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3 1 PanPhaseDiagram Examples Examples

Example 1.1 Al-Mg Binary Phase Diagram

Purpose: Learn to calculate and use a binary phase diagram
Module: PanPhaseDiagram

Thermodynamic Database: A1MgZzn. tdb

Batch file: Example #1.1.pbfx

Calculation Procedures:

* Load A1Mg7Zn. tdb following the procedure in Pandat User’s Guide 3.2.1, and select A1

and Mg two components;

* Perform section (2D) calculation following the procedure in Pandat User’s Guide 3.3.3;

* 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


../../../../../Content/3-PanPhaseDiagram/2_Thermodynamic Calculations/1_Load Datbase.htm
../../../../../Content/3-PanPhaseDiagram/3_Tutorial/3_Section Calculation (2D).htm
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Post Calculation Operation:
* Label phase field following the procedure in Pandat User’s Guide 2.3.3;
* Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

* 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:

* Phase stability as a function of composition and temperature;

* Congruent melting temperature and composition of a phase. For example the congruent

melting temperature of the A1Mg Gamma phaseisat463.3°C and x (Mg) =0.537,


../../../../../Content/2_Get Started/3_Graph/3.3_Icons-for-Graph.htm
../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
../../../../../Content/2_Get Started/3_Graph/3.3_Icons-for-Graph.htm
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* Invariant reaction temperatures and phase compositions. For example the three phase
equilibrium: Liquid->A1Mg Gamma+Hcp is at 436.3°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 1.1.1, 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.
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Figure 1.1.3: The invariant table showing all the three-phase equilibrium in the Al-Mg binary

system
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7 4495016 Liquid => AlMg_Beta + AlMg_Ga_ AMg_Beta 0611354 0388646 0635872
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i 13 4362780 Liquid => AIMg_Gamma +Hep | Hep 0.115955 0.884045 0127103
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phase_name
) moleimole 20
x(Mg) moleimole 21 250.0882 AlMg_Eps => AlMg_Gamma + Al AlMg_Gamma 0.483558 0536442 0.489616
wiAl) ko'kg 22 2500882 AlMag_Eps => AlMg_Gamma + Al AlMg_Eps 0.566038 0433962 0591505
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24 | 250.0882 AlMg_Eps => AlMg_Gamma + Al.. AIMg_Gamma 0.463558 0.536442 0.489616
< >

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

Thermodynamic Database: A1MgZzn. tdb

Batch file: Example #1.2.pbfx

Figure 1.2.1 is the A1-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 line (1D) calculation. 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: AlI-Mg binary phase diagram
Calculation Procedures:

* Load A1Mg7Zn. tdb following the procedure in Pandat User’s Guide 3.2.1, and select A1

and Mg two components;
* Perform 1D calculation following the procedure in Pandat User’s Guide 3.3.2;

* Set Calculation Condition as shown in Figure 1.2.2;


../../../../../Content/3-PanPhaseDiagram/2_Thermodynamic Calculations/1_Load Datbase.htm
../../../../../Content/3-PanPhaseDiagram/3_Tutorial/2_Line Calculation (1D).htm
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Number of steps: |100 E Individual Phases

Figure 1.2.2: 1D calculation from pure Al to pure Mg at 300 °C
Post Calculation Operation:

* Add legend for graph following the procedure in Pandat User’s Guide 2.3.3;

* Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
Information obtained from this calculation:

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

* In asingle phase field, the fraction of the stable phase is 1;

* In a two-phase field, the fraction of one phase decrease from 1 to 0, while the other

increase from 0 to 1 as shown in Figure 1.2.3

* 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;


../../../../../Content/2_Get Started/3_Graph/3.3_Icons-for-Graph.htm
../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
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Figure 1.2.3: Phase fraction variation as a function of composition
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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

Thermodynamic Database: A1MgZzn. tdb

Batch file: Example #1.3.pbfx

In Example 1.2 : Phase Fraction as a Function of Composition, 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 AIMg binary alloy with composition of x(Mg)=0.3 (the red dash

line in Figure 1.3.1). Such a calculation is especially valuable for a multi-component alloy.
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Figure 1.3.1: Al-Mg binary phase diagram
Calculation Procedures:

* Load A1Mgzn. tdb following the procedure in Pandat User’s Guide 3.2.1, and select A1

and Mg two components;
* Perform 1D calculation following the procedure in Pandat User’'s Guide 3.3.2;

* Set Calculation Condition as shown in Figure 1.3.2;


../../../../../Content/3-PanPhaseDiagram/2_Thermodynamic Calculations/1_Load Datbase.htm
../../../../../Content/3-PanPhaseDiagram/3_Tutorial/2_Line Calculation (1D).htm
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Figure 1.3.2: 1D calculation from 700°C to 0°C for an Al-Mg alloy with x(Mg)=0.3
Post Calculation Operation:

* Add legend for graph following the procedure in Pandat User’s Guide 2.3.3;

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

Information obtained from this calculation:

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

temperature;

* Below liquidus, Fcc phase forms and its fraction increases while that of the Liquid phase

decreases until the eutectic temperature 450.47 °C;

* At eutectic temperature 450.47 °C, Liquid is disappeared (drops to 0% from 68.3%),
fraction of the A1Mg Beta phase jumps from 0% to 60.21% and that of the Fcc phase
jumps from 31.7% to 39.79%;

* Details on the fraction of each phase as a function of temperature can also be found in the

Default table as shown in Figure 1.3.4;


../../../../../Content/2_Get Started/3_Graph/3.3_Icons-for-Graph.htm
../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
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Figure 1.3.3: Phase fraction variation as a function of composition

BchColc DuPhaDigam  BarPrctatin DanOpimiar  PuDfsion  Prsoidficion Dopety Tabe Goph  Hop
(DX BBV ADERLE BEENEE LGS RIODELL2
(Wodspace B X [ /330 Arvig grph |/ invariantaable |/ (] ivariant tiineable ] tieine.able | 4 Defaultgraph |/ Oefauttable | 2] Defatt raph ) Defaultable | v x
om i T g W o P GANg s (GF  Guaw)  G@AVaw G@r  G@ima G " E) |
[c ~[bar ~[molefmole —+|[mole/mole molejmole molejmole  molejmole Jimole Jimole Jimole Jimote [kalkg ~|[kaka 5] K
2 o0 [omow  [omowo 03000 1000000 eene e [omum  oamws o
z (o000 (10000 Jomoo00 0300000 1000000 e300 |00 [omzen oz |ogzss
2 (o000 1m0 oo 0300000 1000000 meoa0  |wee  lomwn oz e
s [saow0 oo oo 030000 1000000 asaummoen  lomun oames oo
Dt e || % 0W0fiomo omomo osoomo 1000000 aspne0 | asee  [omzem oz |ogsis
7 [soow0 1m0 Jomoooo 0300000 1000000 a0 e |omen  oawas o
® [snowo oo oo 0300000 1000000 mEre  newe omun oames o
[0 [1omow oo 030000 1000000 w0 | moww |omenm  oames o
% (7000 (1000 o700 0300000 1000000 aemsa00 0400 |omien oawes oazs
m 650 oo oo 0300000 1000000 e @m0 lomun  oamas s
% s [1omow oo 0300000 1000000 wmeo mmw lomenm  oames o
B 461060 (100000 (0700000 (0300000 [Liuehrec o 1000000 gm0 wmm  [wmie |own  ozmss oot |
34 4956870 11.000000 0.700000 0300000 Liquid+Fec 0.003327 0996673 -30617.30 32.769.80 -32.762.70 0.721474. 0278526 0026179 |
% S0 1000000 07000 (0300000 |Luekrec oooesossaen asses e |mran  |orwn lozmss oo
% 43500 (1000000 (0700000 (0300000 [Liuenrec ooasieoarmies 0si420 e |aee0s0 [orwn lozmss oot
& 40000 1000000 (070000 (0300000 |LiuchFec 00705 0se2ss M0 weem  |wwen |owm  ozmss oo
3 4000 1000000 (070000 (0300000 |LiuehFec oossi930s00e07 om0 |susen  [orwn lozmss oo
% o0 1000000 (o700 (0300000 [LiichFec ooz ossie ms0  mzes |auwies [orwns oz oo
40000 100000 (070000 (0300000 |LiuehFec o167 o w2k e |ass oz ozmss oo
o 2000 1000000 (070000 (0300000 |LiuchFe o2ams 0rsnes mgus %00 |aeen |own  ozmss oo
@ [so00 100000 (07000 (0300000 |Liuckrec ozes 072 w0 wswo  |mwss  [orwns lozmss oo
o S0 100000 (070000 (0300000 [LiuehFec ozo6s oo s e |mmee0 oz lozmss oo
e T contoDark || 44 aoes0 o0 ommom  oam0 Lo osiezsoems s 000 | mpues  omwns  oamss  looein
CalBorduSh Sne 6 s0em 1000000 (07000 0300000 [receang bea ez s 05540 | 2849600 s7sn (oren oz oo
DefauiCely DaiaGrdvisnCelS| 46 48046 [1000000 (0700000 (0300000 |FecoAMlg Bets sz losonms 505543 | 2049600 2750 |ommen loamss oo
“ Layout 47 4504670 11.000000 0.700000 0:300000 FecvAMg_Beta 0602127 0.397873. -30.554.30 28496.00 -29.735.30 0.721474 0278526 0026179
| AuoSizeColu|None 48 4504670 1000000 0700000 0300000 Fec+AlNg_Beta 0602127 0397873 3055430 28.4%6.00 2073530 0721474 0278526 0026179
4 B01M 1000000 (070000 030000 [FeceANg Beta ocoziss [ossron o540 | 4710 wros  orzuns oz oo
s HOT0 1000000 (070000 0300000 [FeceANg Beta oasorlowsesz 0580 | 2845020 g5 orem loamss oo
1 Weo00 1000000 070000 030000 [receANg Bea ocsn oz ETITE e ) 5620 |orzun loames |ogzs
2 41000 (1000000 (0700000 0300000 [FeceANg Beta oswier Jossess o090 | 799420 misd orzens oz oo
44000 1000000 (070000 0300000 |FeceANg Beta oz oz e620 | 2145380 o0se0oren loamss oo
o 7000 1000000 (070000 0300000 [FeceAg Bea osouz lossess w50 | 20670 maas0  omun oames oo
s 0000 1000000 (07000 030000 [receANg bea osrie losezses o0 | 2650360 mosm  orzens oz oo
S 4000 1000000 (070000 0300000 [FeceANg Beta o o7 25900 | 26154% Zs0  omen loamss oo
& 406000 100000 (070000 0300000 [FeceAg Beta ossorz o om0 | smam 20 |orun oames |ogs
s IS0 1000000 (070000 0300000 [receANg Bea osseeio [0z Zen | mwew momo0 (orzenslozmss oo
s 92000 (1000000 (070000 0300000 [FeceANg Beta osezsr o 23080 | 2100 250 |ozzenoowss |owsr
o 5

Figure 1.3.4: Default table showing phase fraction variation as a function of temperature
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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
Thermodynamic Database: A1Mgzn. tdb

Batch file: Example #1.4.pbfx

From the Al1-Mg phase diagram shown in Figure 1.4.1, we know that two phases, A1Mg
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.

700

600
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500 Fee+Liquid Hep+Liquid

—_—
S} \ Nt
[} Fec
2 400 " © Hep
5 g o\ g
5 a0\
[] = ©
Q. 300 2
& q \2
[ °

2004 AlMg_Beta+Fcc E’, AlMg_Gamma+Hcp

<
100
0

0 01 02 03 04 05 06 07 08 09
& Al x(Mg) Mg
Figure 1.4.1: Al-Mg binary phase diagram

Calculation Procedures:

* Load A1MgZzn. tdb following the procedure in Pandat User’'s Guide 3.2.1, and select A1

and Mg two components;

* Perform 0D calculation following the procedure in Pandat User’'s Guide 3.3.1;

* Set Calculation Condition as shown in Figure 1.4.2;


../../../../../Content/3-PanPhaseDiagram/2_Thermodynamic Calculations/1_Load Datbase.htm
../../../../../Content/3-PanPhaseDiagram/3_Tutorial/1_Point Calculation (0D).htm
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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 2 from labeling:
. After the Al-Mg phase diagram is calculated, click [L.| 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, A1Mg 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 -

22744.9 J/mol, 6539.3 J/mol, 51.0935 J/K-mol, and 30.2876 J/K-mol, respectively;
* The equilibrium composition of A1Mg_Gamma is x(Al) = 0.409686, x(Mg) = 0.590314;
¢ The mole fraction of A1Mg Gamma is 0.687999 (weight fraction is 0.696044);

* The G, H, Cp, G% and H®* of A1Mg Gamma at equilibrium composition are -23186.3
J/mol, 5976.71 J/mol, 31.3752 J/K-mol, 135.828 J/mol, and 146.6 J/mol, respectively;

. The site fraction of AlMg Gamma are: Y =1, ¥ =0.0291951, Yir, =0.970805, v

=0.96088, Y11, =0.0391201;
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* 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);

* The G, H,

7779.87 J/mol, 27.8893 J/K-mol, 179.735 J/mol, and 184.813 J/mol, respectively;

Cp, G%*, and H®* of Hcp at equilibrium composition are -21771.6 J/mol,

* 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

T
K “C

573.15 /300 100000 0.986823

Pa atm

Component

Rl

Mg

x w p{T/mol) H{T/mol)
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0.7/0.67781 -21537.7|91el.01
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n(mol) G(J/mol) H(J/mol) S(J/Kmol) Cp(J/K-mol)

51.0835
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Vi (em*3/mol) density(g/em~3)

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

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

Thermodynamic Database: A1MgZzn. tdb

Batch file: Example #1.5.pbfx

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 Procedures:

* Load A1Mgzn. tdb following the procedure in Pandat User’s Guide 3.2.1, and select all

three components;
* Perform 2D calculation following the procedure in Pandat User’s Guide 3.3.3;

* Set Calculation Condition as shown in Figure 1.5.1;


../../../../../Content/3-PanPhaseDiagram/2_Thermodynamic Calculations/1_Load Datbase.htm
../../../../../Content/3-PanPhaseDiagram/3_Tutorial/3_Section Calculation (2D).htm
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Figure 1.5.1: 2D calculation of an isotherm of Al-Mg-Zn at 500°C
Post Calculation Operation:
* Label phase field following the procedure in Pandat User’s Guide 2.3.3;
* Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

* Add tie-lines following the procedure in Pandat User’s Guide 2.3.1;


../../../../../Content/2_Get Started/3_Graph/3.3_Icons-for-Graph.htm
../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
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Figure 1.5.2: Calculated isotherm of Al-Mg-Zn at 500 °C

Information obtained from this calculation:

* 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;

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

Figure 1.5.4:
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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

Thermodynamic Database: A1MgZzn. tdb

Batch file: Example #1.6.pbfx

As mentioned in Example 1.5 : Isotherm of Al-Mg-Zn at 500°C, 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 Procedures:

* Load A1Mgzn. tdb following the procedure in Pandat User’s Guide 3.2.1, and select all
three components;

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

* Set Calculation Condition as shown in Figure 1.6.1;
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2D calculation of an isopleth parallel to Al-Mg binary with 15 at% Zn
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Post Calculation Operation:

* Label phase field following the procedure in Pandat User’'s Guide 2.3.3;

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

700
600
Liquid
Fce+Liguid
500- a
——-—q=__.__=_.|:_i_ id+
S
o 400
: |8
©
3 3 L
g 300\ © T & Hep+
kS Fee+T £
o
OI
200 E"’
< 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:

* 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;

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

Thermodynamic Database: A1MgZzn. tdb

Batch file: Example #1.7.pbfx

As mentioned in Example 1.5 : Isotherm of Al-Mg-Zn at 500°C and Example 1.6 : Isopleth of

Al-Mg-Zn at 15 at% Zn, 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 Procedures:

* Load A1Mgzn. tdb following the procedure in Pandat User’s Guide 3.2.1, and select all

three components;
* Perform phase projection following the procedure in Pandat User’s Guide 3.3.6;

* Set Calculation Condition as shown in Figure 1.7.1;
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Figure 1.7.1: Phase projection calculation setting dialog
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Post Calculation Operation:
* Label phase field following the procedure in Pandat User’'s Guide 2.3.3;
* Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

* Label the isothermal lines by put the cursor on each line and then press F2;

& Liguidus Projection Al

Mg X(Zn) Zn
Figure 1.7.2: Calculated liquidus projection of the Al-Mg-Zn system
Information obtained from this calculation:

* The phase name labeled in each region indicates the primary solidified phase from liquid

when the given alloy composition falls in that region;

* 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;


../../../../../Content/2_Get Started/3_Graph/3.3_Icons-for-Graph.htm
../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm

Pandat 2025 Example Book 24

* 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;

Each triple point at the intersection of three projection lines represents a invariant reaction
(four phases in a ternary system) involving the liquid phase. 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 in Figure 1.7 .4.

onzn

“ Layout
AuoSizeColun None.

024774 ___loososss __loss2010

o156
028467
0381301
oozm7

o6
30008
o576
o535
oasi106
o3em1s

0377557
osen

0sss567

ozzn

oseieiz

oemiss

ozsess

O3

Figure 1.7.3: Invariant table showing all the invariant reactions involving liquid phase

Figure 1.7.4: Invariant_tieline table showing composition of each phase involved in the
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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

Thermodynamic Database: A1MgZzn. tdb

Batch file: Example #1.8.pbfx

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 Procedures:

* Load A1MgZn. tdb following the procedure in Pandat User’s Guide 3.2.1, and select all

three components;
* Perform solidification simulation following the procedure in Pandat User’s Guide 3.3.7;

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

and “Lever” for the second calculation
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Figure 1.8.1: Input the alloy composition for solidification simulation
Post Calculation Operation:
* Add text and arrow on the plot following the procedure in Pandat User’s Guide 2.3.3;
* Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
Information obtained from this calculation:

* 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;

* The primary solidified phase is T_AIMgZn phase, AIMg_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;
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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;

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;

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;

Only two phases solidified from lever rule simulation, i.e., T_AIMgZn phase and AIMg_

Gamma phase;

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

Default table;

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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Figure 1.8.2: Fraction of solid as a function of temperature from Scheil simulation
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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 1.8.7: Merge the Scheil and Lever simulation results together
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Example 1.9 Calculation of Gibbs Energy Curves

Purpose: Learn to calculate the Gibbs energy of a system or individual phase

Module: PanPhaseDiagram

Thermodynamic Database: A1MgZzn. tdb

Batch file: Example #1.9.pbfx

Figure 1.9.1 is the A1-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).
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Figure 1.9.1: Al-Mg binary phase diagram

Calculation Method 1, From menu bar “Property”:

* Load A1MgZn. tdb following the procedure in Pandat User’'s Guide 3.2.1, and select A1

and Mg two components;

* Click “Property” on the menu bar and select “Thermodynamic Property’;

Mg
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* Set Calculation Condition as shown in Figure 1.9.2. The property selected is G, and the
reference states are set as Fcc for A1 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;

* |f 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;

Thermx:d;ma;m: Property Calculatio

End Point

T(C)
x(Al)

x(Mg)

Total:

ad

MNumber of steps: | 100 El Individual Phases Point Calculation

Choose Target Properties for Plot: Reference State ('Default’ as defined in tdb):

5(@7) Component Ref. Phase
Cpl@)
mue?)
@)

OOEEOEEE

Figure 1.9.2: Calculation of the Gibbs energy for individual phases or the system from

“Property” calculation
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Figure 1.9.3: Calculation of the Gibbs energy for individual phases by Line calculation
Calculation Method 2, from Line calculation function in PanPhaseDiagram module:

* Load A1Mg7Zn. tdb following the procedure in Pandat User’s Guide 3.2.1, and select A1

and Mg two components;
* Click “PanPhaseDiagram”’ on the menu bar and select “Line Calculation’;
* Set Calculation Condition as shown in Figure 1.9.3, check the “Individual Phases”;
Post Calculation Operation:
* Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
* Add text and arrow on the plot following the procedure in Pandat User’s Guide 2.3.3;
Information obtained from this calculation:

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

* Detail Gibbs energy values can be found in the “thermodynamic property” table
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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

Thermodynamic Database: A1MgZzn. tdb

Batch file: Example #1.10.pbfx

Figure 1.10.1 is the A1-Mg binary phase diagram. In this example, we learn to calculate the
activity of A1 and Mg as a function of composition, x (Mg) , at 300°C (the red dash line).
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Figure 1.10.1: Al-Mg binary phase diagram
Calculation Method 1, From menu bar “Property”:

* Load A1MgZn. tdb following the procedure in Pandat User’'s Guide 3.2.1, and select A1

and Mg two components;

* 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 A1 and Hcp for Mg; (*) means the activity of

every component (both Al and Mg in this case);

Thermedynamic Property Calculation

S

i

E
E

|
|

MNumber of steps: (100 EI Individual Phases Point Calculation

Choose Target Properties for Plot: Reference State ('Default’ as defined in tdb):

_ sie”) Component Ref. Phase
H Col@” = - =
mu(@) N =

at@) Mg - |Hep -
5 = -

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

Calculation Method 2, From menu bar “PanPhaseDiagram”:

* Load A1Mg7Zn. tdb following the procedure in Pandat User’s Guide 3.2.1, and select A1

and Mg two components;
* 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;;
Post Calculation Operation:
* Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
* Add text and arrow on the plot following the procedure in Pandat User’s Guide 2.3.3;
Information obtained from this calculation:

* Figure 1.10.3 shows the activities of A1 and Mg as a function of x (Mg) using Fcc Al and

Hcp Mg as reference states;
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* Activityof Alis 1 at x (A1) =1 (x (Mg) =0) sinceitis pure Fcc Al at this temperature and

Fcc is used as the reference state
becomes zero at x (Mg) =1;
* Activity of Mg is 0 at x (A1) =1 (x

becomes 1 at x (Mg) =1;

; Activity of A1 decreases with the increase x (Mg) and

(Mg) =0) and increases with the increase x (Mg) and

* Activity of either component is constant in a two-phase field.
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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
Thermodynamic Database: A1MgZzn. tdb

Batch file: Example #1.11.pbfx

Figure 1.11.1 is the A1-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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Figure 1.11.1: Al-Mg binary phase diagram

Calculation Method 1, From menu bar “Property”:

* Load A1MgZn. tdb following the procedure in Pandat User’'s Guide 3.2.1, and select A1

and Mg two components;
* Click “Property” on the menu bar and select “Thermodynamic Property’;

* Set Calculation Condition as shown in Figure 1.11.2. The property selected is a (*), and

the reference states are set as I.i quid for both A1 and Mg;
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Figure 1.11.2: Calculation of the activity of Al and Mg from “Property” calculation

Calculation Method 2, From menu bar “PanPhaseDiagram”:

* Load A1Mgzn. tdb following the procedure in Pandat User’s Guide 3.2.1, and select A1

and Mg two components;
* 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;;

Post Calculation Operation:
* Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

* Add text and arrow on the plot following the procedure in Pandat User’s Guide 2.3.3;

Information obtained from this calculation:

* Figure 1.11.3 shows the activities of A1 and Mg as a function of temperature using Liquid
Al and Liquid Mg as reference states;
* Inthe Liquid phase field at high temperature, activities of both A1 and Mg decrease as

temperature decreases;
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* In the Fcc+Liquid two-phase field, the activity of A1 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;

* In the A1Mg Beta+Fcc two-phase field, activities of both A1 and Mg decrease with the

decrease of temperature referto the Liquid Al and Mg reference states;
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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

Thermodynamic and molar volume Database: 21Mg MV.tdb

Batch file: Example #1.12.pbfx

Figure 1.12.1 is the Al1-

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, From menu bar “Property”:

* Load A1Mg MV.tdb following the procedure in Pandat User’s Guide 3.2.1, and select A1

and Mg two components;

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

* Set Calculation Condition as shown in Figure 1.12.2. The property selected is vm (molar

volume) and density;
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Figure 1.12.2: Setup calculation of molar volume and density from pure Al to pure Mg at 300 °C
Calculation Method 2, From menu bar “PanPhaseDiagram”:

* Load A1Mg MvV. tdb following the procedure in Pandat User’s Guide 3.2.1, and select A1

and Mg two components;
* 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, and select Table

Type as "Physical Property"
Information obtained from this calculation:

* 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;

* 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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Figure 1.12.5: The physical_property table showing the stable phases varying with the

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

Thermodynamic and molar volume Database 21Mg MV.tdb

Batch file: Example #1.13.pbfx

Figure 1.13.1 is the A1-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
5004 Fec+Liquid \ Hep+Liquid
Q, —_— SN
® Fcc \
L 4004 @ Hep
2 & =
© | g
— > o
[ = |
o 300 z o
£ =
5 ! <
= 3
200 AlMg_Beta+Fc¢ o AlMg_Gamma+Hcp
=
<
100

s 01 02 03 04 05 06 07 08 09 1
‘3 Al x(Mg) Mg
Figure 1.13.1: Al-Mg binary phase diagram

Calculation Method 1, From menu bar “Property”:

* Load A1Mg MV.tdb following the procedure in Pandat User’s Guide 3.2.1, and select A1

and Mg two components;

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;

Start Point End Point

T(C) T(C)

x(Al) : x(Al)

x(Mg) . x(Mg)

Total: Total: 1

Mumber of steps: Individual Phases Point Calculation

Choose Target Physical Properties for Plot:
Vm

alpha_Vm

density

Vm(@")

density(@")

10 = o =

Figure 1.13.2: Setup calculation of molar volume and density from 0 to 800 °C at a fixed

composition
Calculation Method 2, From menu bar “PanPhaseDiagram”:

* Load A1Mg MV.tdb following the procedure in Pandat User’s Guide 3.2.1, and select A1

and Mg two components;
¢ 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, and select Table
Type as "Physical Property"
Information obtained from this calculation:

* Figure 1.13.3 Calculated molar volume of the system in Al-Mg binary from 0 to 800°C at a

fixed composition

* Figure 1.13.4 is the calculated density which shows the opposite trend as that of the molar

volume;

* 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 0 to 800°C at a fixed

composition
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Figure 1.13.4: Calculated density of the system in Al-Mg binary from 0 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

Thermodynamic and molar volume Database 21Mg MV.tdb
Batch file: Example #1.14.pbfx

Calculation Procedures:

* Load A1Mg MV.tdb following the procedure in Pandat User’s Guide 3.2.1, and select A1

and Mg two components;

* 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 1.1 : Al-Mg Binary Phase

Diagram), then click “Contour Lines” to open the contour line dialog as shown in Figure

1.14.2;
Section (2D) Calculation x
Y-Axis Point
Value Y 21
- T(C) 200 Cancel
(A1) 1 Options
L, Extra Outputs
x(Mg) 0 Qrigin X
. Load Condition
Total 1
Save Condtion
Select Phases
Select Comps
Pseudo [ Contour Lines
Scanline Density: (0 5 Mobile Comps.
Origin Point 4 4 X-Axis Point
Value Value
[ (v} 0 »oTE) o
x(Al) 1 x(Al) o
xMg) |0 (] xMa) |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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* Choose “Density” and click Add. the contour type of density will be added as shown in
Figure 1.14.2, then press OK;

Set Contour Lines

Pre-Defined Contour Types: Properties:

Vm(@*) A Contour Type density OK
density(&@”) Start Cancel
S

ustDm T Step 0.1

Te ype Constraints Contour Constraints

TO

G

s v

Contour Curves:

Name

Contour Type
Contour Type.

Figure 1.14.2: Add “density” contour lines in the "set contour lines" window

Post Calculation Operation:

* 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:

* 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
500 °C.

Module: PanPhaseDiagram
Thermodynamic Database: A1MgZzn. tdb
Batch file: Example #1.15.pbfx
Calculation Procedures:

* Load A1MgZn. tdb following the procedure in Pandat User’'s Guide 3.2.1, and select all

three components;

* 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 1.5 : Isotherm of Al-Mg-Zn at 500°C), then

click “contour Lines”to open the contour line dialog as shown in Figure 1.15.2;

Section (20) Calculation x
Y-Axis Point
Value Y e
» 10  [500 Cancel
w |1
s Extra Outputs
%(Mg) ] Origin X
. Load Condtion
x(Zn) 0
Save Condition
Total 1
Select Phases
Select Comps
Peeude [ Contour Lines
Scanline Density: |0 > Mobile Comps.
Ongin Point ﬂ ﬂ X-Mxis Point
Value Value
» T(C) 500 Y T(C) 500
x(Al) 0 *(Al) 0
xMg) |1 B | Mg 0
x(Zn) 0 x(Zn) 1
4
Total 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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* Choose “User Custom Type” and click AddType in “a (Mg:Hcp)” for the Contour Type

in the “Properties” window as shown in Figure 1.15.2, then press OK;

Set Contour Lines x

Pre-Defined Contour Types: Properties:

a(Mg:Hcp) K

01
Contour Constraints

Contour_a(Mg:Hcp)

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:

* 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:

* 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;

* 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 3.3.5.1;


../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm

53 1 PanPhaseDiagram Examples Examples

&) T=s00C Al

——Phase Boundary
——a(Mg:Hcep)

O A N A 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

Thermodynamic Database: TiN Gas Pressure.tdb

Batch file: Example #1.16.pbfx

Calculation Procedures:

* Load TiN Gas Pressure. tdb following the procedure in Pandat User’'s Guide 3.2.1,

and select both Ti, Ni components;

* 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;

Section (2D] Calculation

‘Y-Axis Paint

boTi)

P{bar}

x(M)

Qrigin X

x(Ti}

Total:

- ==
Scanline Density: |0 o

-
Origin Point L]

A

K-Axis Point

Cancel

Optians
Extra Outputs
Load Condition

Sawve Condition

Select Phases
Select Comps

Contour Lines

Mobile Comps.

Value Value
b TC) 0 bPoTC) ]
P(bar) 1 P{bar) 1
X(M) 0 >} x(N) 1
x(Ti} 1 *(Ti} o
Total: 1 K Total: 1

Figure 1.16.1: Setup calculation for Ti-N binary phase diagram, then click "Contour

Lines"
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* Choose “User Custom Type” and click AddType in “log (P (Rgas) )” for the Contour

Type in the “Properties” window as shown in Figure 1.16.2, then press OK;

Set Contour Lines

*
Pre-Defined Contour Types: Properties:
Cantour Type log(P(@gas)) oK
é” Stop 10
s Step 2
f(@*) Constraints Contour Constraints
HSN(@")
Add Remaove
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 = -30 to 10 with step 2
Post Calculation Operation:
* 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:

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

* 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 N, 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
Thermodynamic Database: ABC. tdb
Batch file: Example #1.17.pbfx
Calculation Procedures:

* Load ABC. tdb following the procedure in Pandat User’s Guide 3.2.1, and select all three

components;
* Perform phase projection following the procedure in Pandat User’s Guide 3.3.6;

* Set 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.

lzotherms

i

OK

Calculate lsotherms: Cancel

Temperature Interval [C]: Options

Extra Outputs
Default Ais Names

X Axis: C) Load Condition

Save Condition
Y Axis: wlA)

Select Phases

Select Target Phase Select Comps

Target Phase: ~ -

Show Results for Subsystems:
Show 3D Diagram:

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

* 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);
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* Rotate the 3D diagram to a position you like;

* 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 () as y-axis, then press Ctrl and select T as z-axis, plot 3D diagram as shown

in Figure 1.17.4;

* 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 “1sotherm”,

* 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
anddragin x (&), 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;

0.5

0.5

X(C) SN

Figure 1.17.2: Calculated liquidus projection of the Al-Mg-Zn system
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Figure 1.17.3: Add a new Table to get the phase boundary data just for the BCC phase
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Figure 1.17.4: Plot 3D diagram for BCC phase only
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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

Thermodynamic Database: Fe Pressure.tdb
Batch file: Example #1.18.pbfx

Calculation Procedures:

* Load Fe Pressure. tdb following the procedure in Pandat User’s Guide 3.2.1;

* Perform a Section Calculation from PanPhaseDiagram, and set the calculation condition

as shown in Figure 1.18.1;

Section (2D) Calculation X
Y-Axis Point
Valus Y
» T 5000 Cancel
P(bar 1 Options
- Extra Quiputs
x(Fe) 1 Origin X
Load Condtion
Total 1
Save Condttion

Select Phases
Select Comps

Stability (J  Pseudo (] Cortour Lines

Scanline Density: |0 5 Mobile Comps

A

-
Origin Point &4

X-Axis Point

Value Value
r T} 0 »oTIC) 0
P(bar} 1 P(bar) 500000
WFe) 1 ¥l xFe) |1
Total 1 Total: 1

K|

Figure 1.18.1: Setup calculation of T-P diagram for pure Fe, x-axis is P and y-axisis T
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;
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Information obtained from this calculation:

* Figure 1.18.2 shows the default plot when calculation is finished, it is T-log10(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;

* From Default table, other plots, such as T-P diagram, can be plotted as shown in Figure

1.18.3;
2400
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§; 1500
o Bcc
—_
2
T 1200 Fec
)
o
£ 900
@
6004
Bcc
3004 Hcp
0 L] T T L] T T T T T T
5 55 6 65 7 75 8 85 9 95 10 105
I 10g10(P)
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



Pandat 2025 Example Book 64

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

Thermodynamic Database: PanTi . pdb(this database is a thermodynamic database for multi-

component titanium alloys which is only available to users who have licensed it.)
Calculation Procedures:

* Load pPanTi .pdb following the procedure in Pandat User’s Guide 3.2.1;

* Perform a Section Calculation from PanPhaseDiagram, and set the calculation condition

as shown in Figure 1.19.1;

Section (20 Calculation *
Y-Axis Point
Value Y
¥ T(C) 1200 Cancel
we(al)  |D Options
- Extra Outputs
w%(N) 0.02 Origin X
Load Conditian
w%(0) 0.1
Save Condition
w%I(Ti} 95.88
Select Phases
5 4
R Select Comps
Total: 100 Pseudo (J Contour Lines
_ Scanline Density: |0 S Mobile Comps.
o (A
Origin Point =4 e K-Axis Point
Value Valus
»T(C) 600 P T(C) 600
wi%(Al} 1] w(Al} 10
we%iN)  |0.02 [} wh(N) 002
W%(0) 0.1 Ww%(0) 0.1
<
we(Ti) 95.88 w(Ti) 85.88
w%I(V) 4 w%(V) 4
Total: 100 Total: 100

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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e Click “Contour Lines” in the dialog shown in Figure 1.19.1, then set the Contour Type as

shown in Figure Figure 1.19.2;

Set Contour Lines X

Pre-Defined Contour Types Properties

Mi*@~} ~ Contour Type fl@Bcc) OK
Vmi{@*) Start 0.1 Cancel
density(@7) 09
:;"ns‘ Step 0.1
T S— | Conssoms  Contour Constrints
Te
TO
G v
Add Remove

Contour Curves:

Name

Contour_f{@Bec)

Stop
Stop value of the contour line.

Figure 1.19.2: Setup contour lines as the fraction of Bcc (B) 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 3 phase. It clearly shows how the fraction of the 3 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 3 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 a+f3 two-phase structure can be read from the contour diagram directly given

a heat treatment temperature;
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Figure 1.19.3: Contour diagram of the 3 phase fraction on the isopleth of Ti-Al-4V-0.10-0.02N

(Wt%)
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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 — Al,CoCrFeNi 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

Thermodynamic Database: PanHEA . pdb(this database is a thermodynamic database for high

entropy alloys which is only available to users who have licensed it.)

| Fec
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Figure 1.20.1: Calculated isopleth of the CoCrFeNi—Al,CoCrFeNi with x=0~2

Calculation Procedures:

* Load panHEA. pdb following the procedure in Pandat User’s Guide 3.2.1;

* Perform a Section Calculation from PanPhaseDiagram, and set the calculation condition

as shown in Figure 1.20.2;

* Click “select Phases” and set status of each phase as shown in Figure 1.20.3;
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* Click “Ccontour 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;

* 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 (20 Calculation *
‘Y-Axis Point
Value Al oK
Cancel
() 1600 I
X% (Al) 0 Options
.. Extra Outputs
x%(Co) |25 Qrigin X
Load Condition
x%(Cr) 25
Save Condition
x%(Fe) 25
Select Phases
20 (Mi 25
EE0D) Select Comps
¥ Total: 100 Peeudo (J Contour Lines
I o B e
Origin Point ﬂ ﬂ X-Axiz Point
Value Value
T(C) 500 TiC) 500
*%(Al) 0 *%(Al) 332
x%(Co) |25 [} x%(Co)  |167
x%(Cr) 25 x%(Cr) 16.7
[{]
x%(Fe) 25 x%(Fe) 16.7
x%(Ni) 25 x%(Mi) 168.7
b Total: 100 P Total: o0

Figure 1.20.2: Setup calculation for the isopleth CoCrFeNi—Al,CoCrFeNi
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Suspended Phases (42). Dormant Phases (2): Entered Phases (2):

ALSCO2 Bcc Liguid Cancel
ALSCR4_H
ALSCR4_L

ALSFENI Sus/Ent All
ALCRZ2

ALCU_EPSILON1
BCC_A12
BCC_B2
CHIA12

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

Set Contour Lines X Set Contour Lines X
Pre-Defined Contour Types: Properties: Pre-Defined Contour Types: Properties:
Mee) Contour Type DF(@1B2) 3 M) Gontour Type: DF(@1Bcc) €3
vm(@) Start Cancel Vm(@) Start Cancel
density(@) Stop density(@) Stop
- 2000 " step 500
T — Cacstraints Contour Conakralints s — Constaints Gomlous Gonstrointy
Tc Te
TO To
o s
Add Remove Add Remove

Contour Curves:

[ame

Contour_DF(@182)

Step

Step value ofthe contour lines. Step value of the contour lines.

Figure 1.20.4: Setup calculation of driving Figure 1.20.5: Setup calculation of driving

force contour lines for B2 phase force contour lines for Bcec 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;
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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

Bcc will be plotted;

* To merge the two plots together by choose one of the diagram, say the one with Bcc
contour lines, to be shown in the main display window, then single click Table-
>Contour DF (@!B2) table, drag x% (A1) 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: Becc
Green line: B2 ——— e __ 2000

—_——

1500

1300

1100+

Temperature [C]

900 +

700+

500

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

Thermodynamic and property Database: A1Ni U.tdb

Batch file: Example #1.21.pbfx

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 “A1Ni.tdb” is included in the Pandat example folder. A batch file “Example
#1.21.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 V,,,. It should emphasize

again that U can be any property.
Calculation Procedures:

* Load 21Ni U. tdb following the procedure in Pandat User’s Guide 3.2.1, and select both

components;

* Pop out dialog for Section (2D) Calculation, then click “Contour Lines” to open the

contour line dialog as shown in Figure 1.21.2;
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* Choose “User Custom Type” and click AddType in “U” for the Contour Type in the

“Properties” window as shown in Figure 1.21.2.

* Click OK and perform calculation. The obtain diagram with labeling is shown as Figure

1.21.1.

Figure 1.21.1: Al-Ni binary phase diagram with the calculated contour lines of molar
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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
Thermodynamic Database: A1Mgzn. tdb
Batch file: Example #1.22.pbfx
Calculation Procedures:
* Run through a windows (.bat) file, double click the Example #1.22.bat;

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

| Start console mode | Full path of Pandat™
executable file (.exe)

I

start | “Pandat — Silent Mode” | | “C:\...\Pandat.exe” | “AlMg.pbfx”
- - ~ Output level "
| D:\console_working_folder | 0: Less Batch file
| 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 2025 is: “C: \Program

Files\CompuTherm LLC\Pandat 2025\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
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graph files are generated if the working folder is not given. This 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 “A1Mg 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.

* 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 by setting pattern composition range and
steps.

Module: PanPhaseDiagram

Thermodynamic Database: A1Mgzn. tdb

Calculation Procedures:

* Load A1Mgzn. tdb following the procedure in Pandat User's Guide3.2.1, and select all

three components;

* Choose the HTC function from the menu "Batch Calc - High Throughput

Calculation (HTC)" (asshown in Example 1.23).

Eatch Calc | PanPhaseDiagramm  PanPrecipita

& Batch Run
Fun All Batch in Folder

Load Condition

Save Condition as a Batch File

Create a Mew Batch
Edit a Batch File

High Throughput Caleulation (HTC) I

Result Analysis
Join Analysis Reports

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

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

High Throughput Calculation *

Choose Calculation Type: QK
v Cancsl

Figure 1.23.2: Dialog to choose calculation type of HTC
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* 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 setting the composition pattern, user can also export these HTC alloy composition to
a file by clicking the small icon marked with red square in Figure 1.23.3 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 Compaosition £
Start End # Steps SrollE
T(C) 1000 1000 0 Camnce
wh(Al) -1 K -1 Optians
Extra Outputs
w2%(Mg) 1 30 29
P w%(Zn) 1 30 29
Select Phases
Select Comps
[ Import Alloys
Solidification Model
© Non-equiibrium {Scheil) () Equilibrium {Lever)

Start simulation from liquidus surface u
End when no more liquid &
T_End [C] 0

Max Temperature Step Size [K]: 4

Figure 1.23.3: Dialog to setup compositional space for HTC

* 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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* 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

4! Batch Run
Run &ll Batch in Folder

Load Condition

Save Condition as a Batch File

Create a Mew 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

* 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 D:\Demo'\ExampleBook_HTC\ExampleBook_HTC pndx Cortinue
Target Cancel

Workspace

There are 500 calculations for analysis.

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

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

Target Workspace: | D:\Demo\ExampleBook_HTC\defaul Analyze
Cancel

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

‘D:\Demo\&ampleBook_HTC\defauh\Sohddlcat\on Simulation’\ Table"\Default table ~ ‘

Common Columns for the Target Table: (drag and drop to change the oder) | seliciraAll |

-1 [ _tot(@AIMg_Beta) [ f(@Hcp)

o [ tet(@C14) [ wiAl)

Ofs L f tot(@Mg2Zn11) @ wiMg)

[ phase_name () f_tot(@Hcp) 8 wizn)

da (O f(@Liquid) Oa

(L] H_Latent (] fi@Fcc) [BEL

O Het Of@T Amgzn) [0 xMg)

(O £ _tot(@Liquid) [ f(@AMg_Beta) O xizn)

(O tot{@Fcc) O f@c12y 0 Label

[ tot(@T_AMgZn) [ f@Mg22n11)

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

[fi=10 ] [insert Text
f1=1.0

2. Get Min/Max Value from Selected Row (choose a template text and insert)
T-MIN(T) || Insert Text |

Examples 8 Empty Row Between Resulis

1. finding the rows with values in a cerain range: fl < TOAND fl > 0.9;
2. finding the row with minimum T with T=MIM(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 Figure 1.23.6, this criterion is f =1, i.e. the
fraction of liquid is 1. With this filter, only the row satisfies this criterion will be listed in the
“Analysis Report”. It should point out that several criteria can be set 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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g E TL.report
CalculationName AlloyChemistry T w(MG@LIQUID) w(ZN@LIQUID)
c v % % |
1 solidification_default 9BAL+IMG+1ZN inw% | 6535360 1.000000 1.000000
2
3 solidification_default_1 97AL+IMG+2ZN inw% | 651.6410 1.000000 2.000000
4
5 solidification_default_2 GBAL+TMG+3ZN inw% | 649.7380 1.000000 3.000000
6
7 solidficaton defaut 3 SAL-IMG-4ZNmw? 6476280 1000000 4000000
8
9 solidification_default_4 G4AL+IMG+EZN inw% 6459110 1.000000 5.000000
10
11 solidification_default 5 9IAL+IMG+BZN inw% | 643.9860 1.000000 6.000000
solidification_default_6 GAL+IMG+7ZN inw% | 642.0550 1.000000 7.000000
solidification_default 7 9TAL+IMG+BZN inw% | 640.1160 1.000000 8.000000
solidification_default_8 GOAL+TMG+9ZN inw% | 638.1630 1.000000 9.000000

10

CEBBEYNBRRRBREEBsadan R e

15

solidification_default_10 G7AL+2MG+TZN inw% 6484620 2000000 1.000000
solidification_default 11 96AL+2MG+2ZN inw%  646.5690 2.000000 2.000000
solidification_default_12 95AL+2MG+3ZN inw% |644.6700 2000000 3.000000
solidification_default_13 G4AL+2MGHZN inw3% | 6427640 2.000000 4.000000
solidification_default_14 93AL+2ZMG+EZN inw% | 640.8510 2.000000 5.000000

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 run high throughput calculation by importing alloy Compositions.
Module: PanPhaseDiagram

Thermodynamic Database: A1MgZzn. tdb

Calculation Procedures:

* Load A1MgZn. tdb following the procedure in Pandat User’'s Guide 3.2.1, and select all

three components;

e Start the HTC function from the menu "Batch Calc - High Throughput

Calculation (HTC)" Thenchoose “solidification” as calculation type.

* 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).
* Click the “Run HTC” button perform HTC simulations

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

. High Throughput Calculation (HTC): Pattern Compositions
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Solidification Simulation

Liquid Compesition

Start End # Steps
P TIC) 1000 1000 0
w%(Al) 0 01 10
w%(Ma) 0 01 10
w%I(Zn) 0 0.1 10

Solidffication Model
© Non-equilibrium (Scheil)

() Equilibrium (Lever)

Start simulation from liquidus surface (]
End when ne more liquid @
T_End [C]: ]

Max Temperature Step Size [K]: 4

X

Run HTC
Cancel

QOptions
Extra Qutputs

Select Phases

Import
B Import Alloys

Solidification Simulation x

Liquid Composition

Solidfication Model
O Non-equilibrium (Scheil)

Start End # Steps Run HTC
TI(C) 1000 1000 0 Cancel
w(Al) 0 0.1 10 Options
Extra Qutputs
w(Mg) 0 0.1 10
w%(Zn) 0 0.1 10
Select Phases

100 Imported

B import Aloys

() Equilibrium (Lever)

Start simulation from liquidus surface (]
End when ne more liquid &
T_End [CL ]

Max Temperature Step Size [K]: 4

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

file

Please refer to the Pandat User’'s Guide 1.1 10.1 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

Thermodynamic Database: PanMg . pdb(this database is a thermodynamic database for multi-

component magnesium alloys which is only available to users who have licensed it.)

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 (ZPF) 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. In Pandat , The ZPF line the liquid phase can be output through function "f

(@Liquid) = 0" in the table.
Calculation Procedures:

* Load PanMg.pdb following the procedure in Pandat User's Guide 3.2.1, and select

components: Al, Fe, Mg, Mn, Zn;
* Perform 2D calculation following the procedure in Pandat User’s Guide 3.3.3;

e Set Calculation Condition as shown in Figure 1.25.1;
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Post Calculation Operation:

* Add a new Table as shown in Figure 1.25.2 to get the ZPF line data of the liquid phase (£
(@Liquid)=0);

* Plot the ZPF line data in the added table into the default graph following the procedure in
Pandat User's Guide 2.4.3;

* Label phase field following the procedure in Pandat User’s Guide 2.3.3;

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

Section (20) Calculation X
Y-Axis Point
Valuo ¥
r T 600 Caneel
Plbar) 1 Options
. Extra Outputs
w(Al) 9569 Qrigin X
Load Condition
w%(Fe) 03
Save Condtion
w%(Ma) 3
Select Phases
o
el B ! Select Comps
%z 0.01 i
wrii(zn) Stabiliy [J  Pseudo [J Couts Ly
Total 100 Scanline Density: |0 > Mobile Comps
- (A
Origin Point L] - X-Axis Point
Value Value
o TC) 300 FTC) 300
P(bar) 1 P(bar) 1
wB(Al) 95.60 (2] wh(Al) 82
w%(Fe) 03 w%(Fe) 0.01
<]
w%i(Mg) 3 w%(Mg) 90.58
w%{Mn) 1 W%(Mn) 0.2
w%(Zn) 0.01 w%(Zn) 1
Total 100 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

Table Editor %
Table Type: Default w Table Name:  generated —
Columns Cancel
P wiMg)
Clear All
PCY T =
f{@Liquid)=0 Original Strs
P(@gas)
(2]
o) —

Figure 1.25.2: Output the ZPF line data of the liquid phase

Information obtained from this calculation:


../../../../../Content/2_Get Started/3_Graph/3.3_Icons-for-Graph.htm
../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm

Pandat 2025 Example Book 84

* The obtained phase diagram is shown in Figure 1.25.3. To prevent partial melting during
the friction-stir welding process, the local temperatures in the welding zone must be
maintained below the threshold indicated by the red line. In this case, the minimum

temperature to avoid such melting is 435.7 °C.

¢ Different intermetallic phases may form in the joining zone: The AlsMg, phase with some
AlgMn precipitate near the Al alloy side, and Mg47Al4> phase with minor precipitation of

Al4Mn near the Mg alloy side.

* A similar approach can also be applied to analyze interactions between other materials,

such as coating/substrate reactions.

500

Aly;Fe+AlMn+Liquid

AlgMn+Fcc+Liquid

N
Al;gMg;Mn,+AlMn
+Fcc+Liquid

Al ;Mg +AlsFe,
+Al,Mn+Liquid
|
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Al;gMg;Mn,+AlMg,
+AlMn+Fcc Al;pMgy7
AlgMn+Fcc +Al;Mg, £
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Figure 1.25.3: The vertical phase diagram from AA5454 to AZ91 with phase field labels (The

phase fields including Liquid phase are labeled as red)
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Example 1.26 Calculation of Open Circuit 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 circuit voltage curve of an

alloy system for battery application.
Module: PanPhaseDiagram
Thermodynamic Database: .iSn. tdb
Batch file: Example #1.26.pbfx

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 circuit 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 circuit voltage curves directly from PanPhaseDiagram module and compare with
experimental data. In an alloy system, the equilibrium open-circuit voltage E is associated with

oref

chemical potential through the Nernst equation: 1z — py; - = —nFE | Fis Faraday’s constant,
94685 Clvolt. In this example of Li-Sn system, n = 1, then B = —(uz; — p2*)/F . At 688 K, Li
and Sn are in liquid state, so the reference state is liquid Li.

Calculation Procedures:

* Load Lisn. tdb following the procedure in Pandat User’s Guide 3.2.1;
* Perform line (1D) calculation following the procedure in Pandat User’s Guide 3.3.2;

* Set the calculation conditions 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, topureli, i.e. x(Li) = 1. The Number of steps is set to be

100;
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Line Calculation *
Start Point End Point
Value Valus K
T(K) 688 bOTK) 688 Cancel
x(Li) 1] x(Li) 1 Options
Extra Outputs
%(Sn) 1 *%(Sn) o
Load Condition
b Total: 1 5] Total: 1
Save Condition
<] Select Phases
Select Comps
Mabile Comps.
Number of steps: | 100 EI O Individual Phases

Figure 1.26.1: Line calculation conditions setting

* Set “Extra Outputs table”: In order to output the open-circuit 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
Qutput Tables:

Table Name Source Columns Edit
Default Default T.P.phase_namex(*):f{@ ).G(@* ) Gw(*}n_kg...

Figure 1.26.2: Dialog to set Extra Output

* 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. . Then, we add another quantity -mu
(Li:Ligquid[Li]) /96485 which is equivalent to in this system. The quantity x (L.1) /x
(sn) represents the y in Linn system. The settings are shown in Figure 1.26.3. After

setting the table editor, click OK;
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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 component in system with given

reference state. Some simple calculations are also applied in the table setting, such as -

mu(Li:Liquid[Li])/96485and x (Li)/x (Sn) inthis example.

Table Editer

Table Type: | Default ~

G_id(@)

H_id(@")

S_d(@7)

G_ex(@)

H_ex(@7)

S_ex(@”)

Cp(@)

mul* &)

ri*:Liquid[*])

Gi:Liquid[“Ty

muf*@*:Liquid[])

H{"@":Liquid[“Ty

S¢@"Liquid['])

tieline

struct{@*)

dGdy("@&)

L

®
Table Name: | generated 0K
Columns Cancel
T
) Clear Al
N Original Strs
®(LIx(SN)

mu(LI:LIQUIDILI)
-mu(LI:LIQUID[LI/95485

phase_name

- I

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[*])

Double click to enter edit mode;
In edit mode, press "Ctrl"+'m’ to show list of
Math functions...

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
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* 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;

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

Set Extra Outputs

Tables Graphs

Extra Graphs:

¥

Graph Name Graph Type # of Plots

Edit

Figure 1.26.4: Dialog to set Extra Graph Output

*

oK
Cancel

Graph Options

muiLl:LiguidLI

phase_name

Figure 1.26.5: Output Graphs options interface

Post Calculation Operation:

* Rescale the axis, and edit the axis title.

Table Source: |generated w Graph MName: O Triangle?
Available Columns: Plots: ‘g‘ x
T{ : X Axis Y Axis Source

e

*(LI)x(SN) x(LIix(SN) “mu(LlLiquidLI9...

oK
Cancel

After the calculation, the calculated open circuit voltage curve of Li-Sn system is shown in

Figure 1.26.6 with the default settings. Set the x-axis range from 0 to 6, and obtained as

shown in Figure 1.26.7
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N o o
IS o ©
I | 1

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

0

0 50
& LI

100

x(LI)/x(SN)

150

Figure 1.26.6: Calculated open circuit voltage curve of Li-Sn system

1

-mu(LI:LIQUIDILI])/96485

<
N
|

o

o

2 3

x(Li)/x(Sn)

Figure 1.26.7: Calculated open circuit voltage curve of Li-Sn system: Rescale x-axis of x(Li)/x

(Sn)to 0-6
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* 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;

* 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 axisas (E vs E;; ) / V. The final produced figure is

shown in Figure 1.26.9.

Setup Plot x

Choose Data Source
(Check this option to import data from clipboard oK

(W) & or press buttom below to import data from a table file )
Cancel

Import a Table File |D'\_Work\.'i_CaIculatmnsﬂ_Pandat\ExampleEnok\2020\L|5r\_Example\hSn_ExampIe\default\hna_G\|

Available Columns New Plots: S
m_LixSn ] X Axis Y Axis Source
xLIx(SN)fmole/mols]  -mu(LILIQUIDILINGE..  gsnerated
LixSn[] E_Li[V LiSn.table ;

Figure 1.26.8: Setup Plot, add the experimental data into generated figure

——Calphad Calculation
o Experimental data

(E vs. E,)V

o)

0

0 i 3 3 7
o x(Liy/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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Example 1.27 Para-equilibrium Phase Diagram

Purpose: Learn to perform phase diagram calculations in para-equilibrium condition with fast

diffusion elements.

Module: PanPhaseDiagram
Thermodynamic Database: FeNiC. tdb
Batch file: Example #1.27.pbfx

Background: In certain systems, some interstitial elements, such as C and N, diffuse much
faster than others. Therefore, those elements can be treated as “mobile” components, while the
others are treated as immobile components. The common case is the austenite to ferrite reaction

in steels by a rapid carbon-diffusion controlled process.
Calculation Procedures:

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

* Perform a Section Calculation from PanPhaseDiagram, and set the calculation condition

as shown in Figure 1.27.1;
* Click “Mobile Comps.”, set“C” the mobile component as shown in Figure 1.27.2;

* After properly selected the C as mobile component, then click OK, it returns to the
calculation condition window as shown in Figure 1.27.3. The mobile element highlighted

with orange color.


../../../../../Content/3-PanPhaseDiagram/2_Thermodynamic Calculations/1_Load Datbase.htm
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Section (2D} Calculation >
Y-Axis Point
Value Y o
TIK) 1000 =
b x(C) 0.05 Options
i Extra Cutputs
x(Fe) 0.95 Origin X
Load Condition
x(Ni) ]
Total: 1
Select Comps
Peeudo []
Scanline Density: |0 1| [ Mobile Comps. |
Origin Point @ @I H-Axis Point
Value Value
b TK) 1000 T(K) 1000
x(C) ] F x(C) 0
x(Fe) 1 lEI x(Fe) D.95
x(Ni) 0 @ x(Ni) 0.05
Total: 1 Total: 1

Figure 1.27.1: Normal 2D calculation of an isotherm of Fe-Ni-C at 1000 K

Set Maobile Components d

Selected Components:
Compaonent | Mobile?

Figure 1.27.2: Set mobile components
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Section (2D} Calculation

H >

Y-Axis Point
Value Y
T(K) 1000 Cancel
N — o
- Extra Outputs
x(Fe) 0.95 Drlgln X
) Load Condtion
x(Mi) ]
Save Condtion
Total: 1

Select Phases
Select Comps

P=eudo |:|
Scanline Density: [0 EI I Mobile Comps. |
Qrigin Point IEI @I X-Axis Point

Value Value
POTK) 1000 T(K} 1000
x(Fe) 1 IEI x(Fe) 0.95
x(Ni} 0 @ x(Ni} 0.05
Total: 1 Total: 1

Figure 1.27.3: Calculation condition of para-equilibrium isothermal section of Fe-Ni-C at 1000 K
Post Calculation Operation:

* Add tie-lines and 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;

* The Para-equilibrium isothermal section is shown as Figure 1.27.4


../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
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Fp

0.04
N\ 0.03
@)
Nt Fcc
.\r
0.02
Beg+Fce
0.01
Bcc
0 — Ay Ay a3 as
0 0.01 0.02 0.03 0.04 0.05
Fe X(Ni)

Figure 1.27.4: Calculated para-equilibrium isothermal section of Fe-Ni-C at 1000 K
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Example 1.28 Calculation of Ty curve

Purpose: Learn to calculate the T curve between two phases.
Module: PanPhaseDiagram

Thermodynamic Database: A1MgZzn. tdb

Batch file: Example #1.28.pbfx

Background: T curve is the trace of a series of points in a two-phase field at which the Gibbs
energy of the two phases are identical. It is the limit of partitionless phase transition, such as
martensite transformation. In this example, we will learn how to calculate the T curve between
two solution phases. The T curves between Hcp/Liquid and Fcc/Liquid are used as example in

this case.
Calculation Procedures:
* Load A1MgZn. tdb following the procedure in Pandat User’s Guide 3.2.1;
* Perform section (2D) calculation following the procedure in Pandat User’s Guide 3.3.3;

* Set the calculation condition as shown in Figure 1.28.1; This is a normal setting for phase

diagram calculation as shown in Example 1.1 : Al-Mg Binary Phase Diagram

e The Contour Lines function is used to calculate the Ty curve, click the “Contour Lines”
icon, the “Set Contour Lines” window pop up as shown in Figure 1.28.2 . Add the TO as the
Contour Curves, select “Phase Name” as “Liquid”, and the “Phase Name #2” as “ * 7,
Pandat will calculate the Ty curve between liquid and all solid solution phases. In this

example, they are Fcc in Al side, and Hcp in Mg side .


../../../../../Content/3-PanPhaseDiagram/2_Thermodynamic Calculations/1_Load Datbase.htm
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Section (2D) Calculation *
Y-Axis Point
Value Y o3
£ T(C) 800 Cancel
x(Al} 1 2T
L. Extra Outputs
x(Ma) 0 Origin X
Load Condttion
Total: 1

Pseudo [
Scanline Density: |0 El Mobile Comps.

Origin Point @ @I

X-Axis Point
Value Value
» T(C) 0 > T(C) o
(AL} 1 x(Al} o
*(Ma) o @ *(Ma) 1
Total: 1 Total: 1

-

Figure 1.28.1: 2D calculation with composition from pure Al to pure Mg and temperature from

0°C to 800°C
Set Contour Lines x
Pre-Defined Contour Types: Properties:
ThRss(@") Phase Name Liquid oK
User Custom Type Phase Name 72 | - Cancel
e Step 0.1

G

s
fi@)
HSN(@")

Phase Name #2
Target phase name #2 for T0 curve.

Figure 1.28.2: The Set Contour Lines window

Post Calculation Operation:

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

* Add Label to the graph following the procedure in Pandat User’'s Guide 2.3.3;


../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
../../../../../Content/2_Get Started/3_Graph/3.3_Icons-for-Graph.htm

97 1 PanPhaseDiagram Examples Examples

600

400

O

|_

200
0 T T T T
0 0.2 0.4 0.6 0.8 1
‘3 Al x(Mg) Mg

Figure 1.28.3: The calculated Al-Mg phase diagram together with T curves of Fcc/Liquid and

Hcp/Liquid
Information obtained from this calculation:

* The TO curves in Al-Mg system between Fcc/Liquid and Hcp/liquid are obtained.
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Example 1.29 Material to Material Calculation: Friction-stir welding between
AA5454 Al alloy and AZ91 Mg alloy

Purpose: This example demonstrate the material to material function in Pandat software. The

calculation conditions are the same as Example 1.25 .

Module: PanPhaseDiagram

Thermodynamic Database: PanMg . pdb(this database is a thermodynamic database for multi-

component magnesium alloys which is only available to users who have licensed it.)
Calculation Procedures:

* Load PanMg.pdb following the procedure in Pandat User's Guide 3.2.1, and select
components: Al, Fe, Mg, Mn, Zn;
* Perform Material to Material calculations through the menu bar "PanPhaseDiagram -

Section Calculation: Material to Material";

* Set Calculation Condition as shown in Figure 1.29.1 The left edge material is defined as
AA5454: Al-3Mg-1Mn-0.3Fe-0.01Zn(wt.%); the right edge material is AZ91: Mg-8.2Al-1Zn-
0.2Mn-0.01Fe (wt.%). The temperature range is from 300 °C to 500 °C. Note that, instead
of manually entering the composition, users can directly select the material from the
Materials Chemistry Database (DB) if it has been saved, as described in Pandat User's

Guide: Material-to-Material Calculation 3.3.6.
Post Calculation Operation:

* Add a new Table as shown in Figure 1.29.2 to get the ZPF line data of the liquid phase (£
(QLiquid) =0);

* Plot the ZPF line data in the added table into the default graph following the procedure in
Pandat User's Guide 2.4.3;

* Label phase field following the procedure in Pandat User’s Guide 2.3.3;

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


../../../../../Content/3-PanPhaseDiagram/2_Thermodynamic Calculations/1_Load Datbase.htm
../../../../../Content/3-PanPhaseDiagram/3_Tutorial/3_Material to Material Calculation.htm
../../../../../Content/3-PanPhaseDiagram/3_Tutorial/3_Material to Material Calculation.htm
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Section (2D) Calculation - Material to Material >
Y-Axis Material: AA5454 = &
Value Y
Cancel
P oT(C) 500 ane
P(bar) 1 Options
. Extra Outputs
w%(Al) 9569 Drlgln X
) Load Condition
w%(Fe) 03
Save Condtion
w%(Mag) 3
Select Phases
g 1
w(Mn) Select Comps
Yl 2l 0.01 :
w%(Zn} Stability (] Pseudo 0 Contour Lines
Total: 100 Scanline Density: m Mobile Comps.
[\ A
Origin Material: AAS454 B & ¥-Axis Material: AZL91 B | &
Walue Value
P T(C) 300 o T(C) 300
P(bar) 1 > P(bar) 1
w(Al) 95.69 wa(Al) 8.2
w(Fe) 03 « w%(Fe) 0.01
w%(Mg) 3 w%(Mg) 90.59
w%(Mn) 1 w(Mn) 02
w%(Zn) 0.01 w(Zn) 1
Total: 100 Total: 100

Figure 1.29.1: Set material to material section calculation conditions

Table Editor X
Table Type: Default ~ Table Name:  generated oK
Columns Cancel
P w(AZI1)
T Clear All
P
- f{@Liquid)=0 Original Strs
P{@gas)
*
log 10(F)

Figure 1.29.2: Output the ZPF line data of the liquid phase
Information obtained from this calculation:

* The obtained phase diagram is shown in Figure 1.29.3. The weight percent of the material

AZ91 is used as X-axis. This figure is similar to the Figure 1.25.3 in Example 1.25 where

the weight percent of element Mg is used as X-axis.
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e To prevent partial melting during the friction-stir welding process, the local temperatures in
the welding zone must be maintained below the threshold indicated by the red line. In this

case, the minimum temperature to avoid such melting is 435.7 °C.

¢ Different intermetallic phases may form in the joining zone: The AlsMg, phase with some
AlgMn precipitate near the Al alloy side, and Mg47Al{5> phase with minor precipitation of

Aly4Mn near the Mg alloy side.

* A similar approach can also be applied to analyze interactions between other materials,

such as coating/substrate reactions.

500
Liquid+Al,,Fe,+Al,Mn
Liquid+AlMn+Fee\  \oal'nt
Al - Liaue Liguid+Al,,Fe,
450 7
Al,gMg;Mn,+Al,Mg,
+Al;Mn+Fcc S ———
Al6Mn+Fcg =
I
S| 5| AlMg,+AlFe,
—_ ? o, +Al,Mn+Hcp
O, 400 5T
= 2 \ls
E sl = 2 Al4Mn+Hep
= < <
<C +
+ c
£ =
e
350 Al3Mg2+Al6Mn+Fcc + 2
> o
=| =
I %
<_; = Al12Mg17+Al4dMn+Hcp
300 : ‘ ‘ T
0 20 40 60 80 100
&A5454 W%(AZ91) AZ91

Figure 1.29.3: The vertical phase diagram from AA5454 to AZ91 with phase field labels (The

phase fields including Liquid phase are labeled as red)
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Example 2.1 : Parameter Optimization for the Fe-Cr-Ni Ternary System
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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

pop file: 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-Cr-Ni x o~ Tie lines in this work
900°C » Point probes in this work
Fe Ni
Figure 2.1.1: Experimentally determined Fe-Cr-Ni isothermal section at 900 °C
Prepare file:

* Prepare the database file and pop following the procedure in Pandat User's Guide: Step 1:

Prepare Files 4.3.1;


../../../../../Content/4-PanOptimizer/3_OptimizationProcedures/1_Step 1_ Prepare Files.htm
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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 themidpoint 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:

* Load the database and experimental files (tdb and pop files) following the procedure in

Pandat User's Guide 4.3.1 ;

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:
300.00 m
w
2
S ' \
g 2000 A
—
5 N—
E
=
0 100.00
0.00
0 20 40
Window (Number of Function Calls)
Optimizing Parameters Optimization P =
Ottt a0 [Theon | [ An
(® Bounded Done

Figure 2.1.2: PanOptimizercontrol interface for optimization setting
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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 using more complicated model to describe the corresponding

phases.

0 02 0.4 0.6 08 1
Fe X(Ni) Ni

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

data
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85 Model Parameters — [m] X
Mame [ Low Bound Up Bound Value Default Value Std. Deviation Relative 5.0
. BcCT.. | [ |-50.0000 50,0000 241670 5.1270 25.88%
SIGMAD...
SIGMAT...

SeveTDB || SethsDefah  GetDefak  lnckde | B

Figure 2.1.4: Optimization results



3 PanEvolution/PanPrecipitation
Examples

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

Example 3.2 : TTT diagram of Ni-14Al (at%) Alloy

Example 3.3 : Co-precipitation of y' and y" in Ni-Al-Nb Ternary

Example 3.4 : Simulation of Hardness of Aluminum Alloy 6005

Example 3.5 : Simulation of Softening of Aluminum Alloy 6005

Example 3.6 : Simulation of Yield Strength of Aluminum Alloy 356

Example 3.7 . CCT diagram of Ni-14Al (at%) Alloy
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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: PanEvolution

Thermodynamic and Mobility Database:A1Ni Prep.tdb
Kinetic Parameters Database: Ni-14A1 Precipitation.kdb
Batch file: Example #3.1.pbfx

Calculation Procedures:

* Create a workspace and select the PanEvolution module following Pandat User’s Guide

2.1;
* Load A1Ni Prep.tdb following the procedure in Pandat User’s Guide 3.2.1;

* Click on PanEvolution/PanPrecipitation on the menu bar and select "Load KDB or
EKDB", then selectthe Ni-14A1 Precipitation.kdb, a dialog will pop out as shown in
Figure 3.1.1. This dialog shows the key information stored in the Ni- 14A1
Precipitation.kdb, i.e, the matrix phase is Fcc, and the precipitate phase is L12

FCC;

* Click menu "File - Open File" to open the Ni-14A1 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 Section 5.3.;

* Click on PanEvolution/PanPrecipitation on the menu bar and click "Precipitation
Simulation". A dialog will pop out as shown in Figure 3.1.1, 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; Add Intermediate PSD

outputs at 1 hour, 10 hours and 50 hours.


../../../../../Content/2_Get Started/1_Workspace.htm
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Select Alloy Parameters X
Defined Alloy Parameters: Matrix Phase:
NI-T4A1_K oK
Clear Al

Filter:

Precipitates: View Parameters

Figure 3.1.1: Loading the Ni-14Al_Precipitation.kdb

&3 Pandat Software by CompuTherm, LLC

File Edit View Databases Batch Calc

e HH D

E-§ Loaded Databases
g3 Thermodynamic or Mobility
3
(g Precipitation

[
gl Solidification
4ol Phase Field

ShowTabs False

=4 0 XIB

= O x

I

/Header>

— </ParameterTable >

20 -

31

Property Table Graph  Help

Helml @k AL ET 2

2xml versiom
PEREC versic:

Header copyright="CompuTherm, LLC">
<!-- Kinetic Database of PanPrecipitation for Precipitation Simulations —>
<Application name="PanPrecipitation” version="1.0"

<Alloy name="NI-14Al_RWN">

<MatrixPhase name="Fcc">

<ParameterTable type="kinetic" name="Parameters for gamma"s
<!-- Using Standard Unit ——>
<Parameter typs="Molar Velume" valus="7.lE-6" description="Molar Volume" />

<FrecipitateFhase name="L12Z_FCC" model:
<ParameterTable type="kinetic" nam
<!-- Using Standard Unit —->
<Parameter type="Molar Volume" value="7.1E-6" description="Molar Volume" />
<Parameter type="Interfacial Energy" value: Interfacial Energy” />
" description="Atemic Spacing" />
0.001" description="Nucleation Site Parameter" />
" description="Driving Force Facter" />

EWN" morphology="Sphere" nucleation="Modified Homo" growth="SFFK">

Zarameters for Gamma prime">

<Parameter type="Atomic_Spacing” value=
<] type="Nucleation_Site_]
<Parameter type="Driving_Force_Factor” valu
</ParameterTable >
</PrecipitatePhase >

</MatrixFPhase >

</Alloy >

Figure 3.1.2: Parameters defined in the Ni-14Al_Precipitation.kdb
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Precipitation Simulation X

Alloy Composition
Value Thermal History: O use Rate? b= COKE‘ ‘
(Al 014 timefhour] TemperaturelC] =ne
0.000000 550.00 Options
x(Ni) 086
100.000000 55000 | ExraOutputs
b Total 1
0.000000 090 pad Conation
Save Candtion
Select Comps
Parameters
=5 Load Chemistry
g Save Chemistry
£ 550
@O
2
540
0 50 100
time[hour]
Intermediate PSD Outpuits: o 3
Initial Structure
time Jr]
Equil. Calculation O Temp.[Cl:  -2000  (Equilibrium phases will not evolve) ]
Define through GUI O SetInitial Structure ;g
Import from "ini' file O
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

Post Calculation Operation:

Right click the Default graph and rename it as V£;

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-14A1 Exp.dat;

Open the Size graph, single click the Ni-14A1 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;
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* Create a new table as shown in Figure Figure 3.1.9, select psd as the Table Type; select
the psd s (L12 FCC) andthe psd nnd(L12 FCC) two columns to create a new plot as

shown in Figure 3.1.10;

Table Editor

Table Type: | Default - Table Name:  generated
time: Columns Cancel
log10¢time) t/3600
I+ ~  |si@L12_FCoyted
- Original Strs
I wit

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)

‘ Table Type: | Default - Table Name:  generated
time Columns Cancel
| log10¢time) log10¢time./60) l
. # | lbg10hd(@L12_FCCy1e-61 [ Cearn | |
- Original Strs
wit
|

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

{3 Pandat Software by CompuTherm, LLC - o x
File Edit View Databases Batch Calc i i ipitation ptimizer  PanDiffusion  PanSolidfication  PanPhaseField  Property Table  Graph  Help
HEIEHE A= sDOXIBEINANERARAEEIHEEMBIEF A AN BESe B  kiE Ik ADDEL 2

o B B eneratedtable X

time s(@L12_FCC)

hour ~ nanometer v

2 [12231836-010 [0.000000
7339100E-010 |0.000000

o 4 [3791868E-000 |0.000000
| 1.908165E-008 |0.000000

9.553062E-008 |0.000000
7 |4777754E-007 [0.000000
2.383099E-006 |0.000000

o [1.194512E-005 |0.000000
0 |5.972572E-005 |0.000000

11 0000289 0.000000
12 0001483 0.000000
13 0007466 0.258607
14 0014931 0.269883
15 0036053 0285502
16 0049555 0303433
17 0067716 0338013
18 0082580 0401934
19 0126502 0525389
20 |0.172835 0694793
21 |0.238567 0.891838

Figure 3.1.6: Import an experimental data table from a file
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s(@L12_FCC)*1e9

20 40 60 80
/3600

Figure 3.1.7: Plot of size evolution with experimental data

30

204

log10(nd(@L12_FCC)*1e-6)

204

-30

a”

Figure 3.1.8: Plot of number density evolution with experimental data

0 1 2 3
log10(time/60)
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i i
Table Type: Table Name:  generated
index Columns Cancel .
psd_id 3 psd_id [
i psd_s(@) ———
psd_nd(@) psd_nd{@7)

psd_nnd(&")

e -
psd_ns(@%)

Figure 3.1.9: Create a new table for particle size distribution

0.03
O
O
I-I_I
™
h
—1 0.024
©)
©
—
CI
O
[}
Q& 0.01]
07 T T T T
2.58607E-11 2.02586E-09 4 02586E-09 6.02586E-09 8.02586E-09
Q psd_s(@L12_FCC)

Figure 3.1.10: Plot of particle size distribution
Information obtained from this calculation:

* Itis 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;
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* 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 inde x=1, or 2 ... or 1.
index=1 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.

,
werir . | ==

pad_id 4 I

osd_s(@) psd_s({L12_FCC) P
d_nd{L12 Calia

psd_nd(@%) pet nell 1270

psd_nnd(L12_FCC)
psd_ar(@)

index
psd_ns(@7) time/3600
psd_nnd{&") logftime)

-

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

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

Description: Index of the Particle Size Distribution (PSD). Example: index = i.

Figure 3.1.11: List the index and corresponding time for each size distribution curve
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- 1 i
e [emes ===
psd_id »
psd_s(@" psd_s(@L12_FCO) |
P psd_nnd(L12_FCC)
psd_ni
-
psd_grl@)
psd_ns{@)
psd_nnd{@~)

Figure 3.1.12: Create the table for final size distribution

0.012

0.014

0.008+

0.006

0.004

psd_nnd(@L12_FCC)

0.0024

0 T T T T
2.58607E-11 2.02586E-09 4.02586E-09 6.02586E-09 8.02586E-09
‘3 psd_s(@L12_FCC)

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: PanEvolution

Thermodynamic and Mobility Database: A1Ni Prep.tdb
Kinetic Parameters Database: Ni-14A1 Precipitation.kdb
Batch file: Example #3.2.pbfx

Calculation Procedures:

* Create a workspace and select the PanEvolution module following Pandat User’s Guide

2.1;
* Load A1Ni Prep.tdb following the procedure in Pandat User’s Guide 3.2.1;

* Click on PanEvolution/PanPrecipitation on the menu bar and select "Load KDB or

EKDB", then selectthe Ni-14A1 Precipitation.kdb;

* Click on PanEvolution/PanPrecipitation on the menu bar and click "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.


../../../../../Content/2_Get Started/1_Workspace.htm
../../../../../Content/3-PanPhaseDiagram/2_Thermodynamic Calculations/1_Load Datbase.htm
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TTT Simulation K

| Allay Compasition Target Volume Percent

| B Relative Vol%? oK
| Value (Relative Vol% = VI Vf_EQ) Concel
| Sral) 14 Target Vol %
| Cptions
LIP o oxEmNi |86 20 oo
| ra Outputs
Total: 100
Load Condition
Save Condition
| TimeTemperature Range Select Comps
| Max Time [hi}: 1000 fiometers
| Max Temperature [C]: 1000 Load Chemistry
| Save Chemistry
Min Temperature [C]: 300
Steps
# of Temperature Steps: B0 EI

Figure 3.2.1: Setup a calculation of TTT curve for Ni-14Al (at%) alloy
Post Calculation Operation:
* Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
Information obtained from this calculation:

* 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 6.5 second to
precipitate 0.33% of L12_FCC at this temperature.

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

* Details on the time, temperature and fraction of precipitate can be found in the Default

table;


../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
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900

800

7004 T=650°C
t=6.5s
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300

-1 0 1 2 3
‘3 log10(time)

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

900

4

800

400

300

2%
—10%

-1 0 1 2 3
‘3 log10(time)

4

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 Ni-Al-Nb Ternary

Purpose: Learn to calculate co-precipitation of y' and y" for an alloy in a pseudo-ternary system.
Module: PanEvolution

Thermodynamic and Mobility Database: NiAINb Pseudo.tdb

Kinetic Parameters Database: Ni-2.4A1-3.8Nb.kdb

Batch file: Example #3.3.pbfx

Calculation Procedures:

* Create a workspace and select the PanEvolution module following Pandat User’s Guide

2.1;
* Load NiAlNb Pseudo. tdb following the procedure in Pandat User’s Guide 3.2.1;

* Click on PanEvolution/PanPrecipitation on the menu bar and select "Load KDB or
EKDB", then select the Ni-2.4A1-3.8Nb. 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. The phase name in the kdb file is L12_Fcc and gamma_double

prime for y' and y", respectively;

* Open the Ni-2.4A1-3.8Nb.kdb from Pandat workspace through the menu "File -

Open File", and view the kinetic parameters as shown in Figure 3.3.2;

* Click on the menu "PanEvolution/PanPrecipitation - Precipitation

Simulation", and set up the calculation condition as shown in Figure 3.3.3.


../../../../../Content/2_Get Started/1_Workspace.htm
../../../../../Content/3-PanPhaseDiagram/2_Thermodynamic Calculations/1_Load Datbase.htm
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Filter:

Select Alloy Parameters Ed

Defined Alloy Parameters: Matrix Phase:

oK

Clear Al

Precipitates: View Parameters

gamma_double_prime
L12 FC

Figure 3.3.1:

Pop-out window when loading the Ni-2.4Al-3.8Nb.kdb

£ Pandat Software by CompuTherm, LLC

Edit View Databases Batch Calc

=% D Ex

-1 Loaded Databases
g8 Thermodynamic or Mobility

(g Precipitation
JERE -2

5]
@l Solidification
- Phase Field

- o X

ShowTabs

PanOptimizer Property Table Graph Help

1o B S D L B 1hd (R E ol ) BB e B =13k

AAI-3.8Nb kdb
a5

"1.0" encodin
E(PPREC version="1.0">

<Header copyright="CompuTherm, LLC">

<|-— Kinetic Database of PanPrecipitation for Precipitation Simulations ——>
<Application name="PanPrecipitation" version="8.0beta" />
(—</Header>

M <Alloy name="Pseudo Alloy718">
<MatrixPhase name="Fcc">

<ParameterTable type="kinetic” name="Parameters for gamma">

<!-- Using Standard Unit -->

<Paramster type="Molar_Volume" value="7.1E-6" description="Molar Volume" />
</ParamsterTable >

<PrecipitatePhase name="L12 FCC" model="kwn" morphology="Sphere" nucleation="M Homogeneous" g
<ParameterTable type="kinetic" name="Farameters for Gamma_primes">

<!-- Using Standard Unit -—->
<Parameter type="Molar_ Volume" value="7.1E-6" description="Molar Volume" />
<Parameter Interfacial Energy" valus="0.04" description="Interfacial Energy" />
<Parameter Atomic_Spacing” valus="3.621E-10" description="Atomic Spacing” />
<Parameter Nucleation Site_Parameter" valus="1E-3" description="Nucleation Site Par
<Parameter type="Strain Energy" value="0" description="strain energy" />

— </ParameterTable >

- </PrecipitatePhase >

E <Precipitaterhase name="gamma_double_prime" model="kwn" morphology="sphere" nucleation="M_Homo
=) <ParamsterTable typs="kinetic" nams="Paramsters for Gamma_prime">
<!-- Using standard Unit ——>

<Parameter typ Molar Volume" value="7.lE-€" description="Molar Volume" />

<Parameter Interfacial Energy" value="0.08" description="Interfacial Energy" />
Atomic_Spacing” value="3.621E-10" description="Atomic Spacing" />
Nucleation Site Parameter” value="1e-3" description="Nucleation Site Par

<Parameter typ
<Parameter type

>

Figure 3.3.2: Open the Ni-2.4AI-3.8Nb.kdb in Pandat workspace to view the kinetic parameters

of the two precipitate phases
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[ Precipitation Simulation % |
Alloy Compesition
o Thermal History: O useRate? X aoeE COKa
xo) |24 [ Ttimethoun Temperature{C] e
0.000000 79000 Options
b x%(Nb) 38 |
10.000000 780.00 Extra Outputs
x%(N) (938
* 0.000000 090 pad Conation
Total e Save Candtion

Select Comps
Parameters
Load Chemistry
g Save Chemistry
g 7
@
2
780
0 5] 10
time[hour]
Intermediate PSD Outpuits: o 3
Initial Structure
time ]
Equil. Caleulation O Temp. [CL: 2000  (Equilibrium phases will not evolve)
Define threugh GUI O Set Initial Structure

Import from "ini' file O

None ©

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

Post Calculation Operation:

* The default plot shows the total volume fraction of y' (L12_Fcc) and y" as a function of time

shown in Figure 3.3.4.

* Open the Default Table, create time vs sizes of y' and y" phases plots as shown in Figure
3.3.5;

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

* Add legend for graph following the procedure in Pandat User’s Guide 2.3.3;


../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
../../../../../Content/2_Get Started/3_Graph/3.3_Icons-for-Graph.htm
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0121 ——fv(@gamma_double_prime)
—f(@L12_FCC)

0.1+

0.08-
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‘3 log10(time)

Figure 3.3.4: Default plot showing the volume fraction evolution of the two precipitate phases
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Figure 3.3.5: Calculated average size evolution of the two precipitate phases
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Information obtained from this calculation:

* 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;
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 y';

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
1e+9. The default calculated number density is number/m3, which is converted to mol/m3
by multiplying 1/6.02e+23. The inde x = i means to populate the size and number density

at the final state t=10 h;

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.

Table Type: psd w Table Name:  NumberDensity K

time Columns Cancel

ped_id index=

psd_s(@") psd_si@*)"1e9 l.ll.ear Al
psd_nd(@)/6.02e+23 Original Strs

Pﬁd‘"ﬂ@'} ——
(2]
psd_nnd{@")

Figure 3.3.6: Create a new table with particle sizes and number densities at final stage
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1.2E-05

1E-05 v (L12_Fcc)

8E-06 v

6E-06

4E-06

Number Density (mol/m?®)

2E-06+

0

0 10 20 30 40

a Particle Size (nm)

Figure 3.3.7: Particle number densities 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: PanEvolution

Thermodynamic and Mobility Database: A1MgSi.tdb
Kinetic Parameters Database: AA6xxx . kdb

Batch file: Example #3.4.pbfx

Calculation Procedures:

* Create a workspace and select the PanEvolution module following Pandat User’s Guide

2.1;
* Load A1MgsSi . tdb following the procedure in Pandat User’s Guide 3.2.1;

* Click on PanEvolution/PanPrecipitation on the menu bar and select "Load KDB or
EKDB", then select the AR 6xxx . kdb; the pop-out window is shown in Figure 3.4.1 which

include the alloy name, the matrix phase and the precipitate phase;

* Open the An6xxx.kdb from Pandat workspace through the menu "File - Open

File", and view the kinetic parameters;

* Click on the menu "PanEvolution/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);


../../../../../Content/2_Get Started/1_Workspace.htm
../../../../../Content/3-PanPhaseDiagram/2_Thermodynamic Calculations/1_Load Datbase.htm
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Select Alloy Parameters Ed
Defined Alloy Parameters: Matrix Phase:
oK
Cancel
Clear Al
Precipitates: View Parameters

Filter:

Figure 3.4.1: The matrix phase and the precipitate phase for AA6005

X

Precipitation Simulation

O use Rats? x & oK

Alloy Composition
Value Thermal History: .
n
WAl 98.63 timefhour] Temperature|C]
0.000000 185.00 Options
w%(Mg) 055

1000.000000 18500 | Exra Outputs
000 || 4 Condtion

w(Si) 082
Save Condtion

b Total 100

Select Comps
Parameters

Load Chemistry
Save Chemistry

1000

500
time[hour]

|4
(%€

Intermediate PSD Outputs:

Initial Structure
time fhr]

Equil. Caleulation O Temp. [CI: 2000 (Equilibrium phases will not evolve)

Define threugh GUI O Set Initial Structure

Import from "ini' file O

None ©

Figure 3.4.2: Setup alloy composition and heat treatment condition as ageing at 185°C for 1000

hours
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Post Calculation Operation:

The default plot shows the total volume fraction of the MgsSig phase as a function of time

shown in Figure 3.4.3.

Create a new table as shown in Figure 3.4.4, and plot the log10(time) vs. log(nd), log10

(time) vs. log(size), and log10(time) vs. hv;

Right Click on the Table node below the Graph and choose "Import Table from
File", import three tables: AA6005-nd exp.dat, AA6005-size exp.dat, and

ARA6005-hv_exp.dat one by one;

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;

The default plot of the experimental data is a line instead of points. In the Property

Window, change the Plot Type as Point;
Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;
Add legend for graph following the procedure in Pandat User’s Guide 2.3.3;

0.014

0.012

0.014

0.008+

Mg5Si6)

0.006

V@

0.004+

0.0024

0 T T T T T T
1 2 3 4 5 6

0
& log10(time)

Figure 3.4.3: Default plot of volume fraction evolution of the precipitate
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Table Type: Default v Table Name: |generated_1 o
log 10¢ime) log10ftime)
T log10ind(@°}) Clear All
log10(s(@)"1e10) Original Strs
fv_tot
b

*()
L1
o —

Figure 3.4.4: Create a new table

Information obtained from this calculation:

* Figure 3.4.3 shows the default plot of the simulation which is volume fraction evolution of

the precipitate phase. The time is in second;

* 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;

* It is seen that the number density reaches the highest value at ~1000 s (~0.3 h), but the
particle size is very small. The hardness reaches peak at ~10000 s (~2.8 h) when both the

number density and the particle size are favorable.

23

19

174

log10(nd(@Mg5Si6))

15

13 \ \ \ \ \ T
-7 -5 -3 -1 1 3 5

& log10(time)

Figure 3.4.5: Calculated evolution of the particle number density with experimental data
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214

1.94

1.7+

log10(s(*)*1e10)

1.5+
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0 1 2 3 4 5 6

& log10(time)

Figure 3.4.6: Calculated evolution of the particle size with experimental data
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Figure 3.4.7: Calculated 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: PanEvolution

Thermodynamic and Mobility Database: A1MgSi.tdb
Kinetic Parameters Database: AA6xxx . kdb

Batch file: Example #3.5.pbfx

Calculation Procedures:

* Create a workspace and select the PanEvolution module following Pandat User’s Guide

2.1;
* Load A1MgsSi . tdb following the procedure in Pandat User’s Guide 3.2.1;

* Click on PanEvolution/PanPrecipitation on the menu bar and select "Load KDB or

EKDB", then select the AA6xxx . kdb;

* Click on the menu "PanEvolution/PanPrecipitation - Precipitation

Simulation", and set up the calculation condition as shown in Figure 3.5.1.


../../../../../Content/2_Get Started/1_Workspace.htm
../../../../../Content/3-PanPhaseDiagram/2_Thermodynamic Calculations/1_Load Datbase.htm
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[Precipitation Simulation X

Alloy Compaosition

i Thermal History: O useRate? X aoeE COKa
v weean 9863 timefhour] TemperaturelC] =ne
0.000000 185.00 Options
| w¥%(Mg) 055
4.000000 18500 | | Extra Outputs
w2(Si) 082
4.000000 350.00| | ad Condition
Total 100 5.000000 350.00| “g,ve Condiion
0.000000 000
|
‘ Select Comps
Parameters
| 77 Load Chemistry
| U Save Chemistry
g 275
@O
2
185
0 25 5]
timefhour]
Intermediate PSD Outpuits: o 3
Initial Structure
time Jr]
Equil. Calculation O Temp. [C: 2000 (Equilibrium phases will not evolve)
Define threugh GUI O Set Initial Structure
Import from "ini' file O
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
Post Calculation Operation:

* Create a new table as shown in Figure 3.5.2, and plot the time vs. logl0 (nd), time

vs. log(size),and time vs. hv;

* Right Click on the Table node below the Graph and choose "Import Table from

File", importtable: 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;
* Change graph appearance following the procedure in Pandat User’s Guide 2.3.1;

* Add legend for graph following the procedure in Pandat User’s Guide 2.3.3;


../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm
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Table Type: Default i Table Name: generated oK
s_range(@" |b ub) Columns Cancel
Di@*) time
L@ log 10{nd(@Mg5Si6) el
- Criginal Strs
log10(=(@Mg55i6)"1e10)
A_R(@%)
b
nd{@&-)
(2]
log 10{nd(@})

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 185 °C. 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 350 °C.
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Figure 3.5.3: Calculated evolution of the particle number density with experimental data
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Figure 3.5.4: Calculated evolution of the particle size with experimental data
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Figure 3.5.5: Calculated evolution of hardness with experimental data
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Example 3.6 Simulation of Yield Strength of Aluminum Alloy 356

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

Module: PanEvolution

Thermodynamic and Mobility Database: A1MgSi.tdb

Kinetic Parameters Database: 2AA3xx . kdb

Batch file: Example #3.6.pbfx

Calculation Procedures:

* Create a workspace and select the PanEvolution module following Pandat User’s Guide

2.1;
* Load A1MgsSi . tdb following the procedure in Pandat User’s Guide 3.2.1;

* Click on PanEvolution/PanPrecipitation on the menu bar and select "Load KDB or

EKDB", then select the AA3xx . kdb;

* Click on the menu "PanEvolution/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;
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Figure 3.6.1: Setup calculation condition for aluminum alloy 356

Post Calculation Operation:

* 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;

* Right Click on the Table node below the Graph and choose "Import Table from

File", import table: AA356-ys exp.txt; Note that the extension of a data file can be

either txt or dat;

* Plot the experimental data in the corresponding plot by drag in the 1ogt as x-axis and then

press Ctrl and drag in the experimental data ys as the y-axis, then repeat it to add

experimental data of ysp, ysi and yss;

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

* Add legend for graph following the procedure in Pandat User’s Guide 2.3.3;
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Table Editor X
Table Type: Default e Table Name: generated 0K
s_range(@" |b ub) Columns Cancel
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Figure 3.6.2: Create a new table for yield strength plot
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Figure 3.6.3: A comparison of the calculated yield strength (lines) with the experimental data

(symbols)
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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

Information obtained from this calculation:

e Example 3.6 shows a comparison of the calculated yield strength (lines) with the
experimental data (symbols). The orange line (symbols) represents the intrinsic
contribution; the green line (symbols) represents the solid solution strengthening; the red
line (symbols) represents the precipitation strengthening; and the blue line (symbols) is the

total from all three contributions;

e It is clearly seen from Figure 3.6.3 and Figure 3.6.5 that with the formation of MgsSig

precipitate, the solubility of Mg and Si in Fcc decreases and solution strengthening also

decreases.
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Example 3.7 CCT diagram of Ni-14Al (at%) Alloy

Purpose: Learn to calculate the CCT curve of a given alloy.
Module: PanEvolution

Thermodynamic and Mobility Database: A1Ni Prep.tdb
Kinetic Parameters Database: Ni-14A1 Precipitation.kdb
Batch file: Example #3.7.pbfx

Calculation Procedures:

* Create a workspace and select the PanEvolution module following Pandat User’s Guide

2.1;
* Load A1Ni Prep.tdb following the procedure in Pandat User’s Guide 3.2.1;

* Click on PanEvolution/PanPrecipitation on the menu bar and select "Load KDB or

EKDB", then selectthe Ni-14A1 Precipitation.kdb;

* Click on PanEvolution/PanPrecipitation on the menu bar and click "CCT Simulation". A
dialog will pop out as shown in Figure 3.7.1, In this dialog, user needs to input the alloy
chemistry (left), temperature range, cooling rate range and step (bottom right) and the

Target volume fraction (top right).
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CCT Simulation XK
Alloy Compasition Target Volume Percent
Value
- Cancel
(Al 0.14 Target Vol %
Options
(i) 0.86 02
Extra Outputs
Total: 1
Load Condition
Save Condition
Select Comps
Parameters
Load Chemistry
Save Chemistry

Temperature Range
Start Temperature [Cl: 200

End Temperature [C]: 400

Cooling Rate Range
Slowest [K/S]): 0.1000

Fastest [KIS]: 100.0000

Steps

# of Cooling Rate Steps: m

Figure 3.7.1: Setup a calculation of CCT curve for Ni-14Al (at%) alloy

Post Calculation Operation:

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

Information obtained from this calculation:

* Figure 3.7.2 shows the default plot from the calculation. On this diagram, the green lines

are the cooling curves with different cooling rate, the blue line is the CCT curve represents

the temperature when 0.2 vol% of L12_Fcc phase is precipitated under different cooling

rates.

* Perform another calculation for 1% and merge the two plots as shown in Figure 3.7.3;

* Details on the time, temperature and fraction of precipitate can be found in the Default

table;
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Figure 3.7.2: CCT curve for Ni-14Al (at%) when 0.2% of L12_FCC is precipitated under

different cooling rates.
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Figure 3.7.3: Comparison of CCT curves for Ni-14Al (at%) when 0.2% or 1% of L12_FCC

precipitated under different cooling rates
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Example 4.1 Diffusion within a Single Phase: Uniform Initial Compositions

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

Thermodynamic and Mobility Database: FeCrNi. tdb
Batch file: Example #4.1.pbfx

Calculation Procedures:

* 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 components;

* Click on the menu "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-70N1 (at%) (which is not shown in
Figure 4.1.1).

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

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

* 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.
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* User can define the "Geometry" as "Planar, Cylindrical, and Spherical";

e User can also select "Interface Flux Model" and set "boundary conditions".

Details on these options can be found in Pandat User’s Guide sections 6.3.11 and 6.3.12.

Diffusion Simulation X
Difusion Condtions
All Regions (click on each individual region for seftings) ok 3  Thermal History: X|a = Cancel
Region 1 Region 2 timefhour] Temperature[C] Options
uniform Comp. uniform Comp. 0.000000 1000.00 Exra Qutputs
1000.000000 1000.00
| ‘ Load Condtion
5 5 _ . 0.000000 0.00
Settings for the Selected Region [Region_1]: Save Condtion
; i v Select Ph
Region Composition Distribution:  uniform elect Phases et
oy Right End Select Comps
Value Value . 1010
P x%(Cr) 30 > x%(Cr) 30 E T
9% (F 10 %(F 10 s
x%(Fe) x%(Fe) 990
x%(N) 60 » x%(Ni) 60 0 500 1000
time(hour)
Total 100 Total: 100
K] Momenis for Profile Outputs: =3¢
time [r]
200
500
Diff. Length [um] 100
Boundary Conditicns Simulation Conditions

Upper Boundary Condition:  closed v
ol Geometry: planar v Inner Radius [um] 0.000000

Lower Boundary Condition: | closed )
l Interface Flux Model. automatic # of Grids: 100
alue

Figure 4.1.1: Setting of the simulation condition
Post Calculation Operation:

* Change graph appearance and add text following the procedure in Pandat User’s Guide

Sections 2.3.1 and 2.3.3. The calculated plot is show in Figure 4.1.2

* 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:

* 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;

* Composition profiles at selected times can be obtained.
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Figure 4.1.3: Calculated composition profiles after diffusion for 200 hours



145 4 PanDiffusion Examples Examples
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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 Initial Compositions

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

Thermodynamic and Mobility Database: FeCrNi. tdb
Batch file: Example #4.2.pbfx

Calculation Procedures:

* 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 components;

Click on the menu "PanDiffusion - Diffusion Simulation" and set up the
calculation condition as shown in Figure Figure 4.2.1. First select "Region
Composition Distribution" as Linear, which means that 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 side of the diffusion couple as 30Cr-10Fe-60Ni (at%), then click
on Region_2 and set the composition of the left edge of the diffusion couple as 10Cr-
20Fe-70Ni (at%), and that of the right edge as 30Cr-10Fe-60Ni (at%) (which is 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 Grids) 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
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Diffusion Simulation X

Diffusion Canditions

oK
All Regions (click on each individual region for settings) ok 3 Thermal History: 3 |2 Cancel
e oz timelhour] Temperature[C] Options
linear Comp uniform Comp 0.000000 1000.00 Extra Outputs
1000.000000 1000.00 Lo Conditon
5 _ _ . 0.000000 0.00
Settings for the Selected Region [Region_1]- Save Candition
Region Composition Distribution:  linear ~ Select Phases | S Praes
LeftEnd Right End Select Comps
Value Valus . 010
» xmcr) |30 > x%(Cr) 0 2 om0
@
= (Fe 10 % (F 20 =
x%(Fe) x%(Fe) 990
x%(N) |60 » x%(N) |70 0 500 1000
- time(hour)
Total 100 - Total: 100
Moments for Profile Outputs: b it
time ]
100
Diff. Length [um] 100
Boundary Conditions Simulation Conditions:
Upper Boundary Condition:  closed v
Value Geometry: planar v Inner Radius lum], 0.000000|
Lower Boundary Condition:  closed ~ ) |
Interface Flux Model: automatc v HETEE ____100]
Valus l O Sipe

Figure 4.2.1: Setting of the simulation condition
Post Calculation Operation:

* Change graph appearance and add text following the procedure in Pandat User’s Guide

Sections 2.3.1 and 2.3.3. The calculated plot is show in Figure 4.2.2
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 Initial Compositions

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

Thermodynamic and Mobility Database: FeCrNi. tdb

Batch file: Example #4.3.pbfx

Calculation Procedures:

* 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 components;

Click on the menu "PanDiffusion - Diffusion Simulation" and set up the
calculation condition as shown in Figure 4.3.1. 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 55Cr-40Fe-5Ni (at%) (which is not shown in

Figure 4.3.1).

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.

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

In the settings shown in Figure 4.3.1, composition profiles only at the initial and final

stages will be outputted. Click OK to perform calculations.
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Post Calculation Operation:

* Change graph appearance and add text following the procedure in Pandat User’s Guide

Sections 2.3.1 and 2.3.3. The calculated plot is show in Figure 4.3.2
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
Bcc moved.

Diffusion Simulation X

Diffusion Conditions

All Regions (click on each individual region for settings) ok € Thermal History: L IEEES Cancel
T o2 timelhour] Temperature[C] Options
uniform Comp. uniform Comp. 0.000000 1000.00 Extra Outputs
200.000000 1000.00
| i Load Condition
5 _ _ . 0.000000 0.00
Settings for the Selected Region [Region_1]: Save Condition
Region Composition Distribution:  uniform v Select Phases Select Phases
Region Right End Select Comps
Value Value . 1010
P x%(Cr) 30 P x%(Cr) 30 E 1000
@
% (F 10 %(F 10 =
x%(Fe) x%(Fe) 990
x%(N) 60 5] (i) |60 0 100 200
time(hour)
Total 100 Total: 100
<] Momenis for Profile Outputs: EoE
time Thr]
Diff. Length [um] 100
Boundary Conditions Simulation Conditions
Upper Boundary Condition: closed v
Value: Geometry: planar ~ Inner Radius [um] 0.000000
Lower Boundary Condition:  closed
Interface Flux Model: automatic # of Grids: 100

Value:

Figure 4.3.1: Setting of the simulation condition
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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 Bcc
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Example 4.4 Diffusion between Two Phases at Varied Temperatures

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

Thermodynamic and Mobility Database: FeCrNi. tdb
Batch file: Example #4.4.pbfx

Calculation Procedures:

* 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 components;

* Click on the menu "PanDiffusion - Diffusion Simulation" and set up the
calculation condition as shown in Figure 4.4.1. 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 55Cr-40Fe-5Ni (at%) (which is not shown in

Figure 4.4.1).

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

* 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 settings shown in Figure 4.4.1, composition profiles only at the initial and final

stages will be outputted. Click OK to perform calculations.
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Post Calculation Operation:

* Change graph appearance and add text following the procedure in Pandat User’s Guide

Sections 2.3.1 and 2.3.3. The calculated plot is show in Figure 4.4.2

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.

Diffusion Simulation

X
Difusion Condtions
All Regions (click on each individual region for settings) ok 3 Thermal History: X gz Cancel
Fegion 1 Region 3 timefhour] Temperature[C] Options
Region_1 uniform Comp. uniform Comp. 0.000000 1000.00 Extra Outputs
X,H ~ 33 200.000000 1000.00 T
x%[Fe] = _ _ 300.000000 900.00
NIl = 50 F the Selected Region [Region_1]: Save Condition
- " et . 0.000000 0.00
Region Composition Distribution:  uniform v elect Phases et Praes
Region Right End Select Comps
Value Value . 1000
P x%(Cr) 30 P x%I(Cr) 30 E— 950
@
%(F 10 % (F 10 =
x%(Fe} x%(Fe) 300
X%(Ni) 50 » X% (Ni) 60 o ) 150 300
time(hour)
Total 100 Total 100
K] Moments for Profile Outpuis: o=
time fhr]
Diff. Length [um] 100
Boundary Conditiens Simulation Conditions
Upper Boundary Conditicn closed v
Value: Geometry: planar v Inner Radius [um] 0.000000

Lower Boundary Condition:  closed

Interface Flux Model: automatic v #of Grids. 100
Value —

Figure 4.4.1: Setting of the simulation condition
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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

Thermodynamic and Mobility Database: FeCrNi. tdb

Batch file: Example #4.5.pbfx

Calculation Procedures:

* 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 components;

* Click on the menu "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 couple 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 couple as
55Cr-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 couple as
10Cr-20Fe-"70N1i (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 total number of grids (# of Grids) is
100.

* The Thermal History is holding the diffusion couple at 1000 °C for 500 hours.
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* Click “Select Phase” and set Fcc and Bcc as the entered phases.

* In the settings shown in Figure 4.5.1, 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:

* Change graph appearance and add text following the procedure in Pandat User’s Guide

Sections 2.3.1 and 2.3.3. The calculated plot is show in Figure 4.5.2
Information obtained from this calculation:

* The three regions of the diffusion triple locate at different phase fields, the one in Bcc is

sandwiched between two regions in the Fcc as shown in Figure 4.5.3;

* 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;

Diffusion Simulation X

Diffusion Canditions

All Regions (click on sach individual region for seftings) o 9 Thermal History: X oz Cancel
timefh T ture(C Opt
Region_1 Region_2 Region_3 Exeihows] emeeraieiCl ot
uniform Comp uniform Comp uniform Comp. 0.000000 1000.00 Extra Outputs
500.000000 1000.00
| ‘ Load Condition
3 a 5 . 0.000000 0.00
Settings for the Selected Region [Region_1]: ‘Save Condiion
Region Composition Distribution:  uniform v Select Phases Select Phases
Heoic Right End Select Comps
Value Value . 1010
P x%(Cr) 30 P x%(Cr) 30 E 1000
@
% (F 10 % (F 10 =
x%(Fe) x%(Fe) 990
x%(Ni) |60 » x%(Ni) 60 0 250 500
time(hour)
Total 100 Total: 100
oments for Profile Outpus:
<] M for Profils O Lt
time Tr]
200
Diff. Length [um] 100
Boundary Conditions Simulation Conditions
Upper Boundary Condition:  closed v
Vel Geometry: planar v Inner Radius [um] 0.000000
Lower Boundary Condition:  closed v .
- Interface Flux Model: automatc B 100}
alue:

Figure 4.5.1: Setting of the simulation condition


../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm

157 4 PanDiffusion Examples Examples

80

—~ 60+

=

3

=

2

= 40

2]

o

Q

£

Q

O 20
0 ‘ ‘t=0 y 200h ‘
0 5E-05 0.0001 0.00015 0.0002 0.00025 0.0003

a Distance[meter]

Figure 4.5.2: Calculated composition profiles for the diffusion sandwich at 1000°C for 200h and
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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

Thermodynamic and Mobility Database: Fe-Si-C.tdb

Batch file: Example #4.6.pbfx

Calculation Procedures:

* 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, and select all

three components;

* Click on the menu "PanDiffusion - Diffusion Simulation" and set up the
calculation condition as shown in Figure 4.6.1. First click the red “X” above Regions to

delete Region_2 and leave one Region only.

* Click on Region_1 and 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 setthe Value as “x% (C)=3.0";

* In the settings 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:

* Enlarge the composition range between 0 and 4 (at%) to clearly display Carbon
composition. The calculated plot is show in Figure 4.6.2Change graph appearance and

add text following the procedure in Pandat User’s Guide Sections 2.3.1 and 2.3.3.
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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;

Diffusion Simulation

x
Dfusion Condtions |
All Regions (click on sach individual region for settings) (98 Thermal History
Region_1 T J LIED
0.00 1200.00 | Exra Qutpus |
25.00 1200.00
Settings for the Selected Region [Region_1]- * 0.00 0.00
Region Compesition Distribution:  uniform vl Select Phases |
Region Composition Right End Select Comps
Value Value 1210
P x%(Fe)  |995 > x%(Fe) [995 E 0
x%(C) 0.5 x%(C) 05 = 1190
Total 100 5] Total 100 0 125 25
time(second)
<] Morments for Profils Outputs: B3
time [sec]
Diff Longth fum]
Boundary Conditions Simulation Conditions
Upper Boundary Condition: | closed v
Value: [00 | Geomety: Inner Radius [um}: 0.000000
Lower Boundary Condition: |fixed_composition
Interface Flux Model #of Grids: 100
Value: [x%(C)=3.0 |
. . . . .
Figure 4.6.1: Setting of the simulation condition
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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

Thermodynamic and Mobility Database: Fe-Si-C.tdb

Batch file: Example #4.7.pbfx

Calculation Procedures:

* 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, and select all

three components;

* Click on the menu "PanDiffusion - Diffusion Simulation" and set up the
calculation condition as shown in Figure 4.7.1. First click the red “X” above Regions to

delete Region_2 and leave one Region only;

* Click on Region_1 and 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 “f1ux”, and

setthe Valueas “J (C)=-8.25E-9* (a(C:Graphite[*])-0.64)/7e-006";
* In the settings 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:

* Enlarge the composition range between 0 and 1 (wt%) to clearly display Carbon
composition. The calculated plot is show in Figure 4.7.2Change graph appearance and

add text following the procedure in Pandat User’s Guide Sections 2.3.1 and 2.3.3.


../../../../../Content/2_Get Started/1_Workspace.htm
../../../../../Content/3-PanPhaseDiagram/2_Thermodynamic Calculations/1_Load Datbase.htm
../../../../../Content/2_Get Started/3_Graph/3.1_Property.htm

161

4 PanDiffusion Examples Examples

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;

Diffusien Simulatien

—
Boundary Conditions

Upper Boundary Condition: | closed %

Value: | |

Lower Boundary Condition: |flux ~

Value: [J(C)=-8 25E-8*(a(C-Graphite[1-0.64)7=-00|

Simulation Conditions:

e
Interface Flux Model

Inner Radius [mm: 0.000000/

# of Grids: 100}

X
Diffusion Condtions |
] Bes (s mnes ik e s s |3 Thermal History:
Feglon_T -
uniform Comp. 0.00 117300 | EdaOupuis |
18000.00 173,00
- . . . 000 0.00
Settings for the Selected Region [Region_1]:
Region C Distrbution: uniform ~| Select Phases |
Region Composition Right End Select Comps
Value Value .83
b oweiFe)  [99.85 > wiFe) 99.85 g 1
5
w(C) |05 wh(C) 015 e
Total 100 » Total 100 0 9000 18000
time(second)
d Mements for Profile Outputs: |56

Figure 4.7.1: Setting of the simulation condition
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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 with an input flux as boundary condition.

Module: PanDiffusion

Thermodynamic and Mobility Database: Fe-Si-C.tdb

Batch file: Example #4.8.pbfx

Calculation Procedures:

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

2.1;

Load Fe-si-cC. tdb following the procedure in Pandat User’'s Guide 3.2.1, and select all

three components;

Click on the menu "PanDiffusion - Diffusion Simulation" and set up the
calculation condition as shown in Figure 4.8.1. First click the red “X” above Regions to

delete Region_2 and leave one Region only;

Click on Region_1 and set the compositionas 0.05C-98.65Fe-1.351 (wt%), the Diff.
Length as 10 mm, and the # of Grids as 200;

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”, and 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 setthe activity value at the left edge

of Region_1as“a (C:graphite[*])=0.9";

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

to “Inner Radius”;

In the settings 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.
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Post Calculation Operation:

* Enlarge the composition range between 0 and 1.4 (wt%) to clearly display Carbon
composition. The calculated plot is show in Figure 4.8.2Change graph appearance and

add text following the procedure in Pandat User’s Guide Sections 2.3.1 and 2.3.3.
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;

Diffusion Simulation %
Dfusion Condtions |
All Regions (click on each individual region for seftings): (3 Thermal History:
Te K]
Region_1 Options
uniform Comp. 0.00 1273.00 | Edra Outputs |
20000000 1273.00
. . o . 0.00 0.00 -
Settings for the Selected Region [Region_1]-
Region Composition Distribution:  uniform v| Select Phases | [ Select Phases |
Region Composition Right End Select Camps
Value Value 1283
¥ w%(Fe) 98.65 P wh(Fe) 98.65 E 1273
@
wh(Si) |13 wha(Si) |13 o
wie(C) M wh(C) 0 100000 200000
time(second)
Total Total
<] Moments for Profile Outputs: |5
time [sec]
10000
S
Boundary Conditions Simulation Conditions
Upper Boundary Condition: | actiity v
Value: [a(CoraphiteP D=1E-5 | Geomeny Inner Radius [mm]; 20000000
Lower Boundary Condition: | activity ~
Interface Flux Model #0f Grids: 100
Valus: [a(Caraphitsl1=08 |

Figure 4.8.1: Setting of the simulation condition
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Figure 4.8.2: Calculated composition profiles at 1273 K for 1E4s, and 2E5s
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Example 4.9 Dissolution of y' 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

Thermodynamic and Mobility Database: A1Ni Diff.tdb

Batch file: Example #4.9.pbfx

Calculation Procedures:

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

2.1;
* Load A1Ni Diff.tdb following the procedure in Pandat User’s Guide 3.2.1;

* Click on the menu "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 25A1-75N1i (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;

* In order to set a tube geometry, select “spherical” in “Geometry”, The total number of

grids (# of Grids) is 100;

* In the settings 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 show in Figure 4.9.2Change graph appearance and add text

following the procedure in Pandat User’s Guide Sections 2.3.1 and 2.3.3.

Information obtained from this calculation:
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* 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.
Diffusion Simulation X
Difusion Canditons |
All Regions (click on each individual region for settings). (98 Thermal History
Region_1 Region_2 i T 9 EEn
uniform Comp. uniform Comp. 0.00 1473.00 ‘ Extra Outputs |
100.00 1473.00
Settings for the Selected Region [Region_1]- * 000 Do)
Region Compesition Distribution: | uniform V| \ Select Phases ‘
Region Composition Right End Select Comps
Valus Valus 483
Py |25 Pomay |25 o
XNy |75 i) |75 =
Total 100 » Total 100 0 50 100
time(second)
“ Morments for Profils Outputs: 3
time [sec]
0
1
50
0
o et |5
Boundary Conditions Simulation Conditions
Upper Boundary Condition: | closed ~
Value: [00 | Geomety: Inner Radius [um]:
Lower Boundary Condition: | closed ~
Interface Flux Model #of Grids: 100
Value: [0.0 |
Figure 4.9.1: Setting of the simulation condition
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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 4.9.3: 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 from y 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

Thermodynamic and Mobility Database: Fe-Si-C.tdb

Batch file: Example #4.10.pbfx

Calculation Procedures:

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

2.1;

Load Fe-si-cC.tdb following the procedure in Pandat User's Guide 3.2.1 and select

elements Fe and C.

Click on the menu "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 the
entered phase in “Select Phases” of “Settings for the Selected Region
[Region_1]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 the entered phase in
‘Select Phases” of “Settings for the Selected Region [Region_2]". In

Region_2, set the Diff. Length as 2 mm;
The Thermal History is at 1050 K for 1E6 seconds;
The total number of grids (# of Grids) is 100;

In the settings shown in Figure 4.10.1, composition profiles at the initial and final stages,
as well as at 1E3 seconds and 1E5 seconds, will be outputted. Click OK to perform

calculations.
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Post Calculation Operation:

* Enlarge the composition range between 0 and 0.5 (wt%) to clearly display Carbon
composition.The calculated plot is show in Figure 4.10.2Change graph appearance and

add text following the procedure in Pandat User’s Guide Sections 2.3.1 and 2.3.3.
Information obtained from this calculation:

* Observe composition profiles of C and interface movement from a to y which indicates the

y — o phase transformation.

Diffusion Simulation x
Difusion Conditons |
All Regions (click on each individual region for setings) (98 Thermal History:
i T K1 | optons |
egion_1 Region_2 =
orm Comp. uniform Comp. 0.00 1050.00 | Bxra Outputs |
100000000 1050.00
. . S . 000 000
Settings for the Selected Region [Region_1]:
Region Composition Distribution:  uniform | Select Phases |
Region Composition Right End Select Comps
Valus Valus 1080
b w%h(Fe) 100 b wi(Fe) 100 E‘ 1050
@
w(c) D W%(C) 0 o
Total 100 M Total 100 0 500000 1E+06
time(second)
<] Moments for Profile Outputs: [ofe][ 3
me [sec]
1000
100000
Diff. Length [mm] 1E-05
Boundsry Conditions Simulation Conditions
Uppsr Boundary Condition: | closed v
Value: [00 | Geometry: Inner Radius [mm: 0.000000
Lower Boundary Condition: | closed v
e e # 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, 1E5 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

Thermodynamic and Mobility Database: Fe-Si-C.tdb

Batch file: Example #4.11.pbfx

Calculation Procedures:

* 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 and select all

three elements;

« Click on the menu "PanDiffusion — Diffusion Simulation" or click the icon

and set up the calculation condition as shown in Figure 4.11.1;

* Click on “Select Phases” and make Fcc the entered phase, while other phases are

suspended;

* Click on Region_1 and set the composition as Fe-3.851-0.49C (wt%). In Region_1,

set the length (Diff. Length) as 25 mm.

* Click on Region_2 and set the composition as Fe-0.0551-0.45C (Wt%). In Region_2,

set the length (Diff. Length) as 25 mm;

* The Thermal History is a period of 312 hours (13 days) with a constant temperature at

1050 °C;
* The total number of grids (# of Grids) is 100;

* In the settings shown in Figure 4.11.1, composition profiles at the initial and final stages,

as well as 100 and 200 hours, will be outputted. Click OK to perform calculations;

* Details on these options can be found in Pandat User’s Guide sections 6.3.11 and 6.3.12.
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Post Calculation Operation:

» Set the scale of the Y axis to be 0.3-0.6 (wt%); Remove composition profiles of Fe and Si;
Add grid to the graph by setting “Show Major Grid” as "True" in the property window; The

calculated plot is show in Figure 4.11.2Change graph appearance and add text following

the procedure in Pandat User’s Guide Sections 2.3.1 and 2.3.3.

Information obtained from this calculation:

* Composition profile of carbon in Fcc Matrix after an uphill diffusion.

Diffusion Simulation x
Difusion Conditons |
Al s e el e e (98 Thermal History:
i L 1 | Opfions |
Region_1 Region_2 | | mcThots] =
uniform Comp, uniform Comp. 0.00 1050.00 | Bxra Outputs |
e 10S200] | Lo G |
. . 5 000
Settings for the Selected Region [Region_2]:
Region Compasition Distrbution: | uniform v | Select Fhases | ekt Phases |
Region Composition Right End Select Comps
Valus Valus 1080
bowwk(C) 045 P w(C) 0.45 £ m
@
wilFs) 995 welFs)  |995 o
Wa(Si) 5] Wa(Si) 0 1575 315
time(hour)
Total Total
<] Moments for Profile Outputs: [ofe][ 3
time ]
100
200
e
Boundsry Conditions Simulation Conditions
Uppsr Boundary Condition: | closed v
Value: | | Geomety: Inner Radius [mm} 0.000000
Lower Boundary Condition: | closed v
Interface Flux Model. # of Grids: 100
value: | |

Figure 4.11.1: Setting of the simulation condition
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Figure 4.11.2: Composition profile of Carbon
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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

Thermodynamic and Mobility Database: A1Cu MB.tdb
Batch file: Example #4.12.pbfx

Calculation Procedures:

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

section 2.1;

* Load AlCcu_ MB. tdb following the procedure in Pandat User’'s Guide section 3.2.1 and

select both two elements;

« Click on the menu "PanDiffusion - Dissolution Simulation" or click the icon

and set up the calculation condition as shown in Figure 4.12.1;

* Click on “select Phases” and make Fcc and A1Cu_Theta the entered phases, while

other phases are suspended;
* In Alloy Composition set a composition of A1-1.55Cu (at%);
* The total number of grids (# of Grids) is 100;
* The Geometry of particles is setto “Spherical”;
°* |[n“Phase Information’, selectFcc as “Matrix Phase”.

* To add a particle, click the blue “+” button in the "Particle" field, then select Al1Cu

”

Theta in “Phase Name”.

0.008;

‘Particle Size”issetto 3.0 um. “Vol. Fraction”is setto

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

* Click OK to start calculation;
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* By default, dissolution simulation gives time-evolution of particle size as output. In order to
display composition profile at desired moments, click the blue “+” button 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;

* Details on these options can be found in Pandat User’s Guide section 6.4.

Dissolution Simulation X
Allay Compasitian Thermal History:
Value tmefminute] = <l Cancel
P oAy 9845 0.00 550.00 Options
x%(Cu) [155 35.00 550.00| | EdraOutputs |
Total 100 * 0.00 0.00] e
560
Phase Infermaticn
Matrix Phase: |Foc v %
550
Particles: + * g
2
Phase Name  Particle Sizefum] Vol. Fraction 540
0 175 35
time(minute)
Moments for Profile Outputs: E
time: [min]
10
Simulatien Conditions 15
Geometry # of Grids: 100

Figure 4.12.1: Setting of the simulation condition
Post Calculation Operation:

* 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 menu "Table - Import Table From Files", and

select Example #4.12.txt, and then follow Example 3.1 : Precipitation Simulation of

Ni- 14Al (at%) Alloy to add the experimental data on the plot. More information about

change graph appearance can be found in Pandat User’s Guide Section 2.3.1.

* Click and open the Default table and select “distance”, “x% (A1) ” and “x% (Cu) ” to plot
the composition profiles at starting, ending and the two selected 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 Dissolution of Multiple Particles

Purpose: Learn to perform multi- particle dissolution simulation. Two AI2Cu particles, with

different sizes and volume fractions, dissolve into the Fcc matrix.
Module: PanDiffusion

Thermodynamic and Mobility Database: A1Cu_MB. tdb
Batch file: Example #4.13.pbfx

Calculation Procedures:

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

section 2.1;

* Load Alcu MB.tdb following the procedure in Pandat User’s Guide section 3.2.1 and

select both two elements;
. Click on the menu "PanDiffusion - Dissolution Simulation" or click the icon

and set up the calculation condition as shown in Figure 4.13.1;

* Click on “select Phases” and make Fcc and A1Cu_Theta the entered phases, while

other phases are suspended;
* In Alloy Composition set a composition of A1-1.55Cu (at%);
* The total number of grids (# of Grids) is 75;
* The Geometry of particles is setto “Spherical”;
° |[n“Phase Information”, select Fcc as “Matrix Phase”.

* To add the first particle, click the blue “+” button in the "Particle" field, then select

LTS

AlCu_ Thetain “Phase Name”.

setto 0.008;

Particle Size”issetto 3.0 um.“vol. Fraction”is

* To add the second particle, click the blue “+” button in the "Particle" field, then select

AlCu Thetain“Phase Name” “Particle Size”issetto 1.0 um.“vVol. Fraction”is
setto0 0.001;

* The “Thermal History” is a period of 35 minutes at 550 °C;
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e Click OK to start calculation;

* Details on these options can be found in Pandat User’s Guide section 6.4.

Dissolution Simulation X

Ay Bz Thermal History: W”@ OK
flaltie) time[minute] Temperature[C] TR
boox%(A) |9845 0.00 55000 | oOptions |
x%(Cu)  |155 35.00 550.00 | | EdraOutputs |
Total: 100 0 .00

Phase Information
Matrix Phase: |Fcc ~ | %
550
Particles: E E
=
Phase Name Particle Size[um] Wol. Fraction 540
AlCu_Theta |~ |3.0 0.008 0 175 35
ACu_Theta  ~|1.0 time(minute)
Moments for Profile Outputs: E‘

time: Jmin]

Simulation Conditions

Interfacs Flux Model | automatic v

Figure 4.13.1: Setting of the simulation condition

Post Calculation Operation:

* The calculated particle dissolution with time is shown in Figure 4.13.2 User can modify it
by changing the title, the scale, and add grid to the graph by setting “Show Major Grid”
True in the Property Window.More information about change graph appearance can be

found in Pandat User’s Guide Section 2.3.1.
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Particle 1: initial radius=3um, initial volume fraction=0.008

Particle radius [um]

Particle 2: initial radius=1um, initial volume fraction=0.001

1 2

-1
‘3 log(time)(second)

oA
wH
N

Figure 4.13.2: The 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

Thermodynamic and Mobility Database: Fe-Si-C.tdb

Batch file: Example #4.14.pbfx

Calculation Procedures:

* 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, and select all

three components;

. Click on the menu "PanDiffusion - Diffusion Simulation" or click the icon
and set up the calculation condition as shown in Figure 4.14.1.
¢ First click the red “X” above Regions to delete Region_2 and leave one Region only.

* Click on Region_1 and set the composition as 0.5C-99.5Fe (at%), The length (Diff.
Length) as 100 um, and the # of Grids as 100.

* The Thermal History is a period of 10 seconds with a constant temperature at 1000 °C;

* Click on Lower Boundary Condition (left edge of Region_1) and select fixed

“activity”, and setthe Value as “a (C:graphite[*])=0.01";

* In the settings shown in Figure 4.14.1, composition profiles at the initial and final stages

will be outputted. Click OK to perform calculations.

* By default, dissolution simulation gives time-evolution of particle size as output. In order to
display composition profile at desired moments, click the blue “+” button 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;

* Details on these options can be found in Pandat User’s Guide section 6.4.
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Post Calculation Operation:

* 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 4.14.2Change graph appearance

and add text following the procedure in Pandat User’s Guide Sections 2.3.1 and 2.3.3.

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).

i, Length ]

Boundsry Conditions
Upper Boundary Condition: | closed v
Value: |

——
M|=(Cic shite[*])=0.0

Diffusion Simulation X
Difusion Conditons |
All Regions (click on each individual region for setings) (98 Thermal History:
i L 1 | optons |
Region_1 !
uniform Comp, 0.00 1000.00 | ExtraOuiputs |
1000 1000.00
. . S . 0.00 0.00
Settings for the Selected Region [Region_1]:
Region Composition Distribution:  uniform | Select Phases |
Region Composition Right End Select Comps
Value Value 1010
o, o
b x%(C) 05 b x%(C) 05 £ 1000
@
x%(Fe) 995 xu(Fe)  [995 =
Total 100 5] Total 100 (i 5 10
time(second)
<] Moments for Profile Outputs: [ofe][ 3

time [sec]
1
5

Simulation Conditions
—

Inner Radius [um}:

ST

# of Grids:

0.000000

100

Figure 4.14.1: Setting of the simulation condition
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Figure 4.14.2: Simulation result of carbon composition profile
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Example 5.1 : Solidification Simulation of a Mg-Al alloy under a Given Cooling Rate

Example 5.2 : Prediction of Hot Cracking Susceptibility of an Al-Cu-Mg Alloy

Example 5.3 : Hot Cracking Susceptibility Map of Al-Cu-Mg at Al-Corner
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Example 5.1 Solidification Simulation of a Mg-Al alloy under a Given Cooling

Rate

Purpose: Learn to perform solidification simulation of a Mg-Al binary alloy under specified

solidification conditions using PanSolidification Module. Learn to use the features in

PanSolidification Module.

Module: PanSolidification

Thermodynamic and Mobility Database: 21Mg MB.tdb

Kinetic Parameters Database: Mg Alloys.sdb

Batch file: Example #5.1.pbfx

Calculation Procedures:

Create a workspace and select the PanSolidification module following Pandat User’'s
Guide section 2.1;

Load A1Mg_ MB. tdb through menu "Database — Load TDB or PDB" or by click icon
¢ad , and then select A1 and Mg two components;

Load SDB file Mg_Alloys.sdb through menu "PanSolidification — Load SDB" or by
clickicon gl , select the available alloys: Mg alloys, as shownin Figure 5.1.1;

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;

Then Click OK to perform Solidification simulation. (Detailed description also in Pandat

User's Guide 1.17.4).
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Select Alloy Parameter for Sclidification Simulation x

Available Alloys (0): Selected Alloy (1):

Mg alloys

View Parameters

Figure 5.1.1: Load the Mg_Alloys.sdb file and select alloy

Solidification Simulation with Back Diffusion *

Liquid Composition oK
: - Valuo Thermal History: e
»oT0) 1000 time[second] Temperature[C] Options
0.00 680.00
wih(Al) N 1000.00 w000 | mOURE
w%(Mg) |91 . 0.00 0.00| | Lead Condtion
Total 100 Save Condition
Select Phases
Select Comps
Parameters
Load Chemistry
= Save Chemistry
@)
g 490
L
Solidification Mode! ol
(®) BD (Back Diffusion) 300
() Equilibrium {Lever) 0 500 1000
O MNon-equilirium (Scheil time(second)
Common Solidfication Moel Parameters Solidfication Conditions

Start simulation from liquidus surface [

End when no mere liquid M ® Soldfication Rate [um/sec]

T_End [C: 0 (O Temperature Gradient [C/um]

Max Temperature Step Size [K]: Value: ljl

Figure 5.1.2: Set up conditions for solidification simulation

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 as different columns: such as the
secondary dendrite arm spacing (arm_space), the amount of Al{,Mg47 phase ( £ tot

(@A112Mgl7)) column, and the composition of Al in the solid phase (w_S (A1) ). Users
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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.

700

650 -

600 -

550 -

T[C]

500 -

450

400 T T T T
‘3; 0 0.2 04 0.6 0.8 1

fs

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

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

0 T
‘3 0 0.2 0.4 0.6 0.8 1
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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 Prediction of Hot Cracking Susceptibility of an Al-Cu-Mg Alloy

Purpose: Learn to perform solidification simulation to predict the hot cracking susceptibility

index of an alloy in PanSolidification Module.

Module: PanSolidification

Thermodynamic and Mobility Database: PanA1 TH+MB.pdb
Kinetic Parameters Database: A1 Alloys.sdb

Note: In Pandat 2022 version, the property CSl is defined as "-T//sqgrt (fs)". In the "Table
editor" window, users can directly select CST or simply type in CST rather than using the math

operation of "-T//sqrt (fs)".

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(f,)"/2| at (f;)'/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(f)2| vs (f)!/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 TH+MB.pdb including the thermodynamic

and mobility data is required to perform the calculation of this example.
Calculation Procedures:

* Create a workspace and select the PanSolidification module following Pandat User’s

Guide 1.1 section 2.1;

* Load PanAl TH+MB.pdb through menu "Database - Load TDB or PDB" or by click
icon i, and then select 21, Cu and Mg three components;

* Load SDB file 21 Alloys.sdb through menu "PanSolidification - Load SDB"or
by click icon g , select the available alloys: Al alloys.
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» Set Solidification simulation conditions as shown in Figure 5.2.1. The alloy composition is

Al-5wt.%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.

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//sqgrt (fs) in this
example. -T//sqrt (fs) refers to -dT/d(f5)/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 (In Pandat 2022, the CST property is introduced to replace the

"-T//sqrt (fs)".)

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 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.

Then Click OK to perform Solidification simulation. (Detailed description also in Pandat

User’s Guide 7.4).
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Solidification Simulation with Back Diffusion s |
Liquid Composition [k ]
; |
Vae Thermal History: X[EE] [ Canca |
Options
w(Al) 93 Bxtra Outputs
Ww%(Cu) 5 Load Condition
e |2  Save Condion _
Total: 100 Select Phases
Select Comps
g s
(® BD (Back Dffusion) 380
O Equiibrium (Lever 0 75 15
O Non-equilbrium (Schei) time(second)
Common Solidfication Moel Parameters Solidffication Condtions
Start simulation from liquidus surface M _
End when no more liquid [] O Solidfication Rate [um/sec]
T_End[C} 0 @® Temperature Gradient [C/um]
Max Temperature Step Size [K]: |:] Value: 1e-3

Figure 5.2.1: Set up conditions for solidification simulation

Set Extra Outputs X
e T —
Output Tables: Caxel

Table Name Source Columns Edit

Figure 5.2.2: Extra Output interface
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Table Editor x
Table Type: | Default v Table Name: | generated oK
am_space time
T Clear All
%_S()
fs
w_5()
wi’)
fl
sqrtfz)
fs Tiseatfs)
H_Latent
e}
f_tot{@7)
fw_tot(@)
x_tot("@7)
w_tot{"@")
dTax(")
ded T("@")
dwdT("@") Double click to enter edit mode:
N In edit mode, press "Cirl"+'m" to show list of
ddT_LI@") v | Math functions. ..
Drag and drop available columnes 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 pad at 100=. 'time=time’ gets the |ast available psd

Figure 5.2.3: Define properties in the extra output table

Graph Options

x|
Table Source: Graph Name: [ Is Triangle? o
Available Columns: Plots: Q X Cacr
L X Axis Y Axis Source
ot

q
phase_name

Figure 5.2.4: Define the axes of the extra graph

Post Calculation Operation:

The default plot presents the relationship between fraction of solid (fs) and temperature

during solidification as shown in Figure 5.2.5.
The extra graph specified is plotted automatically as shown in Figure 5.2.6.

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(f,)2with (f;)12 < 0.99.
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Figure 5.2.5: : Default plot showing the relation between temperature and fraction of solid
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Figure 5.2.6: Extra plot specified by Extra Graph setting
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Figure 5.2.7: Rescale of Figure 5.2.6 showing the maximum point of -T//sqrt(fs) with sqrt(fs) <
0.99.
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Example 5.3 Hot Cracking Susceptibility Map of Al-Cu-Mg at Al-Corner

Purpose: In the Example 5.2 : Prediction of Hot Cracking Susceptibility of an Al-Cu-Mg Alloy,

Users have learned how to obtain the crack susceptibility index (CSI) value of a single alloy
under certain solidification conditions. 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

Thermodynamic and Mobility Database: PanA1 TH+MB.pdb

Kinetic Parameters Database: A1 Alloys.sdb

Note: In Pandat 2022 version, the property CSl is defined as "-T//sqgrt (fs)". In the "Table
editor" window, users can directly select CST or simply type in CST rather than using the math

operation of "-T//sqrt (fs)".
Calculation Procedures:

* Create a workspace and select the PanSolidification module. Before calculation, 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 the Pandat User’s Guide section 2.1;

* Load PanAl TH+MB.pdb through menu "Database - Load TDB or PDB" or by click
icon Ei , and then select A1, Cu and Mg three components;

* Load SDB file A1 Alloys.sdb through menu "PanSolidification - Load SDB"or
by click icon g , select the available alloys: Al alloys;

e Start HTC function through menu "Batch Calc - High Throughput Calculation

(HTC) ";

¢ Choose calculation type from the drop-down list of HTC pop-up window and select “pan__

solidification” as shownin Figure 5.3.1;
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High Throughput Calculation X |
Choose Calculation Type oK
pan_solidification hd ‘ Cancel

Max time for each calculation (minutes)

The calculation will be automatically skipped after timeout.

Figure 5.3.1: Dialog to choose calculation type of HTC in PanSolidification

* 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.;

Define the solidification conditions for HTC simulation. The solidification conditions with
cooling rate of 20 K/s and Temperature gradient is set as 103 °C/uym, as shown in Figure

5.3.2;

Set “Extra Outputs table”. Click the “Extra Outputs” in Figure 5.3.2, a new
interface as shown in Figure 5.3.3 will appear. Click the blue “+” symbol in Figure 5.3.3 to
pop out the Table Editor as shown in Figure 5.3.4. From this Table Editor, users
can specify and type in properties to output, such as sqrt (fs), -T//sqgrt (fs) in this
example. -T//sqrt (fs) refers to -dT/d(fs)V/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;

Set “Extra Outputs graph”. Using the procedure described in Example 5.2, click the
icon “Graph” in “Set extra output’, setsqrt (fs) as Xaxisand -T//sqrt (fs) as

Y axis. Then click OK;

Click “Run HTC” button to perform HTC simulations.(Detailed description also in Pandat

User’s Guide section 10.2.3).
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..Solidiﬁcation Simulation with Back Diffusion

Solidification Model
© BD (Back Diffusion)
O Equilibrium (Lever)
O Nen-equiibrium (Scheil)
Commaon Solidification Moel Parameters
Start simulation from liguidus surface /]
End when no more liquid @
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tirr d] Temp ire[C] | Options |
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15.000000 380.00
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| Select Phases |
| Select Comps |
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L
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Solidification Condtions
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© Temperature Gradient [C/um]

Walue:
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Figure 5.3.2: Dialog to setup compositional space and solidification conditions for

PanSolidification HTC

Table Name Source

Set Extra Outputs X
T
Output Tables: @ E Cancel
Columns

Figure 5.3.3: Extra Output interface
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Table Editor x
Table Type:  Default ~ Table Name: generated oK
am_space time
Clear All

) T

fs
w_5()

wi’)
fl

sqrtfz)
fs Tiseatfs)
i - I
H_Latent
e}
f_tot(@7)
fw_tot(@)
x_tot("@’)
w_tot("@")
dTax(")
ded T("@")
dwdT("@") Double click to enter edit mode:

In edit mode, press "Cirl"+'m" to show list of

dedT_L("@")

v | Math functions. ..

Drag and drop available columnes 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 pad at 100=. 'time=time’ gets the |ast available psd

Figure 5.3.4: 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 5.3.5.

Result Analysis -> Choose Workspace *
Chouse D:%_Work3_Calculations’1_Pandat \PanSolidification Continue
T %20191118_T440420151113_PanSolidification_HTC\AICuMg_20K_New Cancel
e \AICuMg_20K_New pnd =
Workspace

There are 121 calculations for analysis.

Figure 5.3.5: : “Result Analysis” popup dialog to choose target workspace

* Define the criteria of the properties as filters for result analysis. As shown in the following
Figure 5.3.6, 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;
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Result Analysis - = Set Rules

x |
D:\_Work\3_Calculations\1_Pandat\PanSolidification\20191118_T440\20191113_PanSolidfication_HTC
Target Workspace: AFMA 0K Newdefalt~ - A _! I Analyze
Cancel

Common Tables for All Calculations: (only one table can be chosen for analysis at one time)
|D:\JNnnt\37Calcl.lalinns\LPmda‘r\PanSaIcificatioan91 118_T440,20191113_PanSolidfication_HTC\AICuMg_20K_New\default\S I

Common Columns for the Target Table: (drag and drop to change the oder) Sel/Cr All
[ fs [ -T//satfs)
T 1 phase_name
] sartfs)
am_space
[v] time
] wiA)
] witg)
] v#cu)

E| R
b sartfis)_1

1. Set an Expression to Select Rows: (choose a template text and insert) Insert Selected
[f=10 - Column Name

sqrt(fs)<0.99

Insert Text

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

T=MIN(T) ~ | Insert Text
CSI=MAX(-T//sqrt(fs))

Examples: EA Empty 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 5.3.6: Criteria for Cracking Susceptibility Index setting from solidification results

analysis

* After results analysis, a table which list CSI = MAX(-T//sqrt(fs)) for each alloy composition

is generated as shown in Figure 5.3.7;

* Select w%(Cu) as X-axis, press Ctrl then select w%(Mg) and (-T//sqrt(fs)) as Y-axis and Z-
axis, respectively, click F§ on the tool bar to generate Figure 5.3.8 which shows the crack

susceptibility map for Al-Cu-Mg alloys with cooling rate of 20 K/s;

* The simulated result is comparable with the experimental results shown in Figure 5.3.9.
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Figure 5.3.7: Atable which lists the CSI = MAX(-T//sqrt(fs)) for each alloy composition is

generated after the results analysis
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Figure 5.3.8: Al-Cu-Mg crack susceptibility map with cooling rate of 20 K/s
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Figure 5.3.9: Experimental crack susceptibility test results
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