Define through GUI © | Set Initial Structure |
Import from "ini' file © | | | Browse...

None @

Figure 3.4.2: Setup alloy chemistry and heat treatment condition

Post Calculation Operation:

e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

e Add legend following the procedure in Pandat User’s Guide 2.3.3;

e Create a new table as shown in Figure 3.4.3, and plot the log(t) vs. log(nd), log(t)
vs. log(size), and log(t) vs. hv;

e C(Click Table below the Graph and choose Input Table from File, input three
tables: AA6005-nd_exp.dat, AA6005-size_exp.dat, and AA6005-hv_exp.dat one
by one;

e Plot the experimental data in the corresponding plot by drag in the x-axis and
then press Ctrl and drag in the y-axis of the experimental data table;

e The default plot of the experimental data is a line instead of points. In the
Property Window, change the Plot Type as Point;
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Table Type: | Default

2]

time

,

B

Table Mame: generated

=)
Lok ]

log10¢ime)

T

wit

)

'@

- I—

Figure 3.4.3: Create a new table

Columns Cancel

log 10¢ime)

log 10ind (&) Clear Al

log 1D 1e10)

hwv

Information obtained from this calculation:

e Figure 3.4.4 shows the default plot of the simulation which is volume fraction
evolution of the precipitate phase. The time is in second;

e Figure 3.4.5 shows the calculated number density evolution; Figure 3.4.6
shows the size evolution, and Figure 3.4.7 the hardness change with time.
Experimental data are plotted on them for comparison;

e It is seen that the number density reaches the highest value at ~1000s (~0.3h),
but the particle size is very small. The hardness reaches peak at ~10000s

(~2.8h) when both the number density and the particle size are favorable;

0.014

0.012

0.014

0.008 +

Vit

0.006

0.004

0.002 +

0

an

3 4
log10(time)

Figure 3.4.4: Default plot of volume fraction evolution of the precipitate
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23

21 b

19+

17

log10(nd(*))

15

1 3 T T T T T T

7 -5 -3 -1 1 3 5 7
‘3 log10(t)

Figure 3.4.5: Evolution of the particle number density with experimental data

2.1+

1.9+

1.7 |

log10(s(*)*1e10)

1.5+

1.3 T T T

0 2 4 6
‘3 log10(t)

Figure 3.4.6: Evolution of the particle size with experimental data
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hv(*)
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‘3 log10(t)

Figure 3.4.7: Evolution of hardness with experimental data
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Example 3.5 Simulation of Softening of Aluminum Alloy 6005

Purpose: Learn to calculate the particle size, number density and hardness of
aluminum alloy 6005 during ageing and reheating;
Module: PanPrecipitation
Database: AlMgSi.tdb and AA6xxx.kdb
Calculation Method 1:
e From menu bar click Batch Calc-> Batch Run, select Example_#3.5.pbfx;

Calculation Method 2:

e Create a workspace and select the PanPrecipitation module following Pandat
User’s Guide 2.1;

e Load Al-Mg-Si.tdb following the procedure in Pandat User’s Guide 3.2.1;

e Click on PanPrecipitation on the menu bar and select Load KDB, then select the
AA6xxx.kdb;

e Click on PanPrecipitation->Precipitation Simulation, and set up the calculation
condition as shown in Figure 3.5.1;

Alloy Compasition Thermal History:
time(hour} Temperature(C)
185.00 Options
w(MG) - : 18500 | | Edra Outputs
b WS . 350.00
350.00
0.00

woa(AL)

Load Condtion

Total:

25
time(hour)

Initial Structure

Equilibrium Calculation @ Temperature [Cl: 2000| (Equilibrium phases will not evolve)

Define threugh GUI ©) | Set Initial Structure

Import from ini' file © |

None @

Figure 3.5.1: Setup heat treatment condition as ageing at 185°C for four hours and
then quickly heat up to 350°C and hold for 1 hour
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Post Calculation Operation:

Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
Add legend following the procedure in Pandat User’s Guide 2.3.3;

Create a new table as shown in Figure 3.5.2, and plot the t vs. log(nd), t vs.
log(size), and t vs. hv;

Click Table below the Graph and choose Input Table from File, input table:
AA6005-reheat_exp.dat;

Plot the experimental data in the corresponding plot by drag in the x-axis and
then press Ctrl and drag in the y-axis of the experimental data table;

- ™
Table Editor - [

Table Type: ’De[ault v] Table Name:  generated —

time Columns Cancel

log 10¢ime) time
0@

b logiDis(1e10)

h

- -

=@

T

vt

Figure 3.5.2: Create a new table

Information obtained from this calculation:

Figure 3.5.3 shows the calculated evolution of particle number density with
experimental data, time is in second. It is seen that the particle number density
increases quickly within the first hour and then decreases slightly during
ageing at 1850C. It decreases drastically when heating up to 350°C;

Figure 3.5.4 shows the calculated evolution of particle size with experimental
data. It is seen that the particle size increases gradually during ageing at 185°C.
It increases drastically when heating up to 350°C;

Figure 3.5.5 shows the calculated evolution of hardness with experimental data.
It is seen that the hardness increases gradually during ageing at 185°C. It drops
quickly when heating up to 3500°C;
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Figure 3.5.3: Calculated evolution of particle number density with experimental data
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Figure 3.5.4: Calculated evolution of particle size with experimental data
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Figure 3.5.5: Calculated evolution of hardness with experimental data

~114 ~



Pandat™ 2020 Example Book

Example 3.6 Simulation of Yield Strength of Aluminum Alloy 357

Purpose: Learn to calculate yield strength including intrinsic, solid solution, and
precipitation strengthening of aluminum alloy 356 during the process of ageing;

Module: PanPrecipitation
Database: AlMgSi.tdb and AA3xx.kdb
Calculation Method 1:
e From menu bar click Batch Calc-> Batch Run, select Example_#3.6.pbfx;
Calculation Method 2:

e Create a workspace and select the PanPrecipitation module following Pandat
User’s Guide 2.1;

e Load AlMgSi.tdb following the procedure in Pandat User’s Guide 3.2.1;

e Click on PanPrecipitation on the menu bar and select Load KDB, then select the
AA3xx.kdb;

e Click on PanPrecipitation->Precipitation Simulation, and set up the calculation
condition as shown in Figure 3.6.1. Note that the “Equilibrium Calculation”
button under Initial Structure (bottom) should be checked and the solution
temperature (540°C in this case) should be given;

r o
Precipitation Simulation @

Alloy Composition =
ed P Thermal History: 2| E=

Value

R 0 time(hour) Temperature(C) [ Concel |
% : -
w = 0.00 170.00 Options
wih(MG) |03 200.00 170.00 | | Bxtra Outputs

o - 0.00 000 ————
TEEEY 7 Load Condition
Total: 100 Save Condition

|
‘ Select Phases

| Select Comps
180.00 ok =)
Load Chemistry |
170.00 [ Save Chemistry |

160.00
0

Temp(C)

100 200
time(hour)

Initial Structure

Equilibrium Calculation @  Temperature [C]: 540 (Equilibrium phases will not evolve)

Define through GUI €

None

| Import from "ini' file ©

Figure 3.6.1: Setup calculation condition for aluminum alloy 356
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Post Calculation Operation:

e Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

e Add legend following the procedure in Pandat User’s Guide 2.3.3;

e Create a new table as shown in Figure 3.6.2, and select all the columns in the
newly created table to create a plot;

e C(Click Table below the Graph and choose Input Table from File, input table:
AA356-ys_exp.txt; Note that the extension of a data file can be either txt or dat;

e Plot the experimental data in the corresponding plot by drag in the x-axis and
then press Ctrl and drag in the y-axis of the experimental data table;

Table Editor

Il Table Type: | Defautt Table Name: |generated

| Columns
| log10¢ime./3600)
sigma_y Clear All
sigma_p(Mg5SiE)

sigma_ss

sigma_i

Vi@

s(@)

nd{@’}
log10{nd (@)}
nr{@&)
log10{nr(@7))

sigma_y

sigma_p(&°)

sigma_ss

sigma_i Double click to enter edit mode:
In edit mode, press "Cirl'+'m" to show list of
B Math functions.

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

Description: time

Figure 3.6.2: Create a new table for yield strength plot
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300
——sigma_total
——sigma_precipitation
250+ ——sigma_solid solution -
——sigma_intrisic contribution
B ys@Exp
o 297 e yso@Exp
i) & ysi@Exp
c
o A yss@Exp
5 150+
L)
2
p
100+
50
A
0 | . 4,404 44 |
-6 -4 -2 0 2
‘3 log10(time/3600)

Figure 3.6.3: A comparison of the calculated yield strength (lines) with the
experimental data (symbols)

Information obtained from this calculation:

e Figure 3.6.3 shows a comparison of the calculated yield strength (lines) with the
experimental data (symbols). The green line (symbol) represents the intrinsic
contribution; the black line (symbol) represents the solid solution strengthening;
the red line (symbol) represents the precipitation strengthening; and the blue
line (symbol) is the total from all three contributions;

e Create a new table as shown in Figure 3.6.4, select log10(time/3600) as x-axis,
and x%(Mg@_Fcc) and x%(Si@_Fcc) as y-axis to create a plot as shown in Figure
3.6.5;

e [t is clearly seen from Figure 3.6.3 and Figure 3.6.5 that with the formation of
Mg5Si6 precipitate, the solubility of Mg and Si in Fcc decreases and solution
strengthening also decreases;
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Table Type: lDBTEuIt v] Table Mame: generated

time Columns ﬂ]
log 104ime) log10¢ime./3600)

T e
vt

«(7)

Figure 3.6.4: Create a new table to show the evolution of phase compositions
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Figure 3.6.5: Evolution of elemental solubility in the matrix Fcc
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4 PanDiffusion

Example 4.1 Diffusion within a Single Phase: Uniform Composition on Each Side

Purpose: Learn to perform diffusion simulation at constant temperature for a diffusion
couple with both sides having the same single phase structure and uniform
composition through each side before diffusion;

Module: PanDiffusion
Database: FeCrNi.tdb
Calculation Method 1:
e From menu bar click Batch Calc-> Batch Run, select Example_#4.1.pbfx;
Calculation Method 2:

e Create a workspace and select the PanDiffusion module following Pandat User’s
Guide 2.1;

e Load FeCrNi.tdb following the procedure in Pandat User’s Guide 3.2.1 and
select all three elements;

e C(Click on “PanDiffusion->Diffusion Simulation” and set up the calculation
condition as shown in Figure 4.1.1. First select Region Composition
Distribution as Uniform, which means that composition in each region is
uniform before diffusion. Click on Region_1 and set the composition of the left
side of the diffusion couple as 30Cr-10Fe-60Ni (at%), then click on Region_2
and set the composition of the right side of the diffusion couple as 10Cr-20Fe-
70Ni (at%) (which is not shown in Figure 4.1.1).

e The length of both Region 1 and Region_ 2 is set to be 100 um, and the total
number of grids (# of Grids) is 100.

e The Thermal History is holding the diffusion couple at 1000°C for 1000 hours.

e The default output includes composition profiles of the initial and final stages.
Composition profiles can also be plotted and listed in the table for intermediate
times. By clicking the blue “+” next to the “Moments for Profile Outputs”
composition profiles for number of intermediate stages can be outputted. As
shown in Figure 4.1.1, those at 200 hour and 500 hour will be outputted. Click
OK to start calculation.

e User can define the Geometry as Planar, Cylindrical, and Spherical;

e User can also select the Effective Mobility Model and Interface Flux Model.
Details on these options can be found in Pandat User’s Guide sections 6.6.11
and 6.6.12.
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Diffusion Simulation
Diffusion Conditions | o
All Regions (click on each individual region for settings): IEI Thermal History: Cancel
timefhour] Temperature]C] i
Region_1 Region_2 =fbosa] perature[C] Options
uniform Comp. uniform Comp. 0.00 1000.00 Extra Outputs
1000.00 1000.00 ool Condion
_ _ _ 0.00 0.00
Settings for the Selected Region [Region_1]: Save Condition
Region Composition Distribution: |uni‘Form Vl | Select Phases Select Phases
Region Composition Right End Select Comps
Value Value _ 1010
» b x% a
x%(Cr) 30 x%(Cr) 30 £ 1000
(7]
x%(Fe 10 x%(Fe; 10 (=
(Fe) ) 990
x% (i) 60 S| x%(Ni) 60 0 500 1000
time(hour
Total: 100 Total: 100 ( )
{‘ Moments for Profile Outputs: lil
time [hr]
200
500
Diff. Length [m] 0.0001
Boundary Conditions Simulation Conditions
Upper Boundary Condition: | closed ks
Value: | Geometry: Inner Radius [m]: 0.000000
Lower Boundary Condition: |closed w .
Interface Flux Model: #of Grids: 100
Value: |

Figure 4.1.1: Setting of the simulation condition

Post Calculation Operation:

e The calculated plot is shown in Figure 4.1.2. Add text and change graph
appearance following the procedure in Pandat User’s Guide 2.3.1;
e In addition to Default table, composition profiles at selected times are given in
separated tables under Table, which can be plotted separately as shown in

Figure 4.1.3.

Information obtained from this calculation:

e In this example, the initial compositions of the two regions of the diffusion
couple are both in the single Fcc phase field as shown in the isotherm of Fe-Cr-

Ni at 1000°C in Figure 4.1.

4;

e Composition profiles at selected times can be obtained;
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Figure 4.1.2: Calculated composition profiles after diffusion for 200, S00 and 1000
hours, respectively
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Figure 4.1.3: Calculated composition profiles after diffusion for 200 hours
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Ni x%(Fe) Fe

Figure 4.1.4: Isothermal section of Ni-Cr-Fe at 1000°C, the initial compositions of both
sides locate in the single Fcc phase field
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Example 4.2 Diffusion within a Single Phase: Linear Composition on Each Side

Purpose: Learn to perform diffusion simulation at constant temperature for a diffusion
couple with both sides having the same single phase structure and composition varies
linearly through each side before diffusion;

Module: PanDiffusion

Database: FeCrNi.tdb

Calculation Method 1:

From menu bar click Batch Calc-> Batch Run, select Example_#4.2.pbfx;

Calculation Method 2:

Create a workspace and select the PanDiffusion module following Pandat User’s
Guide 2.1;

Load FeCrNi.tdb following the procedure in Pandat User’s Guide 3.2.1 and
select all three elements;

Click on “PanDiffusion->Diffusion Simulation” and set up the calculation
condition as shown in Figure 4.2.1. First select Region Composition
Distribution as “Linear”, which means the composition in each region varies
linearly from the left edge to the right edge. Click on Region_1 and set the
composition of the left edge as 30Cr-10Fe-60Ni (at%), and that of the right edge
as 10Cr-20Fe-70Ni (at%); then click on Region_2 and set the composition of the
left edge as 10Cr-20Fe-70Ni (at%), and that of the right edge as 30Cr-10Fe-60Ni
(at%) (not shown in Figure 4.2.1).

The length of both Region_1 and Region_2 is set to be 100 um, and the total
number of grids (# of Grid) is 100.

The Thermal History is holding the diffusion couple at 1000°C for 1000 hours.
The output composition profiles include the initial and final stages and one
intermediate stage at 100 hours. Click OK.

Post Calculation Operation:

The calculated plot is shown in Figure 4.2.2. Add text and change graph
appearance following the procedure in Pandat User’s Guide 2.3.1;

Information obtained from this calculation:

Composition shows linear distribution in both regions at the beginning;
After holding the diffusion couple at 1000°C for 1000 hours, the diffusion
couple becomes nearly homogenized;
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Figure 4.2.2: Calculated composition profiles at 100 hour and 1000 hour
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Example 4.3 Diffusion between Two Phases: Uniform Composition on Each Side

Purpose: Learn to perform diffusion simulation at constant temperature for a diffusion
couple with the two sides having different phase structure and uniform composition
through each side before diffusion;

Module: PanDiffusion

Database: FeCrNi.tdb

Calculation Method 1:

From menu bar click Batch Calc-> Batch Run, select Example_#4.3.pbfx;

Calculation Method 2:

Create a workspace and select the PanDiffusion module following Pandat User’s
Guide 2.1;

Load FeCrNi.tdb following the procedure in Pandat User’s Guide 3.2.1;

Click on “PanDiffusion->Diffusion Simulation” and set up the calculation
condition as shown in Figure 4.3.1. First select Region Composition
Distribution as Uniform. Click on Region_1 and set the composition of the left
region of the diffusion couple as 30Cr-10Fe-60Ni (at%), then click on Region_2
and set the composition of the right region of the diffusion couple as 55Cr-
40Fe-5Ni (at%).

The length of both Region_1 and Region_2 is set to be 100 um, and the number
of grids of both Region_1 and Region_2 is set to be 50.

The Thermal History is holding the diffusion couple at 1000°C for 200 hours.

In the setting shown in Figure 4.3.1, composition profiles only at the initial and
final stages will be outputted. Click OK to perform calculations.

Post Calculation Operation:

The calculated plot is shown in Figure 4.3.2. Add text and change graph
appearance following the procedure in Pandat User’s Guide 2.3.1;

Information obtained from this calculation:

The two sides of the diffusion couple locate at different phase fields, one in Fcc
and the other in Bcc as shown in the isotherm of Fr-Cr-Ni at 1000°C in Figure
4.3.3, therefore diffusion between them pass through the Fcc+Bcc two-phase
field;

After holding the diffusion couple at 1000°C for 200 hours, boundary between
the Fcc and Bce moved;
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Figure 4.3.2: Calculated composition profiles after diffusion at 1000°C for 200 hours
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Figure 4.3.3: Isothermal section of Ni-Cr-Fe at 1000°C, the initial compositions of the
two sides locate in different phase fields, one in Fcc and the other in Bec
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Example 4.4 Diffusion between Two Phases at Varied Temperature: Uniform

Composition on Each Side

Purpose: Learn to perform diffusion simulation at varied temperatures for a diffusion
couple with the two sides having different phase structure and uniform composition
through each side before diffusion;

Module: PanDiffusion

Database: FeCrNi.tdb

Calculation Method 1:

From menu bar click Batch Calc-> Batch Run, select Example_#4.4.pbfx;

Calculation Method 2:

Create a workspace and select the PanDiffusion module following Pandat User’s
Guide 2.1;

Load FeCrNi.tdb following the procedure in Pandat User’s Guide 3.2.1;

Click on “PanDiffusion->Diffusion Simulation” and set up the calculation
condition as shown in Figure 4.4.1. First select Region Composition
Distribution as Uniform. Click on Region_1 and set the composition of the left
region of the diffusion couple as 30Cr-10Fe-60Ni (at%), then click on Region_2
and set the composition of the right region of the diffusion couple as 55Cr-
40Fe-5Ni (at%).

The length of both Region_1 and Region_2 is set to be 100 um, and the number
of grids of both Region_1 and Region_2 is set to be 50.

The Thermal History is holding the diffusion couple at 1000°C for 200 hours,
then the temperature decreases from 1000°C to 900°C linearly in the next 100
hours.

Click “Select Phase” and set Fcc and Bcc as the entered phases.

In the setting shown in Figure 4.4.1, composition profiles at only the initial and
final stages will be outputted. Click OK to perform calculations.

Post Calculation Operation:

The calculated plot is shown in Figure 4.4.2;
Add text and change graph appearance following the procedure in Pandat
User’s Guide 2.3.1;

Information obtained from this calculation:

After holding the diffusion couple at 1000°C for 200 hours, the temperature
decreases gradually in the next 100 hours to 900°C. Composition profiles after
the entire thermal history can be obtained;

Learn to set up multi-step thermal history for a diffusion simulation;
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Figure 4.4.2: Calculated composition profiles at 300 hours
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Example 4.5 Diffusion among Multiple Regions

Purpose: Learn to perform diffusion simulation at constant temperature for a diffusion
sandwich with different phase structure but uniform composition through each region
before diffusion;

Module: PanDiffusion

Database: FeCrNi.tdb

Calculation Method 1:

From menu bar click Batch Calc-> Batch Run, select Example_#4.5.pbfx;

Calculation Method 2:

Create a workspace and select the PanDiffusion module following Pandat User’s
Guide 2.1;

Load FeCrNi.tdb following the procedure in Pandat User’s Guide 3.2.1;

Click on “PanDiffusion->Diffusion Simulation” and set up the calculation
condition as shown in Figure 4.5.1. First click the blue “+” above Regions to add
another region, Region_3. Select Region Composition Distribution as “Uniform”.
Click on Region_1 and set the composition of the left region of the diffusion
triple as 30Cr-10Fe-60Ni (at%). Select Fcc as the entered phase in “Select
Phases” of “Settings for the Selected Region [Region_1]".

Click on Region_2 and set the composition of the middle region of the diffusion
triple as 5S5Cr-40Fe-5Ni (at%), Select Bcc as the entered phase in “Select Phases”
of “Settings for the Selected Region [Region_2]”.

Click on Region_3 and set the composition of the right region of the diffusion
triple as 10Cr-20Fe-70Ni (at%). Select Fcc as the entered phase in “Select
Phases” of “Settings for the Selected Region [Region_3]”.

The length of each region is set to be 100 um, and the number of grids (# of
Grids) is the default value of 100.

The Thermal History is holding the diffusion sandwich at 1000°C for 500 hours.
In the setting shown in Figure 36.1, composition profiles at the initial and final
stages, as well as that at 200 hour will be outputted. Click OK to perform
calculations.

Post Calculation Operation:

The calculated plot is shown in Figure 4.5.2. Add text and change graph
appearance following the procedure in Pandat User’s Guide 2.3.1;
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Information obtained from this calculation:

e The three regions of the diffusion triple locate at different phase fields, the one
in Bece is sandwiched between two regions in the Fcc as shown in Figure 4.5.3;

e After holding the diffusion couple at 1000°C for 500 hours, composition profiles
can be viewed at final stage (500h) and intermediate stage (200h). The phase
boundaries are moved,;
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Figure 4.5.1: Setting of the simulation condition

~131 ~



Pandat™ 2020 Example Book

80
Ni
N 500h
~ 60— 00h
= .
s t=0
S
S 40 t=0
3
3 Cr
5
O 9. Fe
Fe Cr
0 T T t:O T 200h T T
0 5E-05 0.0001 0.00015 0.0002 0.00025 0.0003
‘3 Distance[meter]

Figure 4.5.2: Calculated composition profiles for the diffusion sandwich at 1000°C for
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Figure 4.5.3: Isothermal section of Ni-Cr-Fe at 1000°C, the initial compositions of the
left and right regions locate in the single Fcc phase field, while the middle region
locates in the Bcc phase field
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Example 4.6 Carburization with Fixed Composition at Boundary

Purpose: Learn to perform diffusion simulation at constant temperature for a
carburization process with a fixed chemical composition at boundary.

Module: PanDiffusion

Database: Fe-Si-C.tdb

Calculation Method 1:

From menu bar click Batch Calc-> Batch Run, select Example_#4.6.pbfx;

Calculation Method 2:

Create a workspace and select the PanDiffusion module following Pandat User’s
Guide 2.1;

Load Fe-Si-C.tdb, and select component Fe can C, following the procedure in
Pandat User’s Guide 3.2.1;

Click on “PanDiffusion->Diffusion Simulation” and set up the calculation
condition as shown in Figure 4.6.1. First click the red “X” above the Regions
setting to delete Region_2 and leave one Region only. Click on Region_1, set the
composition as 0.5C-99.5Fe (at%), the Diff. Length as 100 um, and the # of
Grids as 100.

The Thermal History is set as 1200 K for 25 seconds;

Click on Lower Boundary Condition (left edge of Region_1) and select
“fixed_composition”, and set the Value as “x%(C)=3.0";

In the setting shown in Figure 4.6.1, composition profiles at the initial and final
stages will be outputted. Click OK to perform calculations.

Post Calculation Operation:

The calculated plot is shown in Figure 4.6.2. Enlarge the composition range
between 0 and 4 (at%) to clearly display Carbon composition. Add text and
change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

Information obtained from this calculation:

Carbonization process in Fcc phase in the Fe-C system. Lower boundary
condition is a fixed carbon composition;

After holding the material at 1200K for 25 seconds, composition profiles can be
viewed at final stage (25 s). The carbon gradually diffused into the Fcc phase
from the boundary;
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Figure 4.6.2: Calculated C composition profile for diffusion at 1200K for 25s
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Example 4.7 Carburization with Input Flux

Purpose: Learn to perform diffusion simulation at constant temperature for a
carburization process with an input flux as boundary condition.

Module: PanDiffusion

Database: Fe-Si-C.tdb

Calculation Method 1:

From menu bar click Batch Calc-> Batch Run, select Example_#4.7.pbfx;

Calculation Method 2:

Create a workspace and select the PanDiffusion module following Pandat User’s
Guide 2.1;

Load Fe-Si-C.tdb, and select component Fe can C, following the procedure in
Pandat User’s Guide 3.2.1;

Click on “PanDiffusion->Diffusion Simulation” and set up the calculation
condition as shown in Figure 4.7.1. First click the red “X” above Regions setting
to delete Region_2. Click on Region_1, set the composition as 0.15C-99.85Fe
(wt%), the Diff. Length as 3 mm, and the # of Grids as 200.

The Thermal History is at 1173 K for 18000 seconds;

Click on Lower Boundary Condition (left edge of Region_1) and select “flux”, and
set the Value as “J(C)=-8.25E-9*(a(C:Graphite[*])-0.64) / 7e-0067;

In the setting shown in Figure 4.7.1, composition profiles at the initial and final
stages, as well as at 100s, 1000s and 5000s, will be outputted. Click OK to
perform calculations.

Post Calculation Operation:

The calculated plot is shown in Figure 4.7.2. Enlarge the composition range
between O and 1 (wt%) to clearly display Carbon composition. Add text and
change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

Information obtained from this calculation:

Carbonization process in Fcc of the Fe-C system. Lower boundary condition is
an input flux. This setting provides user an option when the flux of C is known
in the environment;

After holding the material at 1173K for 18000 seconds, composition profiles can
be viewed at selected stages. The carbon composition gradually diffused from
the boundary to the body;
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Figure 4.7.2: Calculated C composition profiles for diffusion at 1173 K for 100s, 1000s,
5000s, and 18000s
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Example 4.8 Carburization of a Tube with Fixed Environmental Activity

Purpose: Learn to perform diffusion simulation at constant temperature for a
carburization process of tube material with fixed environmental activities on both
inner and outer surfaces.

Module: PanDiffusion

Database: Fe-Si-C.tdb

Calculation Method 1:

From menu bar click Batch Calc-> Batch Run, select Example_#4.8.pbfx;

Calculation Method 2:

Create a workspace and select the PanDiffusion module following Pandat User’s
Guide 2.1;

Load Fe-Si-C.tdb following the procedure in Pandat User’s Guide 3.2.1;

Click on “PanDiffusion->Diffusion Simulation” and set up the calculation
condition as shown in Figure 4.8.1. First click the red “X” above Regions setting
to delete Region_2. Click on Region_1, set the composition as 0.05C-98.65Fe-
1.3Si (Wt%), the Diff. Length as 10 mm, and the # of Grids as 100.

Click “Select Phase” and set Fcc as the entered phase.

The Thermal History is at 1273 K for 2E5 seconds;

Click on Upper Boundary Condition and select “activity”, then set the activity
value at the right edge of Region_1 as “a(C:graphite[*])=1E-5". Click on Lower
Boundary Condition and select “activity”, then set the activity value at the left
edge of Region_1 as “a(C:graphite[*])=0.97;

In order to set a tube geometry, select “cylindrical” in “Geometry”, and apply 20
mm to “Inner Radius”

In the setting shown in Figure 4.8.1, composition profiles at the initial and final
stages, as well as at 1E4 s, will be outputted. Click OK to perform calculations.

Post Calculation Operation:

The calculated plot is shown in Figure 4.8.2. Enlarge the composition range
between 0 and 1.4 (wt%) to clearly display Carbon composition. Add text and
change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

Information obtained from this calculation:

Learn to set up Boundary conditions for a tube geometry, and fixed activities at
both inner and outer surfaces;
Observe carbon diffusion from inner surface (high activity) into the tube;
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Figure 4.8.2: Calculated composition profiles at 1273 K for 1E4s, and 2ESs
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Example 4.9 Dissolution of ¥’ Particle in y Matrix

Purpose: Learn to perform diffusion simulation at constant temperature where a y’
particle (L12, Ni3Al) dissolve into y matrix (Fcc, Ni-Al). Learn to select entered phase(s)
in each region.

Module: PanDiffusion

Database: AINi_Diff.tdb

Calculation Method 1:

From menu bar click Batch Calc-> Batch Run, select Example_#4.9.pbfx;

Calculation Method 2:

Create a workspace and select the PanDiffusion module following Pandat User’s
Guide 2.1;

Load AINi_Prep.tdb following the procedure in Pandat User’s Guide 3.2.1;

Click on “PanDiffusion->Diffusion Simulation” and set up the calculation
condition as shown in Figure 4.9.1. Click on Region_1 and set the composition
as 25A1-75Ni (at%) and select L12_FCC as the entered phase in “Select Phases”
of “Settings for the Selected Region [Region_1]". In Region_1, set the Diff. Length
as 5 um. Click on Region_2 and set the composition as 15A1-85Ni (at%) and
select Fcc as the entered phase in “Select Phases” of “Settings for the Selected
Region [Region_2]”. In Region_2, set the Diff. Length as 10 um.

The Thermal History is at 1473 K for 100 seconds;

Select “spherical” in “Geometry”. The total number of grids (# of Grids) is 100.
In the setting shown in Figure 4.9.1, composition profiles at the initial and final
stages, as well as at 10s, 30s, 50s and 70s, will be outputted. Click OK to
perform calculations.

Post Calculation Operation:

The calculated plot is shown in Figure 4.9.2. Add text and change graph
appearance following the procedure in Pandat User’s Guide 2.3.1;

Information obtained from this calculation:

Learn to set up simulation for dissolution of spherical particles.

After holding the material at 1473K for 100s, composition profiles can be viewed
at selected stages. The interface moving from y phase to y’ indicates the
dissolution of y’ particles.
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Figure 4.9.2: Calculated composition profiles at 1473 K for 10s, 30s, 50s, 70s and
100s.
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Figure 40.3: Ni-Al phase diagram. The initial composition of left-hand side locates in
the single L12-FCC phase field. The initial composition of right-hand side locates in
the single Fcc phase field.
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Example 4.10 Transformation fromy to a

Purpose: Learn to perform diffusion simulation at constant temperature where a y-> a
transformation happens in Fe-C alloy. Learn to select entered phase(s) in each region.

Module: PanDiffusion
Database: Fe-Si-C.tdb
Calculation Method 1:
e From menu bar click Batch Calc-> Batch Run, select Example_#4.10.pbfx;
Calculation Method 2:

e Create a workspace and select the PanDiffusion module following Pandat User’s
Guide 2.1;

e Load Fe-Si-C.tdb, and select component Fe can C, following the procedure in
Pandat User’s Guide 3.2.1;

e C(Click on “PanDiffusion->Diffusion Simulation” and set up the calculation
condition as shown in Figure 4.10.1. Click on Region_1 and set the composition
as 100Fe-0C (wt%) and select Bcc as entered phase in “Select Phases” of
“Settings for the Selected Region [Region_1]". In Region_1, set the Diff. Length
as 1E-5 mm. Click on Region_2 and set the composition as 99.85Fe-0.15C (wt%)
and select Fcc as entered phase in “Select Phases” of “Settings for the Selected
Region [Region_2]”. In Region_2, set the Diff. Length as 2 mm,;

e The Thermal History is at 1050 K for 1E6 seconds;

e The total number of grids (# of Grids) is 100;.

o The Thermal History is at 1050 K for 1E6 seconds;

e In the setting shown in Figure 4.10.1, composition profiles at the initial and
final stages, as well as at 1E3 seconds and 1ES5 seconds, will be outputted.
Click OK to perform calculations.

Post Calculation Operation:

e The calculated plot is shown in Figure 4.10.2. Enlarge the composition range
between 0 and 0.5 (wt%) to clearly display Carbon composition. Add text and
change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

Information obtained from this calculation:

e Observe composition profiles of C and interface movement from o to y which
indicates the y -> a phase transformation.
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Diffusion Simulation

Diffusion Conditions |

All Regions (click on each individual region for settings): @ Thermal History:
i i time[second] Temperature[K]

egion_1 Region_2

orm Comp. uniform Comp 0.00 1050.00 Extra Outputs

1

1000000.00 1050.00

Settings for the Selected Region [Region_11: * 0.00 0.00 | save Condtion |
Region Composition Distribution: |unrfurm V| Select Phases ‘
Region Composition Right End Select Comps.
Value Value . 1060
P whi(Fe) 100 P whiFe) 100 E— 1050
&
(9 0 %a(C, 1] =
w(C) w%(C) 1040
Total 100 ] Total 100 o 500000 1E+06
time(second)
Moments for Profile Outputs: li‘
time [zec]
1000
100000

04 Lot

Boundary Conditions Simulation Conditions

Upper Boundary Condition: | closed ~
Value: [0.0 Geomety: Inner Radius [mml: 0.000000

Lower Boundary Condition: | closed &% .
EE e RN #of Grids: 100
Value: [0.0

Figure 4.10.1: Setting of the simulation condition
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Figure 4.10.2: Calculated composition profiles at 1050 K for 1E3 seconds, 1ES5
seconds and 1E6 seconds
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Example 4.11 Fe-Si-C Uphill Diffusion

Purpose: Learn to perform uphill diffusion simulation in a Fcc matrix at a constant
temperature.

Module: PanDiffusion
Database: Fe-Si-C.tdb
Calculation Method 1:
e From menu bar click “Batch Calc-> Batch Run”, select Example_#4.11.pbfx.
Calculation Method 2:

e Create a workspace and select the PanDiffusion module following Pandat User’s
Guide 2.1;

e Load Fe-Si-C.tdb, and select components Fe, Si and C, following the procedure
in Pandat User’s Guide 3.2.1;

e Select “PanDiffusion->Diffusion Simulation” or click the icon ! to open a
setting dialog as shown in Figure 4.11.1;

Diffusion Condtions
All Regicns (click cn each individual region for setlings): l# w Thermal History: x =l Cancel
Region_T Region 2 time[zecond] Temperature[K] Options
unifarm Comp uniform Comp 0.00 500.00 Extra Outputs
100.00 500.00
Load Condition
_ ; _ ) ® 0.00 0.00 -
Settings for the Selected Region [Region_1]: Save Condition
Region Compasition Distribution: | uniform ~ Select Phases Select Phases
Region Compasition Right End Select Comps
Value Value _ 510
» o bowsiC) a
w%(C) w%(C) g 500
%a(F 0 w%(Fe) =
vl 430
wh(Si) o > w%(Si) 0 0 50 100
time(second)
Total 0 Total:
“ Moments for Profile Outputs: ﬂi w

time [zec]

o, Lenat

Boundary Conditions Simulation Conditions
Upper Boundary Condition: | closed o
Value: | | Geometry: | planar ~ Inner Radius [mm] 0.000000
Lower Boundary Cendition: | closed o
Interface Flux Model: | automatic b # of Grids: 100
Value: | |

Figure 4.11.1: A setting dialog with default setﬁngs.
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o Select the units of the simulation from the “Options” dialog in Figure 4.11.2:

Options x
= Calculation Pressure
Units:
PanEngine Settings O Atmosphere O Pascal ® Bar O GPa
E Table
Default Table
Temperature
= Graph
Graph Sf&ttlngs O Kelvin ® Celsius () Fahrenheit
Plot Settings
= Workspace
General Compaosition

O x O x% O w ® w% O mole O kg
Time

O Second O Minute ® Hour
Length

O Meter ® Millimeter (O Micrometer O Nanometer O Angstrom

Reset Load from File Save to File Cancel
Figure 4.11.2: Units applied in this example.

o C(Click on “Select Phases” and make Fcc the entered phase, while other phases
are suspended;

e Click on Region_1 and set a uniform composition distribution of Fe-3.8Si-0.49C
(wt%). The length (Diff. Length) of both Region_1 is 25 mm;

e C(Click on Region_2 and set a uniform distribution of composition of Fe-0.05Si-
0.45C (wt%); The length (Diff. Length) of Region_2 is 25 mm;

e The total number of grids (# of Grids) is 100;

e The Thermal History is a period of 312 hours (13 days) with a constant
temperature at 1050 °C;

e The default output includes profiles of the initial and final compositions. To
record a composition profile at a moment, click % next to the “Moments for
Profile Outputs” and input a time value. As shown in Figure 4.11.3, profiles at
100 hour and 200 hour will be outputted. Click OK to start calculation;

e Details on these options can be found in Pandat User’s Guide sections 6.5.11
and 6.5.12.
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Diffusion Simulation x
Diffusion Condtions |
oK
All Regions (click on each individual region for settings): E‘ Thermal History: * @ Cancel
ti T ture[C] i
Region_1 Region_2 Eelhous] Eoize T 20 Etos
uniform Gomp. uniform Comp. 0.00 1050.00 Extra Outputs
315, 1
W] 050.00 Load Condit
- _ - 0.00
Settings for the Selected Region [Region_2]: Save Condition
Region Composition Distribution: | uniform V| | Select Phases s Fhases
Region Composition Right End Select Comps
Value Value . 1060
b wi(C) 0.45 P w%(C) 0.45 E— 1050
7]
Fi 99.5 %a(F 99.5 =
w(Fe) w(Fe) 1040
w%(Si) 0.05 @ w%(Si) 0.05 0 1575 315
fime(hour,
Total 100 Total: 100 ( )
Moments for Profile Outputs: lil
time: [hr]
100
200
Diff. Length {mm]
Boundary Conditions Simulation Conditions
Upper Boundary Condition: | closed E
Value: | Geometry: Inner Radius [mm]: 0.000000
Lower Boundary Condition: | closed hd .
Interface Flux Model: # of Grids: 100
Value: |

Figure 4.11.3: Settings applied in this example.

Post Calculation Operation:

e Set the scale of the Y axis to be 0.3-0.6 (wt%). Remove composition profiles of
Fe and Si. The calculated plot is displayed in Figure 4.11.4. Add text and
change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

e Add grid to the graph by setting “Show Major Grid” True.
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Figure 4.11.4: Composition profile of Carbon.

Information obtained from this calculation:

o Composition profile of carbon in Fcc Matrix after an uphill diffusion.
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Example 4.12 Dissolution of a Single 0-Al2Cu Particle in FCC Matrix

Purpose: Learn to perform single-particle dissolution simulation.
Module: PanDiffusion
Database: AlICu_MB.tdb
Calculation Method 1:
e From menu bar click “Batch Calc-> Batch Run”, select Example_#4.12.pbfx;
Calculation Method 2:

e Create a workspace and select the PanDiffusion module following Pandat User’s
Guide 2.1;

e Load AlCu_MB.tdb, and select component Al and Cu, following the procedure in
Pandat User’s Guide 3.2.1;

e Click on “PanDiffusion->Dissolution Simulation” or click the icon [#] to open a
setting dialog and select the proper unit of the simulation in the “Options”;

e C(Click on “Select Phases” and make Fcc and AlCu_Theta the entered phases,
while other phases are suspended;

e In Alloy Composition set a composition of Al-1.55Cu (at%);

e The total number of grids (# of Grids) is 100;

e The Geometry of particles is set to “Spherical”;

e In “Phase Information”, select Fcc as “Matrix Phase”.

e To add a particle, click ¥ bottom, then select AlICu_Theta in “Phase Name”.
“Particle Size” is set to 3.0 um. “Vol. Fraction” is set to 0.008;

e The “Thermal History” is a period of 35 minutes at 550°C;

e Click OK to start calculation;

e By default, dissolution simulation gives time-evolution of particle size as output.

In order to display composition profile at desired moments, click % next to the
“Moments for Profile Outputs” and input a time value. As shown in Figure
4.12.1, profiles at 10 minutes and 15 minutes will be outputted. Click OK to
start calculation;

e Details on these options can be found in Pandat User’s Guide sections 6.6.11
and 6.6.12.
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Post Calculation Operation:

Dissolution Simulation

Alloy Compaosition

Thermal History:

Value

oK

P x%IAl) 98.45

x%(Cu) 155

550.00

Options

time[minute] Temperature[C]
0.00
35.00

550.00

Extra Outputs

Total: 100

Phase Information

Matrix Phase: |Fecc

Particles:

v
* X

- 0.00

0.00

Load Condition

Save Condition

Phase Name Particle Sizefum]

AlCu_Theta |~ |3

Simulation Conditions

Vol. Fraction

Geometry: # of Grids: 100

Interface Flux Model: |au1.nmati(:

¥ |

560
o)
=8
£ 550
(]
|_
540
0 175 35
time(minute)
Moments for Profile Outputs: |§|

time [min]
10
15

Select Comps

Figure 4.12.1: Settings applied in this example.

The calculated particle dissolution with time is shown in Figure 4.12.2. User
can modify it by changing the title, the scale and so on from the Property
Window. User can also add experimental data by clicking Table -> Import Table
From_Files, and select Example_#4.12.txt, and then follow Example 3.1 to add
the experimental data on the plot. More information can be found in Pandat

User’s Guide 2.3.1.

Click and open the Default table and select “distance”, “x%(Al)” and “x%(Cu)” to
plot the composition profiles at starting,

intermediate times as shown in Figure 4.12.3.
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Figure 4.12.2: The simulation result of particle-size evolution.
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Figure 4.12.3: The simulation result of composition-profile evolution.
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Example 4.13 Multi-Particles Dissolution

Purpose: Learn to perform multi-particle dissolution simulation. Two Al,Cu particles,
with different sizes and volume fractions, dissolve into the Fcc matrix.

Module: PanDiffusion
Database: AICu_MB.tdb
Calculation Method 1:
e From menu bar click “Batch Calc-> Batch Run”, select Example_#4.13.pbfx;
Calculation Method 2:

e Create a workspace and select the PanDiffusion module following Pandat User’s
Guide 2.1;

e Load AlCu_MB.tdb, and select component Al and Cu, following the procedure in
Pandat User’s Guide 3.2.1;

e Click on “PanDiffusion->Dissolution Simulation” or click the icon [#] to open a
setting dialog (as shown in Figure 4.13.1).

e C(Click on “Select Phases” and make Fcc and AlCu_Theta the entered phases,
while other phases are suspended;

e In Alloy Composition set a composition of Al-1.55Cu (at%);

e The total number of grids (# of Grids) is 75;

e The Geometry of particles is set to “Spherical”;

e In “Phase Information”, select Fcc as “Matrix Phase”.

e To add the first particle, click * bottom, then select AlCu_Theta in “Phase
Name”. “Particle Size” is set to 3.0 um. “Vol. Fraction” is set to 0.008;

e To add the second particle, click + bottom, then select AICu_Theta in “Phase
Name”. “Particle Size” is set to 1.0 um. “Vol. Fraction” is set to 0.001;

e The Thermal History is a period of 35 minutes with a constant temperature at
550°C;

e Click OK to start calculation;

e Details on these options can be found in Pandat User’s Guide sections 6.6.11
and 6.6.12.
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Dissolution Simulation

Alloy Composition Thermal History: oK

ke time[minute] Temperature[C]
Pox%(al) (9845 0.00 550,00 Octions
x%(Cu) 1.55 35.00 550.00 Extra Outputs
Total: 100 0.00 0.00

Phase Information

Matrix Phase: |Fee ~ | %
550
Particles: IE E
l_
Phase Name Particle Size[um] Vol. Fraction 540
AlCu_Theta |~ |30 0.008 0 175 35
AICu_Theta |~ |10 time(minute)
Moments for Profile Outputs: E‘
time [min]

Simulation Conditions:

Geometry: | spherical ~ # of Grids:

Interface Flux Model: | automatic v/

Figure 4.13.1: Settings applied in this example.

Post Calculation Operation:

e The calculated particle dissolution with time is shown in Figure 4.13.2. User
can modify it by changing the title, the scale and so on from the Property
Window. More information can be found in Pandat User’s Guide 2.3.1.

e Add grid to the graph by setting “Show Major Grid” True.
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Particle 1: initial radius=3um, initial volume fraction=0.008

w

Particle radius [um]

Particle 2: initial radius=1um, initial volume fraction=0.001

N

0 T L] 1

-1 0 1 2 3
‘3 log(time)(second)

Figure 4.13.2: Simulation result of particle-size evolution.
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Example 4.14 Decarburization of Fe-C Matrix

Purpose: Learn to perform decarburization simulation at constant temperature with a
fixed activity at boundary.

Module: PanDiffusion
Database: Fe-Si-C.tdb
Calculation Method 1:
e From menu bar click “Batch Calc-> Batch Run”, select Example_#4.14.pbfx.
Calculation Method 2:

e Create a workspace and select the PanDiffusion module following Pandat User’s
Guide 2.1;

e Load Fe-Si-C.tdb, and select component Fe and C, following the procedure in
Pandat User’s Guide 3.2.1;

e Click on “PanDiffusion->Diffusion Simulation” or click the icon " to open a
setting dialog and select the proper units

e Firstly, click ® of “All Regions” to delete Region_2;

e C(Click on Region_1 and set a uniform composition distribution of Fe-0.5C (at%);
The length (Diff. Length) of Region_1 is 100 um;

e The total number of grids (# of Grids) is 100;

e The Thermal History is a period of 10 seconds with a constant temperature at
1000 °C;

e The Lower Boundary Condition (left edge of Region_1) is a fixed “activity” of
“a(C:graphite[*])=0.017;

e The default output includes profiles of the initial and final compositions. To
record a composition profile at a moment, click ¥ next to the “Moments for
Profile Outputs” and input a time value. As shown in Figure 4.14.1, profiles at 1
second and 5 second will be outputted. Click OK to start calculation;

e Details on these options can be found in Pandat User’s Guide sections 6.6.11
and 6.6.12.
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Diffusion Simulation X
* Diffusion Condions | 7
All Regions (click on each individual region for settings): E‘ Thermal History: Cancel
timel: d] T ture[C] i
Region_1 || ‘emperature[C] Options
uniform Comp. 0.00 1000.00 Extra Outputs
10.00 1000.00 Load -
- _ - - . 0.00 0.00 =
Settings for the Selected Region [Region_1]: Save Condition
Region Composition Distribution: | uniform V| Select Phases | —
Region Composition Right End Select Comps
Value Value _ 1010
P x%I(C) 05 P x%(C) 05 E— 1000
@«
x%(Fe) 995 x%(Fe) 995 (= 250
Total 100 Total: 100 0 5 10
time(second)
@ Moments for Profile Outputs: IEI
time [zec]
1
5
o Longth
Boundary Conditions Simulaticn Conditions
Upper Boundary Condition: | closed hd
il Geometry: Inner Radius fum]: 0.000000
Lower Boundary Condition: | activity ~ .
e - Interface Flux Model: # of Grids: 100

Figure 4.14.1: Settings applied in this example.

Post Calculation Operation:

e Set the scale of the Y axis to be 0.1-0.6 (at%). Remove composition profile of Fe.
The calculated composition profiles are displayed in Figure 4.14.2. Add text and
change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

e Add grid to the graph by setting “Show Major Grid” to be True.
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Figure 4.14.2: Simulation result of carbon composition profile

Information obtained from this calculation:

Decarburization process in Fcc phase in the Fe-C system. Lower boundary
condition is a fixed carbon activity (0.01, Graphite as the reference state).
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5 PanSolidification

Example 5.1 Solidification simulation of Mg-Al alloy under specified cooling rate

Purpose: Learn to perform solidification simulation of a Mg-Al binary alloy under
specified solidification conditions using PanSoldification Module. Learn to use the
features in PanSolidification Module.

Module: PanSolidification
Database: AIMg MB.tdb; Mg _Alloys.sdb
Calculation Method 1

e Create a workspace and select the PanSolidification module following Pandat
User’s Guide 2.1;

e From menu bar click Batch Calc-> Batch Run, or click icon $ , then select
Example_#5.1.pbfx;

Calculation Method 2

e Create a workspace and select the PanSolidification module following Pandat
User’s Guide 2.1;
e Load TDB file AlMg MB.tdb through menu Database—Load TDB or PDB or by

click icon ol , and select the elements: Al, Mg.
e Load SDB file Mg Alloys.sdb through menu PanSolidification — Load SDB or by

click icon ol , select the available alloys: Mg alloys, as shown in Figure 5.1.1.

e Set Solidification simulation conditions as shown in Figure 5.1.2. The alloy
composition is Mg-9wt.% Al. The cooling rate is 0.38 K/s is setting in Thermal
History solidifying from 680 °C to 300 °C with 1000 second. Solidification rate
is set as 50 um/s. Please pay attention to the units of the time and length when
set conditions.

e Then Click OK to perform Solidification simulation. (Detailed description also in
Pandat User’s Guide 7.2).

Select Alloy Parameter for Solidification Simulation x

Available Alloys (0): Selected Alloy (1)

Y | o

Cancel

&3

Figure 5.1.1: Loading the MgAlloys.sdb file.
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Solidification Simulation with Back Diffusion

Liquid Co iti -
iqui mposition Thermal History: Cancel

Value
P oTIC) 1000 time[second] Temperature[C]
0.00 680.00
wh(Al) 9 1000.00 300.00
w(Mg) Bl 0.00 0.00
Total 100 Save Condition

Phases

T
S

Load Chemistry
680 Save Chemistry
Q
o
= 490
o
Solidification Maodel o
(® BD (Back Diffusion) 300

(O Equilibrium (Lever) 0 ) 500 1000
) Non-equilibrium (Scheil) fime(second)
Common Solidification Moel Parameters Solidification Conditions

Start simulation from liquidus surface E
End when no more liquid ] ® Solification Rate fum/sec]

T_End [C]: ] (O Temperature Gradient [C/um]

Max Temperature Step Size [K]: Walue: Ijl

Figure 5.1.2: Set solidification conditions

Post Calculation Operation:

The default plot presents the relationship between fraction of solid (fs) and
temperature during solidification as shown in Figure 5.1.3.

The Default table contains many more calculated results: such as the
secondary dendrite arm spacing in the arm_space column, the amount of
Al12Mg17 phase in the f tot(@Al12Mgl7) column, and the composition of Al in
the solid phase in w_S(Al) column. Users can create other plots from these data.
The evolution of secondary dendrite arm spacing during solidification is shown
in Figure 5.1.4.

Experimental data can be imported through menu Table — Import table from
File. The comparison of the calculated and experimentally measured Al
composition in solid is shown in Figure 5.1.5.
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Figure 5.1.3: Default plot showing fraction of solid as a function of Temperature
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Figure 5.1.4: The evolution of secondary dendrite arm spacing.
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40

Mg-9wt.%Al Alloy: —Calculation
Cooling rate: 0.38 K/s;
Temperature gradient: 7.5 K/mm
Solidification rate: 0.050 mm/s

m Experimental

w_S(AI)*100

0
a 0 0.2 0.4 0.6 0.8 1

fs

Figure 5.1.5: Comparison of the calculated and experimentally measured Al
composition profile vs. fs in the primary (Mg) dendrites.
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Example 5.2 Solidification simulation of an Al-Cu-Mg alloy for hot cracking
susceptibility index prediction

Purpose: 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 [2005Kou] 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)1/2| at fs1/2 < 0.99. The CSI criterion has been successfully
applied in several Al alloy systems. In this example, users will learn how to perform
solidification simulation of an Al-Cu-Mg alloy and output the relationship of
|dT/d(fs)1/2] vs fs1/2 directly from Pandat, and thus determine the CSI value of the
alloy. Users will also learn to set extra output tables with some specified properties
and extra output plots from this example. Commercial database of PanAl.pdb
including the thermodynamic and mobility data is required to perform the calculation
of this example.

Module: PanSolidification
Database: PanAl2020_TH+MB.pdb; Al_Alloys.sdb
Calculation Method:

e Create a workspace and select the PanSolidification module following Pandat
User’s Guide 2.1;
e Load PDB file PanAl2020_TH+MB through menu Database—Load TDB or PDB

(Encrypted TDB) or by click icon o , and select the elements: Al, Cu, Mg.
e Load SDB file Al_Alloys.sdb through menu PanSolidification — Load SDB or by

click icon ol , select the available alloys: Al alloys.

e Set Solidification simulation conditions as shown in Figure 5.2.1; The alloy
composition is Al-Swt.%Cu-2wt.%Mg. The cooling rate is 20 K/s is setting in
Thermal History solidifying from 680 °C to 380 °C with 15 second. Temperature
gradient is set as 103 °C/um. Please pay attention to the units of the time and
length when set conditions.

e Set “Extra Outputs table”. Click the “Extra Outputs” in Figure 5.2.1, a new
interface as shown in Figure 5.2.2 will appear. Click the blue “+” symbol in
Figure 5.2.2 to pop out the Table Editor as shown in Figure 5.2.3. From this
Table Editor, users can specify and type in properties to output, such as sqrt(fs),
-T/ /sqrt(fs) in this example. -T//sqrt(fs) refers to -dT/d(fs)1/2, as the syntax //
means derivative in Pandat software. Note that with this setting, a “generated”
table will be created in addition to the Default table.

e Set “Extra Outputs graph”. Click the icon “Graph” in “Set extra output”
interface as shown in Figure 5.2.2, then click the blue “+” symbol to add extra
Graph. An interface as shown in Figure 5.2.4 will appear. Select the “generated”
table generated by the previous step. Drag sqrt(fs) from the left column to X axis
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in the right column; drag -T//sqrt(fs) from the left column to Y axis in the right
column. Then click OK. Note that with this setting, a “graph” of -T//sqrt(fs) vs.
sqrt(fs) will be plotted automatically in addition to the Default graph.

e Then Click OK to perform Solidification simulation. (Detailed description also in
Pandat User’s Guide 7.2).

Solidification Simulation with Back Diffusion

Liquid Composition

Value
P T(C) | 1000
w(Al) a3
w%(Cu) 5
w%(Mg) 2
Total: 100

Solidffication Model
@® BD (Back Difusion)
O Equiibrium (Lever) .
Common Solidfication Moel Parameters Solidification Conditions
Start simulation from liquidus surface
End when no more liquid M O Soldfication Rate fum/sec]
T_End[C]: 0 @® Temperature Gradient [C/um]

Max Temperature Step Size [K]: I:] Value:

Figure 5.2.1: Set up solidification conditions

1] 75 15

Set Extra Qutputs bt
T o I
Output Tables: E

Table Name Source Columns Edit

Default Default TAlfs;time;arm_space;phase_name;Q;H_Late

Figure 5.2.2: Extra Output interface
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Table Editor x
Table Type: | Default v Table Name: generated oK
am_space 4
Clear Al
x.S0) lfs
sgrtfs
w_S0) |sartfs)
-T//sartffs)
fl
phase_name
fs [
L]
H_tot
H_Latent
a
f_tot(@")
fw_tot(@")
x_tot("@")
w_tot("@")
dTdx(")
dxdT("@")
dwdT(*@") Double click to enter edit mode;
s In edit mode, press "Cirl’+'m’ to show list of
ddT_L('@) v | Math functions...
Drag and drop available columns to setup a new table. Double click property cell to edit.
Description: The time of the Particle Size Distribution (PSD). Use 'time' to get all PSDs.
Example: time=100" gets the psd at 100s. 'time=time’ gets the last available psd.
Figure 5.2.3: Define properties in the extra output table.
Graph Options X ‘
Table Source: |generated ~ Graph Name Ois Triangle? oK
Available Columns: Plots: ’é";' x Cancel
L X Axis Y Axis Source
st

phase_name

Figure 5.2.4: Define the axes of the extra graph.

Post Calculation Operation:

e The Default plot presents the relationship of temperature vs fraction of solid (fs)
during solidification as shown in Figure 5.2.5.

e The extra graph specified is plotted automatically as shown in Figure 5.2.6.

e Rescale Figure 5.2.6. as shown in Figure 5.2.7. The hot cracking susceptibility
index (CSI) is defined as the maximum value of -dT/d(fs)!/2 with (f5)1/2 < 0.99.
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Figure 5.2.5: Default plot showing the relation between temperature and fraction of
solid

-_—

29004

1900 1

-T//sqrt(fs)

900+

'100 T T T T
‘3 0 0.2 0.4 0.6 0.8 1

sqrt(fs)

Figure 5.2.6: Extra plot specified by Extra Graph setting

~ 164 ~



Pandat™ 2020 Example Book

4000
csi—

3000 -
2
S 20004
Y
K

1000 -

0 : : : :
‘3 0.9 0.92 0.94 0.96 0.98 1
sqrt(fs)

Figure 5.2.7: Rescale of Figure 5.2.8 showing the maximum point of -T/ /sqrt(fs) with
sqrt(fs) < 0.99.
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Example 5.3 HTC calculations in PanSolidification

Purpose: Users have learned to obtain the crack susceptibility index (CSI) value of a
single alloy under certain solidification conditions in Example 5.2. In this example,
users will learn to use High Throughput Calculation (HTC) calculations to obtain a
susceptibility index map in Al-Cu-Mg ternary system.

Module: PanSolidification
Database: PanAl_TH+MB.pdb; Al_Alloys.sdb
Calculation Procedures

e Create a workspace and select the PanSolidification module. Save the
workspace in a user assigned folder different from the default workspace. The
HTC calculation results will be saved automatically under this folder. (Detailed
description also in Pandat User’s Guide 2.1)

e Load PDB file PanAl_TH+MB.pdb through menu Database—Load TDB or PDB

(Encrypted TDB) or by click icon T , and select the elements: Al, Cu, Mg.
e Load SDB file Al _Alloys.sdb through menu PanSolidification — Load SDB or by

click icon ol , select the available alloys: Al alloys.

e Start HTC function through menu Batch Calc < High Throughput Calculation
(HTC).

e Choose calculation type from the drop-down list of HTC pop-up window and
select “pan_solidification” as shown in Figure 5.3.1.

High Throughput Calculation * |
Choose Calculation Type QK
pan_solidification v

Max time for each calculation (minutes) 15.0

The calculation will be automatically skipped after timeout.

Figure 5.3.1: Dialog to choose calculation type of HTC in PanSolidification

e Define the compositional space for HTC simulation. The composition range is
set to 0-5 wt.% Cu and 0-5 wt.% Mg, and mouse right click on the composition
field of Al to set as the remaining composition, which is shown as -1 in all the
composition field of Al, as shown in Figure 5.3.2.

e Define the solidification conditions for HTC simulation. The same solidification
conditions with cooling rate of 20 K/s and Temperature gradient is set as 10-
3 °C/um, as shown in Figure 5.3.2.
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e Set “Extra Outputs table”. Click the “Extra Outputs” in Figure 5.3.2. The
following extra output is defined as shown in Figure 5.3.3: time; T -
temperature; w(*) — alloy composition; fs — solid phase fraction; sqrt(fs) — the
square root value of the solid phase fraction; and -T//sqrt(fs) — the CSI index.
Then click OK.

e Set “Extra Outputs graph”. Using the procedure described in Example 5.2, click
the icon “Graph” in “Set extra output”, set sqrt(fs) as X axis and -T//sqrt(fs) as
Y axis. Then click OK.

¢ Click “Run HTC” button to perform HTC simulations.

Solidification Simulation with Back Diffusion b

Liquid Composition

St crd # Thermal History: Cance
Steps time[second] Temperature[C] —
P T(C) 1000 (1000 |O 0.00 680.00 E—
Outputs
WA} 1 A B 15.00 320.00
0.00
w3 (Cu) 1] 5 10
e Selct Phases |
Select Comps
Parameters
il [ Import Alloys
[] Load C. Curve

Solidfication Model
(® BD (Back Diffusion) 380

() Equilibrium (Lever) 0 ) Th 15
() Mon-equilibrium (Scheil) time(second)
Commen Solidfication Moel Parameters Solidfication Conditions

Start simulation from liquidus surface []
End when no more liquid ] () Solidfication Rate [um/sec]

T_End [C: 0 (® Temperature Gradient [C/um]

Max Temperature Step Size [K]: Value:

Figure 5.3.2: Dialog to setup compositional space and solidification conditions for
PanSolidification HTC.
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Table Editor
Table Type: | Default - Table Name: generated
o
anm_space time
%_S() !
fs
w_S()
wi’)
fl
sqrtfs)
= Tiisaths)
H_Latent
o]
f_tot{@%)
fw_tot{@")
x_tot("@")
w_tot("@")
dTdx(")
ded T("@")
dwdT("@") Double click to enter edit mode;
. In edit mode, press "Cirl'+'m" to show list of
ded T_L("E) v | Math functions__
Cirag and drop available columns to setup a new table. Double click property cell to edit.
Description: The time of the Particle Size Distribution (PS0). Use 'time’ to get all PSDs=.
Example: 'time=100" gets the psd at 100=. time=time' gets the |ast available psd.

oK
Cancel

Clear Al

Figure 5.3.3: Define properties in the extra output table.

Post Calculation Operation: Result Analysis

After all calculations have been finished, analyze the results through menu
Batch Calc & Result Analysis. User can then analyze the results of the selected
HTC calculation by opening the corresponding workspace as shown in Figure

5.3.4.

Result Analysis -> Choose Workspace

Choose D:%_Work3_Calculations’1_Pandat'PanSolidification Cortinue
T %20191118_T440020191113_PanSolidfication_HTC\AICuMg_20K_New Cancel
I “AICuMg_2DK_New.pndx T
Workspace
There are 121 calculations for analysis.
Figure 5.3.4: “Result Analysis” popup dialog to choose target workspace

~ 168 ~




Pandat™ 2020 Example Book

o Define the criteria of the properties as filters for result analysis. As shown in the
following Figure 5.3.5, analysis the “generated table”, set the condition to find the
CSI for each alloy composition, i.e., CSI = MAX(-T/ /sqrt(fs)) at sqrt(fs)< 0.99.

Result Analysis - Set Rules X ‘

D:\_Work\3_Calculations\.1_Pandat"Pan Solidfication\20191118_T440'20191113_PanSolidfication_HTC Analyze
NAICUMa 20K New'default

Cancel

Target Workspace:

Commeon Tables for All Calculations: (only one table can be chosen for analysis at one time)
ID “\_Work\3_Calculations'\1_Pandat"\Pan Solidfication’\20191118_T440:20151113_PanSolidification_HTC\ACuMg_20K_New'default\S - ‘

o

ommon Columns for the Target Table: (drag and drop to change the oder) Sel/Clr All
fs -T//sartfs)
T phase_name
sartffs)

amm_space

time:

wiAl)

w(Mg)

w(Cu)

T

sqrtffs)_1

RRRINRIRRIRIEIE]

1. Set an Expression to Select Rows: (choose a template text and insert) Insert Selected
[f=10 | | Insert Text Column Name

sgrt (£s)<0.99

2. Get Min/Max Value from Selected Row (choose a template text and insert)
T=MIN(T) ~ | | Insert Text
CSI=MAX (-T//sqgrt(fs))

v sul
e M Em pty Row Between Results

1. finding the rows with values in a certain range: fl < 1.0 AND fl > 0.9;
2. finding the row with minimum T with T=MIN(T).

Figure 5.3.5: Criteria for Cracking Susceptibility Index setting from solidification
results analysis.

e After results analysis, a table which list CSI = MAX(-T//sqrt(fs)) for each alloy
composition is generated as shown in Figure 5.3.6.

o Select w%(Cu) as X-axis, press Ctrl then select w%(Mg) and (-T//sqrt(fs)) as Y-axis
and Z-axis, respectively, click “% on the tool bar to generate Figure 5.3.7 which
shows the crack susceptibility map for Al-Cu-Mg alloys with cooling rate of 20 K/s.

e The simulated result is comparable with the experimental results shown in Figure
5.3.8.
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£3 Pandat Software by CompuTherm, LLC

Solidification Simulation_99
Selidification Simulation_100
Solidification Simulation_101
Selidification Simulation_102
Salidification Simulation_103
Solidification Simulation_104
Salidification Simulation_105
Solidification Simulation_106
Selidification Simulation_107
Solidification Simulation_108
Solidification Simulation_108
Salidification Simulation_110
Solidification Simulation_111
Selidification Simulation_112
Solidification Simulation_113
Selidification Simulation_114
Solidification Simulation_115
Solidification Simulation_116

File Edit View Databases BatchCalc PanPhaseDiagram

EEHH B =20 LHx BEIBSEEMSR

=]

v Appearance
I

GridColor [ controlDark

BorderStyle FixedSingle

CellBorderStyle Single

DefaultCellSyle DataGridViewCellStye { BackCol
¥ Layout

AutoSizeColumnsMode  None:

- [m] X
PanPrecipitation  PanOptimizer P 5 Propety Table Graph Help
BEHAGEREILQAQLDET 2
CalculationName  AlloyChemistry T s WAl w(Ma) w(Cu) sar(s) T sartffs)_1 Thsarttfs)  ~
\c V\ mole/mole ‘% "H"’v V”"' "‘
Solidification Si.. |100A+0Cu+0.. |660.3200 0.000000 100.0000 | [0.000000 0334700 0.000000 0.000000
Solidification Si... |99.5A+0Cu+0... | 650.1186 0973761 99.500000 0.500000 0986793 9232686 0.986793 1984887
Solidification Si.. |99AI+OCU+IM... | 6424693 0.961605. 99.000000 1.000000 0980615 9156193 0.980615 2209515
... 6297008 0.977782 1.500000 0.988829 -902.8508 0988829 4504995
610.4919 0.975603 '92.000000 2.000000 0.987726 8926419 0.987726 520.3580
97.5A+0Cu+2.... |609.2811 0.974813 97500000 2.500000 0.987326 -8824311 0.987326 500.3068
Solidification Si... |G7AI+0CU+3M... |580.0674 0974725 97.000000 3.000000 0957281 8722174 0987281 663.2440
Solidification Si.. |96.5A+0Cu+3... |588.8493 0.974991 '96.500000 3.500000 0.987416 -861.9993 0987416 736.4674
17 | Solidification Si.. |96A+0CU+4M... |578.6257 0975449 96.000000 4.000000 0987643 -851.7757 0.987648 8088810
18
19 ... 568.3953 0.976033 4.500000 0.987944 -841.5453 0.987944 879.7254
20
21 558.1571 0.976716 95.000000 5.000000 0.985200 -831.3071 0.985200 948.3722
2
23 )5Cu+... | 651.3961 0.969184 '99.500000 0.500000 0.984471 -924 5461 0.984471 217.9860
24
25 |Solidification Si.. |99A1+0.5Cu+0... (6411777 0977626 199.000000 0.500000 0.500000 0988750 9143277 0.988750 4446552
26
27 | Solidification Si.. |98.5A+0.5Cu+... |630.9614 0.975540 93500000 1.000000 0500000 0.987694 -904.1114 0987694 6001732
28
29 Si.. |98A+05CU+1... |618.1857 0979015 98.000000 1.500000 0500000 0989452 -891.3357 0.989452 8446077

Figure 5.3.6: A table which lists the CSI = MAX(-T/ /sqrt(fs)) for each alloy

composition is generated after the results analysis
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Figure 5.3.7: AlI-Cu-Mg crack susceptibility map with cooling rate of 20 K/s.
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Figure 5.3.8: Experimental crack susceptibility test results.
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