


AFFIDAVIT

I declare that I have authored this thesis independently, that I have not used other 

than the declared sources/resources, and that I have explicitly indicated all ma-

terial which has been quoted either literally or by content from the sources used. 

The text document uploaded to TUGRAZonline is identical to the present master‘s 

thesis dissertation.

Date Signature



 

 



 

 

Abstract 

 



 

 

Acknowledgements 

 

 



 

1 
 

Content  

1.) Introduction ............................................................................................................................................. 5 

1.1) Objective of Master Thesis ................................................................................................................. 5 

1.2) Properties of Martensitic Chromium Steel ........................................................................................ 6 

1.2.1) Microstructure and Manufacturing ............................................................................................ 6 

1.2.2) Assets of P91 ............................................................................................................................... 6 

1.2.3) Issue of Welding .......................................................................................................................... 6 

1.2.4) Importance for Environment....................................................................................................... 7 

2.) Literature Study ........................................................................................................................................ 8 

2.1) Character and Role of Precipitates..................................................................................................... 8 

2.2) Microstructural Data (External) ......................................................................................................... 9 

2.2.1) Subgrain Size ............................................................................................................................. 10 

2.2.2) Dislocation Density .................................................................................................................... 11 

2.2.3) Precipitates ................................................................................................................................ 12 

2.2.3.1) Chromium carbide (M23C6) ................................................................................................. 12 

2.2.3.2) MX precipitates (NbC and VN) ........................................................................................... 13 

2.2.3.3) Laves Phase ........................................................................................................................ 14 

2.2.3.4) Modified Z Phase ................................................................................................................ 15 

2.3) Thermodynamic Analysis of Microstructural Evolution ................................................................... 16 

2.3.1) Gibbs Free Energy and Thermodynamic Equilibrium ................................................................ 16 

2.3.2) Nucleation, Growth and Coarsening of Precipitates ................................................................. 17 

2.3.2.1) Nucleation Theory .............................................................................................................. 17 

2.3.2.2) Precipitate Growth ............................................................................................................. 18 

2.3.2.3) Coarsening- Ostwald Ripening ........................................................................................... 18 

2.3.3) Gibbs Free Energy of a Complex Alloy ...................................................................................... 19 

2.3.4) SFFK Model (MatCalc) ............................................................................................................... 19 

2.4) IWS Status of Precipitation Modelling (Model 0) ............................................................................. 20 

2.5) Strengthening Mechanisms and Backstress ..................................................................................... 22 

2.5.1) Mobile Dislocation Strengthening ............................................................................................. 23 

2.5.2) Subgrain Strengthening ............................................................................................................. 23 

2.5.3) Immobile Dislocation Strengthening/ Subgrain Strenghtening ................................................ 24 

2.5.4) Grain Boundary Strengthening .................................................................................................. 24 

2.5.5) Precipitate Dislocation Interaction ........................................................................................... 24 

2.5.5.1) Orowan Mechanism ........................................................................................................... 25 



 

2 
 

2.5.5.2) Effect of Dislocation Climb ................................................................................................. 25 

2.5.6) Solid Solution Hardening ........................................................................................................... 26 

3.) Experimental .......................................................................................................................................... 27 

3.1) Overview on Thermodynamic Simulations ...................................................................................... 27 

3.1.1) Vujic’s Model 0 (Year 2015) ...................................................................................................... 27 

3.1.2) Model 1 on Basis of 2015 Experiments (Year 2016) ................................................................. 27 

3.2) EBSD Microscopy and TEM (External Work) .................................................................................... 28 

3.3) Overview on Specimen 2016 (IWS) .................................................................................................. 29 

3.4) MatCalc Simulations ......................................................................................................................... 30 

3.4.1) MatCalc Version and Computer Types ...................................................................................... 30 

3.4.2) Chemical Composition of Investigated Gr. 91 Steel in 2016 ..................................................... 31 

3.4.3) Adjustment of 2015 Findings (Model 1) .................................................................................... 32 

3.4.3.1) Grain Sizes .......................................................................................................................... 32 

3.4.3.2) Nucleation Sites .................................................................................................................. 33 

3.4.3.3) Dislocation Densities .......................................................................................................... 34 

3.4.3.4) Heat Treatment .................................................................................................................. 37 

3.4.3.5) Modified Z Phase Settings .................................................................................................. 40 

3.4.3.6) Diffuse Interface Correction Temperature of Laves Phase ................................................ 40 

3.4.3.7) Volumetric Misfit for Aluminium Nitride ........................................................................... 40 

3.5) Backstress Calculation ...................................................................................................................... 40 

4.) Results .................................................................................................................................................... 41 

4.1) Equilibrium Calculation .................................................................................................................... 41 

4.2) Microstructure Evolution: Model 1- BM Creep at 600 °C ................................................................ 43 

4.2.1) As-received Condition of Base Metal (BM) ............................................................................... 44 

4.2.2) BM creep-loaded for 100 000 hours at 600 °C .......................................................................... 46 

4.3) Microstructure Evolution: Model 2- BM and FGHAZ Creep at 650 °C ............................................. 49 

4.3.1) EBSD Results 2016 ..................................................................................................................... 49 

4.3.1.1) EBSD Analysis 2016 of PAGS in BM (as-received condition) .............................................. 49 

4.3.1.2) EBSD Analysis 2016 of Subgrain Size in BM (as-received condition) ................................. 54 

4.3.1.3) EBSD Analysis 2016 of PAGS in FGHAZ (as-received condition) ......................................... 58 

4.3.1.4) EBSD Analysis 2016 of Subgrain Size in FGHAZ (as-received condition) ............................ 61 

4.3.1.5) EBSD Analysis 2016 of Subgrain Sizes in BM creep-loaded (100 MPa and 80 MPa) .......... 63 

4.3.2) TEM Results 2016 ...................................................................................................................... 66 

4.3.2.1) TEM Investigations of Base Metal in As-Received Condition ............................................. 66 



 

3 
 

4.3.3) Model 2 Results (BM and FGHAZ) ............................................................................................. 70 

4.3.3.1) As-received Condition of Base Metal (BM) ........................................................................ 73 

4.3.3.2) BM creep-loaded for 100 000 hours at 650 °C ................................................................... 75 

4.3.3.3) Welded Condition (FGHAZ) ................................................................................................ 77 

4.3.3.4) As-received Condition of FGHAZ (after PWHT) .................................................................. 79 

4.3.3.5) FGHAZ creep-loaded for 100 000 hours at 650 °C ............................................................. 81 

4.3.4) Backstress Calculation on Basis of Model 2 (BM + FGHAZ)....................................................... 85 

4.3.4.1) Mobile Dislocation Strengthening ...................................................................................... 85 

4.3.4.2) Subgrain Strengthening at Room Temperature ................................................................. 86 

4.3.4.3) Immobile Dislocation Strengthening/ Subgrain Strengthening at High Temperature ....... 86 

4.3.4.4) Grain Boundary Strengthening........................................................................................... 88 

4.3.4.5) Precipitate Dislocation Interaction .................................................................................... 88 

4.3.4.6) Total Backstress (Room Temperature) ............................................................................... 93 

4.3.4.7) Total Backstress (Service Conditions) ................................................................................ 94 

5.) Discussion ............................................................................................................................................... 95 

5.1) Assessment of Model 1 .................................................................................................................... 95 

5.1.1) Comparison to Literature Data.................................................................................................. 95 

5.1.1.1) Chromium Carbide (M23C6)................................................................................................. 95 

5.1.1.2) MX Precipitates (VN+ NbC) ................................................................................................ 96 

5.1.1.3) Laves Phase ........................................................................................................................ 96 

5.1.1.4) Modified Z Phase and AlN .................................................................................................. 97 

5.2) Assessment of Model 2 .................................................................................................................... 98 

5.2.1) Comparison to Literature Data.................................................................................................. 98 

5.2.1.1) Chromium Carbide (M23C6)................................................................................................. 98 

5.2.1.2) MX Precipitates (VN+ NbC) ................................................................................................ 99 

5.2.1.3) Laves Phase ...................................................................................................................... 100 

5.2.1.4) Modified Z Phase and AlN ................................................................................................ 100 

5.2.2) Comparison of BM Creep in Model 2 to Model 1 ................................................................... 101 

5.2.3) Comparison to TEM Results 2016 ........................................................................................... 102 

5.2.4) Room Temperature Backstress ............................................................................................... 103 

5.2.5) Service Temperature Backstress ............................................................................................. 104 

5.2.6) Comparison of Backstress in Room Temperature and High Temperature Condition ............ 105 

5.2.7) Conclusion of Backstress Calculations .................................................................................... 105 

6.) Conclusion and Outlook ....................................................................................................................... 106 



 

4 
 

6.1) Advantages of Model 1 and 2 Simulations ......................................................................................... 106 

6.1.1) Dislocation Density Evolution.................................................................................................. 106 

6.1.2) Grain Sizes ............................................................................................................................... 106 

6.1.3) Nucleation Sites ....................................................................................................................... 107 

6.1.4) Diffuse Interface Correction Temperature for Laves Phase .................................................... 107 

6.1.5) Precipitate Evolution ............................................................................................................... 107 

6.2) Weaknesses of Model 1 and 2 Simulations and Outlook ............................................................... 108 

6.2.1) Dislocation Density .................................................................................................................. 108 

6.2.2) Subgrain Coarsening ................................................................................................................ 108 

6.2.3) Precipitates .............................................................................................................................. 108 

6.2.4) Diffusion .................................................................................................................................. 109 

6.2.5) Calculation Time ...................................................................................................................... 109 

6.2.6) Role of CPU Types ................................................................................................................... 109 

7.) Appendix A: MatCalc Script on 2016 Data (model 2) ........................................................................... 110 

8.) Literature .............................................................................................................................................. 136 

 

  



 

5 
 

1.) Introduction  

 

1.1) Objective of Master Thesis 



 

6 
 

1.2) Properties of Martensitic Chromium Steel 

1.2.1) Microstructure and Manufacturing 

1.2.2) Assets of P91 

1.2.3) Issue of Welding 



 

7 
 

 

1.2.4) Importance for Environment 



 

8 
 

 

2.) Literature Study 

 
2.1) Character and Role of Precipitates 

 

 

 

 

 

 



 

9 
 

)

 

 

2.2) Microstructural Data (External) 

o 
o 
o 
o 
o 
o 
o 
o 
o 



 

10 
 

 

2.2.1) Subgrain Size 



 

11 
 

2.2.2) Dislocation Density 
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2.2.3) Precipitates 
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2.2.3.2) MX precipitates (NbC and VN) 
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2.2.3.3) Laves Phase 
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2.2.3.4) Modified Z Phase 
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2.3) Thermodynamic Analysis of Microstructural Evolution 
 

2.3.1) Gibbs Free Energy and Thermodynamic Equilibrium 

𝑑𝑈 = 𝑇 ∙ 𝑑𝑆⏟  
1

−𝑝 ∙ 𝑑𝑉⏟    
2

+ 𝜇 ∙ 𝑑𝑛⏟  
3

      (1)

𝜇

𝐻 = 𝑈 + 𝑝 ∙ 𝑉     (2)

𝐺 = 𝐻 − 𝑇 ∙ 𝑆     (3)

𝑑𝐺 = −𝑆 ∙ 𝑑𝑇 + 𝑉 ∙ 𝑑𝑝 + 𝜇 ∙ 𝑑𝑛     (4)

𝑑𝐺 = 𝜇 ∙ 𝑑𝑛      (5)

𝑑𝐺 = 𝜇 ∙ 𝑑𝑛 = 𝑑𝐻 − 𝑇 ∙ 𝑑𝑆 = 0        (6)  
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2.3.2) Nucleation, Growth and Coarsening of Precipitates 
 

 

2.3.2.1) Nucleation Theory 

𝐽 = 𝑁0𝑍𝛽
∗𝑒𝑥𝑝 (−

∆𝐺∗

𝑘𝑇
)          (7)

𝛽∗

∆𝐺∗

∆𝐺∗

∆𝐺∗ =
16𝜋

3
∙
𝛾3

𝐹2
                (8)

𝛾

∆𝐺∗

∆𝐺∗
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2.3.2.2) Precipitate Growth 

𝜕𝑐

𝜕𝑡
=

𝜕

𝜕𝑥
(−𝐷

𝑑𝑐

𝑑𝑥
)

𝜌 = √𝜌0 + (
𝑛∞ − 𝑛1
𝑛0 − 𝑛1

) ∙ 𝐷𝑡            (10)

𝑛

2.3.2.3) Coarsening- Ostwald Ripening 

𝑟1
3 − 𝑟0

3 =
8𝛾𝑐∞𝑣

2𝐷

9𝑅𝑔𝑇
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2.3.3) Gibbs Free Energy of a Complex Alloy 

𝑑𝐺 =∑𝜇𝑖 ∙ 𝑑𝑛𝑖
𝑖

= 𝑑𝐻 − 𝑇 ∙ 𝑑𝑆 = 0     (12)   

 
2.3.4) SFFK Model (MatCalc) 

𝐺 =∑𝑁0𝑖𝜇0𝑖

𝑛

𝑖=1⏟      
1

+∑
4𝜋𝜌𝑘

3

3
(𝜆𝑘 +∑𝑐𝑘𝑖𝜇𝑘𝑖

𝑛

𝑖=1
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𝑚

𝑘=1⏟                  
2
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2𝛾𝑘

𝑚

𝑘=1⏟        
3

              (13)

𝜇0𝑖 

𝜆𝑘

∑ 𝑐𝑘𝑖𝜇𝑘𝑖
𝑛
𝑖=1
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3/3)

𝛾𝑘 4𝜋𝜌𝑘
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2.4) IWS Status of Precipitation Modelling (Model 0) 
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2.5) Strengthening Mechanisms and Backstress 

 

𝜎𝑒𝑥𝑡 𝜎𝑖

𝝈𝒆𝒇𝒇

𝜎𝑒𝑓𝑓 = 𝜎𝑒𝑥𝑡 − 𝜎𝑖         (14)

𝜏𝜌 𝜏𝑂𝑟 𝜏𝑠𝑔𝑏

𝜏 𝜎

𝜎𝑖 = 𝑀 ∙ (𝜏𝜌 + 𝜏𝑂𝑟 + 𝜏𝑠𝑔𝑏)          (15)

𝜎𝜌𝑚
𝜎𝜌𝑖𝑚 𝜎𝑝𝑎𝑟𝑡

𝜎𝑖 = 𝜎𝜌𝑚 + 𝜎𝜌𝑖𝑚 + 𝜎𝑝𝑎𝑟𝑡           (16)
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2.5.1) Mobile Dislocation Strengthening 

α

𝜌𝑚

𝜎𝜌𝑚 = 𝛼 ∙ 𝑀 ∙ 𝐺 ∙ 𝑏 ∙ √𝜌𝑚        (17)

α

α

α α

ϑ

𝐺 =
𝐸

2 ∙ (1 + 𝜗)
               (18) 

 

2.5.2) Subgrain Strengthening 

λ

𝜎𝑠𝑔 =
10 ∙ 𝐺 ∙ 𝑏

λ𝑠𝑔
       (19)

λ
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2.5.3) Immobile Dislocation Strengthening/ Subgrain Strenghtening 

𝜎𝜌𝑖𝑚 = 𝛼 ∙ 𝑀 ∙ 𝐺 ∙ 𝑏 ∙ √𝜌𝑖𝑚        (20)

𝛼 ∙ 𝑀

2.5.4) Grain Boundary Strengthening 

 

𝜏𝑔𝑟 = 𝑘𝑔𝑟 ∙
1

√𝑑𝑔𝑟
        (21)

2.5.5) Precipitate Dislocation Interaction 
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2.5.5.1) Orowan Mechanism 

𝜏𝑂𝑟 =
𝐽 ∙ 𝐺 ∙ 𝑏

2 ∙ 𝜋 ∙ λ ∙ (1 − ϑ)
∙ 𝑙𝑛 (

2𝑟𝑠
𝑟𝑖
)         (22)

ϑ

λ

𝜆2𝐷−𝑆𝑆 = √
ln3

2 ∙ 𝜋 ∙ 𝑁𝜐 ∙ 𝑟
+ 2.67 ∙ 𝑟2 − 1.63 ∙ 𝑟       (23)

2.5.5.2) Effect of Dislocation Climb 

𝜆𝑡𝑜𝑡

1

𝜆𝑡𝑜𝑡
2 =

1

𝜆𝑀𝑋
2 +

1

𝜆𝑀23𝐶6
2        (24)



 

26 
 

𝜆𝑡𝑜𝑡

𝜎𝑝𝑎𝑟𝑡 =
2𝑇𝐿𝑚

𝑏𝜆𝑡𝑜𝑡
      (25) 

𝑇𝐿 =
𝐺𝑏2

2
       (26)

𝑇𝐿 =
𝐺𝑏2

4𝜋𝐾
∙ 𝑙𝑛

[
 
 
 2√

2
3
𝑟

(1. .4)𝑏

]
 
 
 

      (27) 

2.5.6) Solid Solution Hardening 
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3.) Experimental 

3.1) Overview on Thermodynamic Simulations 

 

 

 

3.1.1) Vujic’s Model 0 (Year 2015) 

“kinetics_v24.mcs”

3.1.2) Model 1 on Basis of 2015 Experiments (Year 2016)

“dbn_pn_ns_bf_ddm_fct_1.5e14_vmf_aln_NbC_dg_eie_z_vn_1_MX_vmc_heat_cool_npc50.mcs”.  
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3.1.3) Model 2 on Basis of 2016 Experiments (Year 2016) 

“P91_76_9_0.5_ict_laves1452K_ agsfghaz950C_650C_100000h_mdef8.mcs”

3.2) EBSD Microscopy and TEM (External Work) 
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3.3) Overview on Specimen 2016 (IWS) 
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3.4) MatCalc Simulations 

3.4.1) MatCalc Version and Computer Types 
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3.4.2) Chemical Composition of Investigated Gr. 91 Steel in 2016 
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3.4.3) Adjustment of 2015 Findings (Model 1) 

3.4.3.1) Grain Sizes 

 
Model 0 [41] Model 1 

Aust. grain size BM 30 μm 79 μm (SMV) a, [40] 

Mart. grain size BM 30 μm Not used 

Aust. grain size FGHAZ 30 μm 14,3 μm (SMV) a, [40] 

Mart. grain size FGHAZ 30 μm Not used 

Subgrain elongation BM 3 5 

Subgrain elongation FGHAZ 1 1 

Subgrain size BM 14 μm (MBS) b 1 μm  

Subgrain size FGHAZ 8,4 μm (MBS) b 1 μm  
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3.4.3.2) Nucleation Sites 

Name of 
Precipitate 

Model 0  Model 1 + 2 

M23C6(mart) s g, s 

Laves(mart) g (g), s 

VN(mart) d g, d, s 

VN(aust) - g 

NbC(aust) - g, d 

NbC(mart) d g, d, s 

AlN(aust) d d 

AlN(mart) d d 

Cr2N(aust) d d 

Cr2N(mart) d d 

Cem(mart) s s 

M7C3(mart) s s 

Modified Z 
Phase 

vn 
d 

vni 
d 
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3.4.3.3) Dislocation Densities
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Model 0 Model 1 + 2 

Dislocation density aust. 1.1011 m-2 1.1011 m-2 

Dislocation density mart. 
(start value for service) 

1.1015 m-2 1,5.1014 m-2   

Reduction rate for mart.  
dislocation density 

- 12,5 % every  
25000 h 

Non-linear 
formula (28) 

𝜌 = 𝑎 ∙ (𝑡 + 7000)−𝑏      (28)
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3.4.3.4) Heat Treatment 
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Model 2: 650 °C/ 100 000 h 

650 °C/ 100 000 h 

Model 1: 600 °C/ 100 000 h 

Model 2 

Model 1 

Model 2 
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3.4.3.5) Modified Z Phase Settings 

3.4.3.6) Diffuse Interface Correction Temperature of Laves Phase 

3.4.3.7) Volumetric Misfit for Aluminium Nitride 

∆𝐺∗

3.5) Backstress Calculation 
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4.) Results 

4.1) Equilibrium Calculation 
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4.2) Microstructure Evolution: Model 1- BM Creep at 600 °C 

dbn_pn_ns_bf_ddm_fct_1.5e14_vmf_aln_NbC_dg_eie_z_vn_1_MX_vmc_heat_cool_npc50
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4.2.1) As-received Condition of Base Metal (BM) 
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4.2.2) BM creep-loaded for 100 000 hours at 600 °C 
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4.3) Microstructure Evolution: Model 2- BM and FGHAZ Creep at 650 °C 

 

4.3.1) EBSD Results 2016  
 

4.3.1.1) EBSD Analysis 2016 of PAGS in BM (as-received condition) 
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o 
o 
o 
o 

 

 
 

𝑢(𝑥) =
24

𝜋
[1 − cos (𝑥1)]       (29)

0 ≤ 𝑥1 ≤ 0,7854 𝑟𝑎𝑑

𝑣(𝑥) =
24

𝜋
[1 − cos (𝑥2)] ∙ [3(√2 − 1) cot (

𝑥2

2
) − 2]       (30)

0,7854 𝑟𝑎𝑑 < 𝑥2 ≤ 1,0472 𝑟𝑎𝑑

𝑤(𝑥) =
24

𝜋
[1 − cos (𝑥3)] ∙ {[3(√2 − 1) +

4

√3
] ∙ cot (

𝑥3
2
) − 6}        (31)

1,0472 𝑟𝑎𝑑 < 𝑥3 ≤ 1,0685 𝑟𝑎𝑑
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𝐾 =
∫ 𝑓(𝑥)𝑑𝑥
1,0685

0

∫ 𝑓(𝑥)𝑑𝑥
0,8727

0,3142

=
0,998671

0,736622
= 1,35575            (32)
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4.3.1.2) EBSD Analysis 2016 of Subgrain Size in BM (as-received condition) 

 

𝑃𝐴𝐺𝑆1 =
𝐿𝑒𝑛𝑔𝑡ℎ

𝑆𝑢𝑚 − 1
=
999 µ𝑚

𝑆𝑢𝑚 − 1
 

𝑃𝐴𝐺𝑆̅̅ ̅̅ ̅̅ ̅
𝐵𝑀1 =

1

𝐾
∙
∑𝑃𝐴𝐺𝑆1
∑𝐿𝑖𝑛𝑒𝑠

=
1

1,356
∙
124,88 + ⋯+ 133,2

24
=
106,33 µ𝑚

1,356
= 78,43 µ𝑚  

𝑃𝐴𝐺𝑆2 =
𝐿𝑒𝑛𝑔𝑡ℎ

𝐾 ∙ 𝑆𝑢𝑚 − 1
=

999 µ𝑚

1,356 ∙ 𝑆𝑢𝑚 − 1
 

𝑃𝐴𝐺𝑆̅̅ ̅̅ ̅̅ ̅
𝐵𝑀2 =

∑𝑃𝐴𝐺𝑆2
∑𝐿𝑖𝑛𝑒𝑠

=
89,31 + ⋯+ 95,06

24
= 76,19 µ𝑚 
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𝜽𝒊𝒇𝒊

𝜌𝑏𝑖 =
𝜃𝑖𝑓𝑖
2𝑏

∙
3

𝑠𝑔𝑠
     (37)
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4.3.1.3) EBSD Analysis 2016 of PAGS in FGHAZ (as-received condition) 
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4.3.1.4) EBSD Analysis 2016 of Subgrain Size in FGHAZ (as-received condition) 
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4.3.1.5) EBSD Analysis 2016 of Subgrain Sizes in BM creep-loaded (100 MPa and 80 MPa) 
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SGS in BM 80 MPa Number Fraction Number Fraction NEW Multiplied Multiplied NEW 

0,106841 0,230971 
 

0,024677173 
 

0,139478 0,0892388 
 

0,012446849 
 

0,182086 0,0656168 0,096525106 0,011947901 0,01757587 

0,23771 0,0446194 0,065637037 0,010606478 0,01560258 

0,310326 0,0577428 0,084942117 0,017919092 0,026359747 

0,405152 0,0603675 0,088803162 0,024458013 0,035978779 

0,528883 0,0761155 0,111969141 0,040256194 0,059218575 

0,690446 0,0656168 0,096525106 0,045304857 0,066645373 

0,901365 0,0629921 0,092664061 0,056778874 0,083524141 

1,17671 0,0498688 0,073359128 0,058681116 0,086322419 

1,53618 0,0472441 0,069498082 0,072575442 0,106761564 

2,00545 0,0314961 0,046332104 0,063163854 0,092916718 

2,61808 0,0262467 0,038610013 0,06871596 0,101084103 

3,41785 0,023622 0,034748968 0,080736453 0,118766759 

4,46194 0,023622 0,034748968 0,105399947 0,155047809 

5,82497 0,023622 0,034748968 0,137597441 0,202411694 

7,60439 0,0104987 0,015444035 0,079836209 0,117442463 

9,92738 0,00262467 0,003861001 0,026056096 0,038329627 

12,96 0,00262467 0,003861001 0,034015723 0,050038577 

16,919 0,00524934 0,007722003 0,088813583 0,130648562 
 

0,67978998 
 

≈1,06 µm ≈1,50 µm 
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SGS in BM 100 MPa Number Fraction Number Fraction NEW Multiplied Multiplied NEW 

0,109209 0,160156 
 

0,017490477 
 

0,143096 0,0859375 
 

0,012297313 
 

0,187498 0,0429688 0,056994866 0,008056564 0,010686423 

0,245676 0,0429688 0,056994866 0,010556403 0,014002271 

0,321907 0,0546875 0,072538836 0,017604289 0,023350759 

0,421792 0,046875 0,062176145 0,0197715 0,026225401 

0,55267 0,078125 0,103626909 0,043177344 0,057271484 

0,724158 0,0585938 0,077720248 0,042431169 0,056281739 

0,948857 0,0703125 0,093264218 0,066716508 0,088494406 

1,24328 0,0703125 0,093264218 0,087418125 0,115953537 

1,62906 0,046875 0,062176145 0,076362188 0,101288671 

2,13454 0,078125 0,103626909 0,166760938 0,221195782 

2,79686 0,03125 0,041450763 0,087401875 0,115931982 

3,6647 0,0351563 0,046632175 0,128837293 0,170892932 

4,80183 0,0429688 0,056994866 0,206328873 0,273679658 

6,29179 0,015625 0,020725382 0,098309219 0,13039975 

8,24407 0,0234375 0,031088073 0,193220391 0,256292247 

10,8021 0,0078125 0,010362691 0,084391406 0,111938823 

14,1539 0,00390625 0,005181345 0,055288672 0,073336245 

18,5457 0,00390625 0,005181345 0,072444141 0,096091678 
 

0,7539065 
 

≈1,49 µm ≈1,94 µm 
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4.3.2) TEM Results 2016  

4.3.2.1) TEM Investigations of Base Metal in As-Received Condition 
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𝑁𝑡𝑜𝑡 = 𝑛𝑉 ∙ 𝑉 = 𝑛𝑉 ∙ 𝐴 ∙ 2𝑟    (39)  

𝑛𝐴 =
𝑁𝑡𝑜𝑡
𝐴

= 2𝑟 ∙ 𝑛𝑉                 (40)

𝑛𝑉 =
𝑛𝐴

2𝑟
=
𝑁𝑡𝑜𝑡

2𝐴𝑟

𝜌 = 𝑛𝑉 ∙
4𝜋

3
∙ 𝑟3     (42) 
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4.3.3) Model 2 Results (BM and FGHAZ) 
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4.3.3.1) As-received Condition of Base Metal (BM) 
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4.3.3.2) BM creep-loaded for 100 000 hours at 650 °C 
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4.3.3.3) Welded Condition (FGHAZ) 
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BM transforms  

to FGHAZ (aust) 

BM transforms  

to FGHAZ (mart) 
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4.3.3.4) As-received Condition of FGHAZ (after PWHT) 

 



 

80 
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4.3.3.5) FGHAZ creep-loaded for 100 000 hours at 650 °C 
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(43) 
 

(44) 

(45) 
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4.3.4) Backstress Calculation on Basis of Model 2 (BM + FGHAZ) 

4.3.4.1) Mobile Dislocation Strengthening 

α

𝜌𝑚

𝜎𝜌𝑚 = 𝛼 ∙ 𝑀 ∙ 𝐺 ∙ 𝑏 ∙ √𝜌𝑚          (46)

 α

α

ϑ

𝐺 =
𝐸

2 ∙ (1 + 𝜗)
                     (47)

α

α

Mobile Dislocation 
Strengthening P91@ 650 °C 

BM/ FGHAZ 10 h  BM/ FGHAZ 14 379  h  

Room Temperature (Abe) 326,1 MPa 234,9 MPa 
High Temperature (Basirat) 13,0 MPa 9,4 MPa 



 

86 
 

4.3.4.2) Subgrain Strengthening at Room Temperature 

λ

𝜎𝑠𝑔 =
10 ∙ 𝐺 ∙ 𝑏

λ𝑠𝑔
                  (48)

4.3.4.3) Immobile Dislocation Strengthening/ Subgrain Strengthening at High Temperature 

𝜎𝜌𝑖𝑚 = 𝛼 ∙ 𝑀 ∙ 𝐺 ∙ 𝑏 ∙ √𝜌𝑖𝑚        (49)

𝛼 ∙ 𝑀
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λ𝑠𝑔_14379ℎ
λ𝑠𝑔_0ℎ

=
𝜌𝑖𝑚_0ℎ

𝜌𝑖𝑚_14379ℎ
        (50)

α

α 

α

Immobile Dislocation 
Strengthening P91@ 650 °C 

BM 10 h  BM 14 379  h FGHAZ 10 h FGHAZ 14 379 h 

High Temperature 
(Sandström + Basirat) 

22,8 MPa 20,0 MPa 25,0 MPa 19,0 MPa 
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4.3.4.4) Grain Boundary Strengthening 

4.3.4.5) Precipitate Dislocation Interaction 

 

4.3.4.5.1) Orowan Mechanism 

𝜏𝑂𝑟 =
𝐽 ∙ 𝐺 ∙ 𝑏

2 ∙ 𝜋 ∙ λ ∙ (1 − ϑ)
∙ 𝑙𝑛 (

2𝑟𝑠
𝑟𝑖
)          (51)

ϑ

λ

𝜆2𝐷−𝑆𝑆 = √
ln3

2 ∙ 𝜋 ∙ 𝑁𝜐 ∙ 𝑟
+ 2.67 ∙ 𝑟2 − 1.63 ∙ 𝑟       (52)
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Orowan Stress 
Service FGHAZ 

                     NbC(aust,d)      NbC(mart,d)    AlN(mart,d)      VN(mart,s) 
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4.3.4.4.2) Effect of Dislocation Climb 

𝜆𝑡𝑜𝑡

1

𝜆𝑡𝑜𝑡
2 =

1

𝜆𝑀𝑋
2 +

1

𝜆𝑀23𝐶6
2        (53)

Orowan Stress 
Service BM 
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𝜆𝑡𝑜𝑡

𝜎𝑝𝑎𝑟𝑡 =
2𝑇𝐿𝑚

𝑏𝜆𝑡𝑜𝑡
      (54) 

λ λ λ

𝑇𝐿 =
𝐺𝑏2

2
       (55)
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𝑇𝐿 =
𝐺𝑏2

4𝜋𝐾
∙ 𝑙𝑛

[
 
 
 2√

2
3𝑟

(1. .4)𝑏

]
 
 
 

      (56) 

𝜎 𝜎
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λ 𝜎 λ 𝜎

4.3.4.6) Total Backstress (Room Temperature) 
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𝜎𝜌𝑚
𝜎𝑂𝑟
𝜎𝑠𝑔𝑏

𝜎𝑖 α

4.3.4.7) Total Backstress (Service Conditions) 

𝜎𝜌_𝑚

𝜎𝜌_𝑖𝑚 

𝜎𝑝𝑎𝑟𝑡

 𝜎𝑖 α
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5.) Discussion 
 

5.1) Assessment of Model 1 

 

5.1.1) Comparison to Literature Data 

5.1.1.1) Chromium Carbide (M23C6) 
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5.1.1.2) MX Precipitates (VN+ NbC) 

 
5.1.1.3) Laves Phase 
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5.1.1.4) Modified Z Phase and AlN 
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5.2) Assessment of Model 2 

 

5.2.1) Comparison to Literature Data 

5.2.1.1) Chromium Carbide (M23C6) 
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5.2.1.2) MX Precipitates (VN+ NbC) 
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5.2.1.3) Laves Phase 

 

 

5.2.1.4) Modified Z Phase and AlN 
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5.2.2) Comparison of BM Creep in Model 2 to Model 1 
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5.2.3) Comparison to TEM Results 2016 
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5.2.4) Room Temperature Backstress 

𝜎𝜌𝑚
𝜎𝑂𝑟
𝜎𝑠𝑔𝑏

𝜎𝑖 α
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5.2.5) Service Temperature Backstress 

𝜎𝜌_𝑚

𝜎𝜌_𝑖𝑚 

𝜎𝑝𝑎𝑟𝑡

 𝜎𝑖 α

α

α

α  α

α  
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5.2.6) Comparison of Backstress in Room Temperature and High Temperature Condition 

5.2.7) Conclusion of Backstress Calculations 
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6.) Conclusion and Outlook 

6.1) Advantages of Model 1 and 2 Simulations 

6.1.1) Dislocation Density Evolution 

6.1.2) Grain Sizes 
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6.1.3) Nucleation Sites 

6.1.4) Diffuse Interface Correction Temperature for Laves Phase 

6.1.5) Precipitate Evolution
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6.2) Weaknesses of Model 1 and 2 Simulations and Outlook 

 

6.2.1) Dislocation Density 

6.2.2) Subgrain Coarsening 

 

6.2.3) Precipitates 
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6.2.4) Diffusion 

6.2.5) Calculation Time 

6.2.6) Role of CPU Types 
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7.) Appendix A: MatCalc Script on 2016 Data (model 2) 
 

$ **************************************************************************************************  

$ *********************************** GENERAL INFORMATION ******************************************  

$ **************************************************************************************************  

$  

$ Script for simulation of multi-stage heat treatment of 9% Cr-steel (Gr. 91)  

$  

$  

$ Database: mc_fe_v2.050.tdb, mc_fe_v2.008.ddb  

$ Author: S. Vujic 

$ Modified by: F. Riedlsperger  

$ Creation date: 07.04.2015  

$ Last revision: 21.02.2016 

$ Reason for update: new databases; changed input parameters 

$ This is a script for MatCalc version 5.60 (rel 1.001)  

$ **************************************************************************************************  

$ ************************************ SETUP INFORMATION *******************************************  

$ **************************************************************************************************  

$ make sure we work in the correct module  

use-module core $ select core module for kinetic simulation  

$ close any open workspace without asking for save  

close-workspace f  

new-workspace $ open new workspace  

$ give some information about the script:  

set-workspace-info + Selected elements:  

set-workspace-info + C, Si, Mn, Cu, Ni, Cr, Mo, V, Nb, Al, N  

set-workspace-info +  

set-workspace-info + Matrix phases: Martensite (BCC_A2), Austenite (FCC_A1)  

set-workspace-info +  

set-workspace-info + Precipitate phases:  

set-workspace-info + NbC, AlN, Cr2N, VN, M23C6, M7C3, Cementite, Laves, Z-phase  

set-workspace-info +  

set-workspace-info + Samples are quenched, tempered, welded, post weld heat treated and aged  

set-workspace-info +  

set-workspace-info + The different compositions are considered: Raccord (=MHI1) and MHI2  

set-workspace-info +  

$ **************************************************************************************************  

$ ************************************** SYSTEM SETUP **********************************************  

$ **************************************************************************************************  

$ verify correct MatCalc version (is accessible as internal variable)  

if (matcalc_version<5600001)  

send-dialog-string "MatCalc version must be 5.60 (rel 1.001) or higher to run this script. Stopping."  

stop_run_script $ stop script  

endif  

$ show console window and notify user to perform selection  

move-gui-window c show $ bring console window to front  

$ selection of calc variants  

set-variable-value comp 1 $ default value for composition  

set-variable-value salo 1 $ default value for sample location  

set-variable-value weldcyc 1 $ default value for sample location  

echo n $ do not display in console window  

send-console-string  

send-console-string  

send-console-string Select composition  

send-console-string 1 ... Raccord (MHI2- version HiMAT 2015)  

send-console-string 2 ... Raccord (MHI1- version TU Graz 2015) 

send-console-string settings of Raccord  

send-console-string  

input-variable-value comp "Please select composition (1-2): "  

send-console-string  
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send-console-string Select sample location  

send-console-string 1 ... FGHAZ  

send-console-string 2 ... Base metal (BM)  

send-console-string  

input-variable-value salo "Please select sample location (1-2): "  

if (salo==1)  

send-console-string  

send-console-string Select welding cycle  

send-console-string 1 ... Multipass (default)  

send-console-string 2 ... Singlepass (MHI data)  

send-console-string  

input-variable-value weldcyc "Please select welding cycle (1-2): "  

endif  

echo y $ reset display in console window  

$ ***************************************************************************************************  

$ GLOBAL VARIABLES  

$ ***************************************************************************************************  

$ The austenitic grain size (ags) was found from an analysis of EBSD data with OIM software, considering 

$ dislocation angles between 18 and 50 degrees. 

$ To account for prior austenitic grain boundaries that were not clearly visible, a correction factor was 

$ introduced on the basis of Mackenzie distribution. 

$ With this factor the PAGS values derived from linear intercept method (manual procedure) were corrected. 

$ The equilibrium solution temperature of laves phase is close to the service temperature of 600C.  

$ Therefore the interface between the matrix and laves phase becomes diffuse instead of sharp. To  

$ handle this state, an interface correction temperature of 1452K for for Raccord is applied.  

$ Comment: a higher interface correction temp. like 1600K causes coarsening of laves phase, which is  

$ not in agreement with experimental results.  

$ A good estimation for the range of Laves interface correction temperature can be made by creating a 

$ binary system of Fe-Mo or Fe-W (depending on the chemical composition of Gr. 91) and finding the maximum 

$ dissolution temperature for Laves phase when varying Fe- and Mo-content [wt %], which in this case gave 1477 K. 

$ Further optimization of this value led to 1452 K, which now can be used at any temperature level of service. 

$ 600 degress of service temperature in theory demand the same interface correction temperature as 650 degrees, e.g. 

set-variable-string scale_range 1e10..1e23 $ unified scaling for histogram windows  

set-variable-value npc 50 $ set number prec. classes (default is 25- lower value worsens accuracy dramatically!) 

$ In general the number of required precipitation classes depends on the performance of CPU. 

$ On different computers, the same number of size classes can lead to slightly different results, especially when using low values. 

$ Therefore, crosschecks are recommendable. 

$ Also be aware that an increase of heating and cooling rates demands higher npc values to guarantee good accuracy. 

$ Once heating and cooling rates are adjusted, also the number of size classes has to checked critically. 

set-variable-value npc_laves 100 $ set number prec. classes for laves phase  

set-variable-value npc_m23c6 100 $ set number prec. classes for M23C6 

set-variable-value npc_aln 50 $ set number prec. classes for AlN 

set-variable-value npc_vn 75 $ set number prec. classes for VN(mart,s) + VN(aust,g) 

set-variable-value npc_nbc 75 $ set number prec. classes for NbC(mart,d) + NbC(mart,s) 

set-variable-value mdef 8 $ matrix diff. enhancement factor during PWHT and service is 1 (faster diffusion in FGHAZ) 

set-variable-value eie_zet 1 $ equivalent interf. energy for Z-phase nucleation  

set-variable-value nucl_const_zet 1e-12 $ nucleation constant for matrix-Z-phase  

set-variable-value lav_ict 1452 $ interface correction temperature [K] for laves  

set-variable-value dda 1e11 $ dislocation density in austenite  

set-variable-value ddm 1.5e14 $ dislocation density in martensite after 0h service 

set-variable-value ddm_100h 1.48e14 $ calculation of ddm reduction according to extrapolation formula from S. Yadav: 

set-variable-value ddm_200h 1.47e14 $ ddm=2.39257*10^16*t^(-0.57315), where ddm= dislocation density and t= time. 

set-variable-value ddm_300h 1.46e14 $ IMPORTANT: primary creep has to be neglected to receive good results 

set-variable-value ddm_400h 1.45e14 $ Consequently, a start value of 1,5e14 m^(-2) for dislocation density is defined 

set-variable-value ddm_500h 1.44e14 

set-variable-value ddm_600h 1.43e14 

set-variable-value ddm_700h 1.42e14 

set-variable-value ddm_800h 1.41e14 

set-variable-value ddm_900h 1.4e14 

set-variable-value ddm_1000h 1.39e14 

set-variable-value ddm_1250h 1.36e14 

set-variable-value ddm_1500h 1.34e14 

set-variable-value ddm_2000h 1.3e14 
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set-variable-value ddm_2500h 1.26e14 

set-variable-value ddm_3000h 1.22e14 

set-variable-value ddm_3500h 1.19e14 

set-variable-value ddm_4000h 1.15e14 

set-variable-value ddm_4500h 1.13e14 

set-variable-value ddm_5000h 1.1e14 

set-variable-value ddm_6000h 1.05e14 

set-variable-value ddm_9000h 9.31e13 

set-variable-value ddm_12000h 8.44e13 

set-variable-value ddm_15000h 7.76e13 

set-variable-value ddm_20000h 6.9e13 

set-variable-value ddm_25000h 6.26e13 

set-variable-value ddm_30000h 5.76e13 

set-variable-value ddm_40000h 5.02e13 

set-variable-value ddm_50000h 4.5e13 

set-variable-value ddm_60000h 4.1e13 

set-variable-value ddm_70000h 3.78e13 

set-variable-value ddm_80000h 3.53e13 

set-variable-value ddm_90000h 3.31e13 

set-variable-value ddm_100000h 3.13e13 $ dislocation density in martensite after 100000h service 

set-variable-value T_ms 400 $ martensite start temperature  

set-variable-value T_weld_fghaz 950 $ virtual welding peak temperature in FGHAZ  

set-variable-value T_weld_bm 800 $ virtual welding peak temperature in base metal (BM)  

set-variable-value hr_weld 1 $ multipass heating rate for virtual welding (only for selection "multipass"!) 

set-variable-value cr_weld 15 $ multipass cooling rate for virtual welding (only for selection "multipass"!) 

set-variable-value T_serv 650 $ service temperature  

if (comp==1)  

$ Below the setting for the Raccord steel (version HiMAT 2015) can be found. The normalizing-,  

$ tempering- and PWHT-conditions are taken from the MHI data. At the moment values for TU Graz 2015 

$ version are used, as no other data is available. 

 

set-variable-value T_trans 833 $ martensite to austenite transformation temperature  

set-variable-value ags 76e-6 $ austenitic grain size [=76µm] 

set-variable-value sgs 0.56e-6 $ subgrain size in BM [=0,56µm] 

set-variable-value sgef 5 $ subgrain elongation factor BM 

set-variable-value agsfghaz 9e-6 $ austenitic grain size of FGHAZ [=9µm] 

set-variable-value sgsfghaz 0.51e-6 $ subgrain size in FGHAZ [=0,51µm] 

set-variable-value sgeffghaz 1 $ subgrain elongation factor in FGHAZ [=1] 

set-variable-value T_aust 1050 $ normalizing temperature  

set-variable-value time_aust 2*60*60 $ normalizing time (=2h)  

set-variable-value T_temp 770 $ tempering temperature  

set-variable-value time_temp 2*60*60 $ tempering time (=2h)  

set-variable-value T_pwht 750 $ PWHT temperature  

set-variable-value time_pwht 2*60*60 $ PWHT time (=2h)  

 

elseif(comp==2)  

$ Below the setting for the Raccord steel (version TU Graz 2015) can be found. The normalizing-,  

$ tempering- and PWHT-conditions are taken from the MHI data.  

 

set-variable-value T_trans 833 $ martensite to austenite transformation temperature  

set-variable-value ags 76e-6 $ austenitic grain size [=76µm] 

set-variable-value sgs 0.56e-6 $ subgrain size in BM [=0,56µm] 

set-variable-value sgef 5 $ subgrain elongation factor BM 

set-variable-value agsfghaz 9e-6 $ austenitic grain size of FGHAZ [=9µm] 

set-variable-value sgsfghaz 0.51e-6 $ subgrain size in FGHAZ [=0,51µm] 

set-variable-value sgeffghaz 1 $ subgrain elongation factor in FGHAZ [=1] 

set-variable-value T_aust 1050 $ normalizing temperature  

set-variable-value time_aust 2*60*60 $ normalizing time (=2h)  

set-variable-value T_temp 770 $ tempering temperature  

set-variable-value time_temp 2*60*60 $ tempering time (=2h)  

set-variable-value T_pwht 750 $ PWHT temperature  

set-variable-value time_pwht 2*60*60 $ PWHT time (=2h)  

endif  
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$ ***************************************************************************************************  

$ DATABASES, CHEMICAL COMPOSITION, SELECTED PHASES  

$ ***************************************************************************************************  

$ if you receive an error when executing the next line, please make sure you have the database  

$ in your MatCalc/database folder. The mc_fe database available for registered MatCalc customers  

open-thermodyn-database mc_fe_v2.050.tdb $ open thermodynamic database- ATTENTION: updated from 039 to 050 in 

February 2016  

select-elements C Si Mn Ni Cr Mo V Nb Al N Co Cu $ select elements  

select-phases liquid fcc_a1 bcc_a2 g_phase laves_phase $ select phases  

select-phases sigma m23c6 aln zet hcp_a3 m7c3 cementite $ select phases  

read-thermodyn-database $ read thermodynamic database  

read-mobility-database mc_fe_v2.008.ddb $ read diffusion data- ATTENTION: updated from 005 to 008 in February 2016  

$ steel composition ...  

$ now come values which are dependent on the choice of steel grade  

if (comp==1)  

$ Raccord without S, P, Ti, B, Co = MHI2 (HiMAT 2015) 

enter-composition wp C=0,118 Si=0,49 Mn=0,37 Ni=0,40 Cu=0,13  

enter-composition wp Cr=8,95 Mo=0,90 V=0,183 Nb=0,061 Al=0,016 N=0,0488  

elseif (comp==2)  

$ Raccord without S, P, Ti, B, Co= MHI1 (TU Graz 2015) 

enter-composition wp C=0,112 Si=0,48 Mn=0,37 Ni=0,37 Cu=0,13  

enter-composition wp Cr=8,98 Mo=0,87 V=0,199 Nb=0,063 Al=0,016 N=0,0473  

endif  

$ ***************************************************************************************************  

$ CHANGE PHASE STATUS ETC.  

$ ***************************************************************************************************  

$ suspend fcc_a1#01 is replaced by simple phases NbC, and VN  

change-phase-status fcc_a1#01 f s s  

create-new-phase fcc_a1#01 C :Cr,Fe,Mo,Nb%:C%,N,VA: NbC $ create new phase NbC  

create-new-phase fcc_a1#01 C :Cr,Mo,V%:C,N%,VA: VN $ create new phase VN  

$ suspend hcp_a3 and kids, is replaced by simple phases Mo2C and Cr2N  

change-phase-status hcp_a3 f s s  

change-phase-status hcp_a3#01 f s s  

change-phase-status hcp_a3#02 f s s  

create-new-phase hcp_a3 C :CR%,MO,NB,V:C,N%,VA: Cr2N $ Cr2-nitride  

$ ***************************************************************************************************  

$ HEAT TREATMENTS, VARIABLES, TABLES & FUNCTIONS (1)  

$ ***************************************************************************************************  

$ -------------------------------------- HEAT TREATMENTS --------------------------------------------  

$ ------------------------------------- PART I: HARDENING -------------------------------------------  

 

$ ----------------------------------- END OF PART I: HARDENING --------------------------------------  

create-heat-treatment hardening $ create heat treatment part I:  

$ austenitization and quenching  

append-ht-segment hardening $ casting process (START) 

edit-ht-segment hardening . d n austenite $ define precipitation domain  

edit-ht-segment hardening . s 1500 $ define start temperature  

edit-ht-segment hardening . 1 T_ms 0.1 $ Tend + cooling rate  

edit-ht-segment hardening . c cooling from solution treatment to martensite start $ comment  

append-ht-segment hardening $ casting process- change to martensite (END) 

edit-ht-segment hardening . d n martensite $ define precipitation domain  

edit-ht-segment hardening . 1 25 0.1 $ Tend + cooling rate  

edit-ht-segment hardening . c cooling from martensite start to room temperature $ comment  

 

append-ht-segment hardening $ heating to normalize (START) 

edit-ht-segment hardening . 1 40 0.0083 $ Point T2 (=Tend) + heating rate 

edit-ht-segment hardening . c heating from room temperature 40 degrees $ comment 

append-ht-segment hardening $ heating to normalize  

edit-ht-segment hardening . 1 T_trans 0.0444 $ T_trans (=Tend) + heating rate  

edit-ht-segment hardening . c heating from 40 degrees to A3 temperature $ comment  

append-ht-segment hardening $ heating to normalize- change to austenite 

edit-ht-segment hardening . d n austenite $ define precipitation domain  

edit-ht-segment hardening . 1 920 0.0444 $ Point T3 (=Tend) + heating rate  
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edit-ht-segment hardening . c heating from A3 temperature to 920 degrees $ comment  

 

append-ht-segment hardening $ heating to normalize 

edit-ht-segment hardening . 1 T_aust 0.0181 $ T_aust (=Tend) + heating rate 

edit-ht-segment hardening . c heating from 920 degrees to austenitization temperature $ comment 

append-ht-segment hardening $ normalizing (HOLDING) 

edit-ht-segment hardening . 2 0 time_aust $ Tdot + delta_t  

edit-ht-segment hardening . c isothermal holding for 2 h at austenitization temperature $ comment  

 

append-ht-segment hardening $ cooling process 

edit-ht-segment hardening . 1 800 0.0694 $ Point T4 (=Tend) + cooling rate 

edit-ht-segment hardening . c cooling from austenitization temperature to 800 degrees $ comment 

 

append-ht-segment hardening $ cooling process 

edit-ht-segment hardening . 1 600 0.0556 $ Point T5 (=Tend) + cooling rate 

edit-ht-segment hardening . c cooling from 800 degrees to 600 degrees $ comment 

 

append-ht-segment hardening $ cooling process 

edit-ht-segment hardening . 1 460 0.0389 $ Point T6 (=Tend) + cooling rate 

edit-ht-segment hardening . c cooling from 600 degrees to 460 degrees $ comment  

append-ht-segment hardening $ cooling process 

edit-ht-segment hardening . 1 T_ms 0.0278 $ T_ms (=Tend) + cooling rate  

edit-ht-segment hardening . c quenching to martensite start temperature $ comment  

append-ht-segment hardening $ cooling process- change to martensite  

edit-ht-segment hardening . d n martensite $ define precipitation domain  

edit-ht-segment hardening . 1 360 0.0278 $ Point T7 (=Tend) + cooling rate  

edit-ht-segment hardening . c cooling from martensite start temperature to 360 degrees $ comment  

 

append-ht-segment hardening $ cooling process 

edit-ht-segment hardening . 1 320 0.0111 $ Point T8 (=Tend) + cooling rate 

edit-ht-segment hardening . c cooling from 360 degrees to 320 degrees $ comment 

 

append-ht-segment hardening $ cooling process 

edit-ht-segment hardening . 1 260 0.0167 $ Point T9 (=Tend) + cooling rate 

edit-ht-segment hardening . c cooling from 320 to 260 degrees 

 

append-ht-segment hardening $ cooling process (END) 

edit-ht-segment hardening . 1 25 0.013 $ T10 (=room temperature) + cooling rate (extrapolated) 

edit-ht-segment hardening . c cooling from 260 degrees to room temperature  

$ --------------------------------------- PART II: TEMPERING ----------------------------------------  

create-heat-treatment tempering $ second heat treatment  

append-ht-segment tempering $ heating to temper (START)  

edit-ht-segment tempering . s 25 $ define start temperature for HT  

edit-ht-segment tempering . d n martensite $ define precipitation domain  

edit-ht-segment tempering . 1 80 0.0306 $ Point T2 (=Tend) + heating rate  

edit-ht-segment tempering . c heating from room temperature to 80 degrees $ comment  

 

append-ht-segment tempering $ heating to temper 

edit-ht-segment tempering . 1 T_temp 0.0295 $ T_temp (=Tend) + heating rate 

edit-ht-segment tempering . c heating from 80 degrees to tempering temperature 

append-ht-segment tempering $ tempering (HOLDING)  

edit-ht-segment tempering . 2 0 time_temp $ Tdot + delta_t  

edit-ht-segment tempering . c annealing for 2 h $ comment  

 

append-ht-segment tempering $ cooling process 

edit-ht-segment tempering . 1 550 0.0244 $ Point T3 (=Tend) + cooling rate 

edit-ht-segment tempering . c cooling from tempering temperature to 550 degrees $ comment 

append-ht-segment tempering $ cooling process 

edit-ht-segment tempering . 1 420 0.0181 $ Point T4 (=Tend) + cooling rate 

edit-ht-segment tempering . c cooling from 550 degrees to 420 degrees $ comment  

append-ht-segment tempering $ cooling process 

edit-ht-segment tempering . 1 360 0.0111 $ Point T5 (=Tend) + cooling rate 

edit-ht-segment tempering . c cooling from 420 degrees to 360 degrees $ comment  
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append-ht-segment tempering $ cooling process 

edit-ht-segment tempering . 1 250 0.0134 $ Point T6 (=Tend) + cooling rate 

edit-ht-segment tempering . c cooling from 360 degrees to 250 degrees $ comment  

append-ht-segment tempering $ append segment 2  

edit-ht-segment tempering . d n martensite $ change precipitation domain  

edit-ht-segment tempering . 1 25 0.01 $ Tend + cooling rate (extrapolated) 

edit-ht-segment tempering . c cooling to room temperature $ comment  

$ ----------------------------------- END OF PART II: TEMPERING ------------------------------------  

if (salo==1) 

 

$ ---------------------------------- PART III: VIRTUAL WELDING -------------------------------------  

$ "salo" ... sample location; 1...FGHAZ; 2...Base metal;  

$ "weldcyc" ... welding cycle; 1...Multipass; 2...Singlepass  

if (weldcyc==1)  

create-heat-treatment welding $ third heat treatment  

append-ht-segment welding $ append segment 0 "heating to A3"  

edit-ht-segment welding . s 25 $ define start temperature for HT  

edit-ht-segment welding . d n martensite $ define precipitation domain  

edit-ht-segment welding . 1 T_trans hr_weld $ Tend + heating rate  

edit-ht-segment welding . c heating from room temperature to A3 temperature $ comment  

append-ht-segment welding $ append segment 1  

edit-ht-segment welding . d n austenite $ define precipitation domain  

edit-ht-segment welding . 1 T_weld_fghaz hr_weld $ Tend + heating rate  

edit-ht-segment welding . o +set-precipitation-parameter austenite t g agsfghaz $ modification of austenitic grain size; 

transformation of BM in FGHAZ 

edit-ht-segment welding . c heating from A3 to austenitization temperature $ comment  

append-ht-segment welding $ segment 2 (quenching)  

edit-ht-segment welding . 1 T_ms cr_weld $ Tend + cooling rate  

edit-ht-segment welding . o +set-precipitation-parameter martensite t g agsfghaz $ modification of martensite grain size in 

FGHAZ !!! NEW !!! 

edit-ht-segment welding . o +set-precipitation-parameter martensite t s sgsfghaz $ modification of martensite lath size in FGHAZ  

edit-ht-segment welding . o +set-precipitation-parameter martensite t o sgeffghaz $ modification of martensite lath elongation 

factor in FGHAZ  

edit-ht-segment welding . c quenching to martensite start temperature $ comment  

append-ht-segment welding $ append segment 3 "cooling to RT"  

edit-ht-segment welding . d n martensite $ define precipitation domain  

edit-ht-segment welding . 1 25 cr_weld $ Tend + cooling rate  

edit-ht-segment welding . c cooling to room temperature $ comment  

elseif (weldcyc==2)  

create-heat-treatment welding $ third heat treatment  

append-ht-segment welding $ heating to welding peak (START) 

edit-ht-segment welding . s 25 $ define start temperature for HT  

edit-ht-segment welding . d n martensite $ define precipitation domain  

edit-ht-segment welding . 1 T_trans 37.848 $ T_trans (=Tend) + heating rate (37,848 °C/s) 

edit-ht-segment welding . c heating from room temperature to A3 temperature $ comment  

append-ht-segment welding $ heating to welding peak- change to austenite 

edit-ht-segment welding . d n austenite $ define precipitation domain  

edit-ht-segment welding . 1 T_weld_fghaz 37.848 $ T_weld_fghaz (=950°C) + heating rate (37,848 °C/s) 

edit-ht-segment welding . c heating from A3 to welding peak temperature $ comment  

 

append-ht-segment welding $ welding peak (HOLDING)  

edit-ht-segment welding . 2 0 5 $ Tdot + delta_t  

edit-ht-segment welding . o +set-precipitation-parameter austenite t g agsfghaz $ modification of austenitic grain size in FGHAZ 

edit-ht-segment welding . c exposed to welding peak temperature for 5 s  

 

append-ht-segment welding $ cooling process 

edit-ht-segment welding . 1 600 11.25 $ Point T2 (=Tend) + cooling rate  

edit-ht-segment welding . c cooling from peak weld temperature to 600 degrees $ comment 

append-ht-segment welding $ cooling process 

edit-ht-segment welding . 1 T_ms 6.188 $ T_ms (=Tend) + cooling rate  

edit-ht-segment welding . o +set-precipitation-parameter martensite t g agsfghaz $ modification of martensite grain size in 

FGHAZ  
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edit-ht-segment welding . o +set-precipitation-parameter martensite t s sgsfghaz $ modification of martensite lath size in FGHAZ  

edit-ht-segment welding . o +set-precipitation-parameter martensite t o sgeffghaz $ modification of martensite lath elongation 

factor in FGHAZ  

edit-ht-segment welding . c quenching from 600 degrees to martensite start temperature $ comment  

 

append-ht-segment welding $ cooling process- change to martensite 

edit-ht-segment welding . d n martensite $ define precipitation domain 

edit-ht-segment welding . 1 325 6.188 $ Point T3 (=Tend) + cooling rate 

edit-ht-segment welding . c cooling form martensite start temperature to 325 degrees $ comment 

 

append-ht-segment welding $ cooling process 

edit-ht-segment welding . 1 109 1.836 $ Point T4 (=Tend) + cooling rate 

edit-ht-segment welding . c cooling from 325 degrees to 109 degrees 

append-ht-segment welding $ cooling process (END) 

edit-ht-segment welding . 1 25 1 $ Tend + cooling rate (extrapolated) 

edit-ht-segment welding . c cooling to room temperature $ comment  

endif  

$ ------------------------------- END OF PART III: VIRTUAL WELDING --------------------------------  

$ ---------------------------------------- PART IV: PWHT ------------------------------------------  

$ The heating-, cooling-rates as well as holding-temperature and -time for the PWHT are out of the  

$ "Chart of PWHT for JFE.pdf"  

create-heat-treatment pwht $ fourth heat treatment  

append-ht-segment pwht $ append segment 0 "tempering"  

edit-ht-segment pwht . s 25 $ define start temperature for HT  

edit-ht-segment pwht . d n martensite $ define precipitation domain  

edit-ht-segment pwht . 1 T_pwht 0.03 $ Tend + heating rate (=110C/h)  

edit-ht-segment pwht . c Heating to PWHT temperature with 110C/h $ comment  

append-ht-segment pwht $ append segment 1  

edit-ht-segment pwht . 2 0 time_pwht $ Tdot + delta_t  

edit-ht-segment pwht . c annealing for 120min $ comment  

append-ht-segment pwht $ append segment 2  

edit-ht-segment pwht . 1 650 0,036 $ Tend + cooling rate(=130C/h)  

edit-ht-segment pwht . c cooling to 650C $ comment  

append-ht-segment pwht $ append segment 3  

edit-ht-segment pwht . 1 560 0.022 $ Tend + cooling rate(=80C/h)  

edit-ht-segment pwht . c cooling to 560C $ comment  

append-ht-segment pwht $ append segment 4  

edit-ht-segment pwht . 1 510 0.014 $ Tend + cooling rate(=50C/h)  

edit-ht-segment pwht . c cooling to 510C $ comment  

append-ht-segment pwht $ append segment 5  

edit-ht-segment pwht . 1 470 0.011 $ Tend + cooling rate(=40C/h)  

edit-ht-segment pwht . c cooling to 470C $ comment  

append-ht-segment pwht $ append segment 6  

edit-ht-segment pwht . 1 25 0.008 $ Tend + cooling rate(=30C/h)  

edit-ht-segment pwht . c cooling to room temperature $ comment  

$ ----------------------------------- END OF PART IV: PWHT --------------------------------------  

 

$ --------------------------------------- PART V: SERVICE ----------------------------------------  

create-heat-treatment service $ fifth heat treatment  

append-ht-segment service $ append segment 1 "tempering"  

edit-ht-segment service . s 25 $ define start temperature for HT  

edit-ht-segment service . d n martensite $ define precipitation domain  

edit-ht-segment service . 1 T_serv 0.033 $ Tend + heating rate  

edit-ht-segment service . c Heating to service temperature $ comment  

append-ht-segment service $ append segment 2  

edit-ht-segment service . 2 0 100*60*60 $ Tdot + delta_t  

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_100h $ change dislocation density  

edit-ht-segment service . c isothermal service at 600C $ comment: sum=100h 

append-ht-segment service $ append segment 3  

edit-ht-segment service . 2 0 100*60*60 $ Tdot + delta_t  

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_200h $ change dislocation density  

edit-ht-segment service . c isothermal service at 600C $ comment: sum=200h  

append-ht-segment service $ append segment 4  
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edit-ht-segment service . 2 0 100*60*60 $ Tdot + delta_t  

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_300h $ change dislocation density  

edit-ht-segment service . c isothermal service at 600C $ comment: sum=300h 

append-ht-segment service $ append segment 5  

edit-ht-segment service . 2 0 100*60*60 $ Tdot + delta_t  

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_400h $ change dislocation density  

edit-ht-segment service . c isothermal service at 600C $ comment: sum=400h 

 

append-ht-segment service $ append segment 6  

edit-ht-segment service . 2 0 100*60*60 $ Tdot + delta_t  

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_500h $ change dislocation density  

edit-ht-segment service . c isothermal service at 600C $ comment: sum=500h  

 

append-ht-segment service $ append segment 7 

edit-ht-segment service . 2 0 100*60*60 $ Tdot + delta_t  

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_600h $ change dislocation density  

edit-ht-segment service . c isothermal service at 600C $ comment: sum=600h 

 

append-ht-segment service $ append segment 8 

edit-ht-segment service . 2 0 100*60*60 $ Tdot + delta_t  

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_700h $ change dislocation density  

edit-ht-segment service . c isothermal service at 600C $ comment: sum=700h 

 

append-ht-segment service $ append segment 9 

edit-ht-segment service . 2 0 100*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_800h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=800h 

 

append-ht-segment service $ append segment 10 

edit-ht-segment service . 2 0 100*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_900h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=900h 

 

append-ht-segment service $ append segment 11 

edit-ht-segment service . 2 0 100*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_1000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=1000h 

 

append-ht-segment service $ append segment 12 

edit-ht-segment service . 2 0 250*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_1250h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=1250h 

 

append-ht-segment service $ append segment 13 

edit-ht-segment service . 2 0 250*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_1500h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=1500h 

 

append-ht-segment service $ append segment 14 

edit-ht-segment service . 2 0 500*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_2000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=2000h 

 

append-ht-segment service $ append segment 15 

edit-ht-segment service . 2 0 500*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_2500h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=2500h 

 

append-ht-segment service $ append segment 16 

edit-ht-segment service . 2 0 500*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_3000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=3000h 
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append-ht-segment service $ append segment 17 

edit-ht-segment service . 2 0 500*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_3500h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=3500h 

 

append-ht-segment service $ append segment 18 

edit-ht-segment service . 2 0 500*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_4000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=4000h 

 

append-ht-segment service $ append segment 19 

edit-ht-segment service . 2 0 500*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_4500h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=4500h  

 

append-ht-segment service $ append segment 20 

edit-ht-segment service . 2 0 500*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_5000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=5000h 

 

append-ht-segment service $ append segment 21 

edit-ht-segment service . 2 0 1000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_6000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=6000h 

 

append-ht-segment service $ append segment 22 

edit-ht-segment service . 2 0 3000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_9000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=9000h 

 

append-ht-segment service $ append segment 23 

edit-ht-segment service . 2 0 3000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_12000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=12000h 

 

append-ht-segment service $ append segment 24 

edit-ht-segment service . 2 0 3000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_15000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=15000h 

 

append-ht-segment service $ append segment 25 

edit-ht-segment service . 2 0 5000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_20000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=20000h 

 

append-ht-segment service $ append segment 26 

edit-ht-segment service . 2 0 5000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_25000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=25000h 

 

append-ht-segment service $ append segment 27 

edit-ht-segment service . 2 0 5000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_30000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=30000h  

 

append-ht-segment service $ append segment 28 

edit-ht-segment service . 2 0 10000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_40000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=40000h 

 

append-ht-segment service $ append segment 29 

edit-ht-segment service . 2 0 10000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_50000h $ change dislocation density 
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edit-ht-segment service . c isothermal service at 600C $ comment: sum=50000h 

 

append-ht-segment service $ append segment 30 

edit-ht-segment service . 2 0 10000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_60000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=60000h 

 

append-ht-segment service $ append segment 31 

edit-ht-segment service . 2 0 10000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_70000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=70000h 

 

append-ht-segment service $ append segment 32 

edit-ht-segment service . 2 0 10000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_80000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=80000h 

 

append-ht-segment service $ append segment 33 

edit-ht-segment service . 2 0 10000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_90000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=90000h 

 

append-ht-segment service $ append segment 34 

edit-ht-segment service . 2 0 10000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_100000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=100000h 

 

 

$ ----------------------------------- END OF PART V: SERVICE ------------------------------------  

$ ***************************************************************************************************  

$ PRECIPITATION DOMAINS, PRECIPITATES  

$ ***************************************************************************************************  

$ --------------------------------- PRECIPITATION DOMAINS -------------------------------------------  

create-precipitation-domain austenite $ austenite is precipitation domain = matrix  

set-precipitation-parameter austenite x fcc_a1 $ matrix phase of domain austenite  

set-precipitation-parameter austenite t d e dda $ dislocation density (=1e11 m^-2)  

set-precipitation-parameter austenite t g ags $ austenite grain size  

create-precipitation-domain martensite $ new matrix: martensite  

set-precipitation-parameter martensite x bcc_a2 $ define matrix structure  

set-precipitation-parameter martensite t d e ddm $ dislocation density (=1e14 m^-2)  

set-precipitation-parameter martensite t g ags $ austenite grain size 

set-precipitation-parameter martensite t s sgs $ subgrain size  

set-precipitation-parameter martensite t o sgef $ subgrain elongation factor  

$ ------------------------------- PRECIPITATE PHASES IN AUSTENITE -----------------------------------  

create-new-phase nbc p NbC(aust,g) $ new precipitate phase in austenite  

set-precipitation-parameter nbc_p0 c npc $ use variable for prec. classes  

set-precipitation-parameter nbc_p0 d austenite $ precipitation domain (matrix phase)  

set-precipitation-parameter nbc_p0 n s g $ nucleation sites are grain boundaries 

set-precipitation-parameter nbc_p0 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter nbc_p0 n p y austenite $ restrict nucleation to precipitation domain  

 

create-new-phase nbc p NbC(aust,d) $ new precipitate phase in austenite  

set-precipitation-parameter nbc_p1 c npc $ use variable for prec. classes  

set-precipitation-parameter nbc_p1 d austenite $ precipitation domain (matrix phase)  

set-precipitation-parameter nbc_p1 n s d $ nucleation sites are dislocations 

set-precipitation-parameter nbc_p1 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter nbc_p1 n p y austenite $ restrict nucleation to precipitation domain  

 

create-new-phase aln p AlN(aust,d) $ new precipitate phase in austenite  

set-precipitation-parameter aln_p0 c npc_aln $ use variable for prec. classes  

set-precipitation-parameter aln_p0 d austenite $ precipitation domain (austenite phase)  

set-precipitation-parameter aln_p0 n s d $ nucleation sites are dislocations  

set-precipitation-parameter aln_p0 n f y $ account for coherent misfit stress 
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set-precipitation-parameter aln_p0 t m n 0.27 $ use volumetric misfit value of 0.27 

set-precipitation-parameter aln_p0 n p y austenite $ restrict nucleation to precipitation domain  

create-new-phase cr2n p Cr2N(aust,d) $ new precipitate phase in austenite  

set-precipitation-parameter cr2n_p0 c npc $ use variable for prec. classes  

set-precipitation-parameter cr2n_p0 d austenite $ precipitation domain (austenite phase)  

set-precipitation-parameter cr2n_p0 n s d $ nucleation sites are dislocations  

set-precipitation-parameter cr2n_p0 n p y austenite $ restrict nucleation to precipitation domai  

 

create-new-phase VN p VN(aust,g) $ new precipitate phase VN in martensite  

set-precipitation-parameter vn_p0 c npc_vn $ use variable npc for # of prec. classes  

set-precipitation-parameter vn_p0 d austenite $ precipitation domain (matrix phase)  

set-precipitation-parameter vn_p0 n s g $ nucleation sites at grain boundaries 

set-precipitation-parameter vn_p0 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter vn_p0 n p y austenite $ restrict nucleation to precipitation domain  

$ --------------------------------- PRECIPITATE PHASES IN MARTENSITE --------------------------------  

$ The M7C3 and Cementite precipitates are not stable at 600C, nevertheless they have to be considered  

$ in the calculation due to the influence on the M23C6 evolution during heating and cooling treatments.  

$ Better agreement with experimental values of M23C6 diameter is achieved by considering the M7C3 and  

$ Cementite in the calculation.  

create-new-phase nbc p NbC(mart,g) $ new precipitate phase in martensite  

set-precipitation-parameter nbc_p2 c npc $ use variable for prec. classes  

set-precipitation-parameter nbc_p2 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter nbc_p2 n s g $ nucleation sites are grain boundaries 

set-precipitation-parameter nbc_p2 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter nbc_p2 n p y martensite $ restrict nucleation to precipitation domain  

 

create-new-phase nbc p NbC(mart,d) $ new precipitate phase in martensite 

set-precipitation-parameter nbc_p3 c npc_nbc $ use variable for prec. classes 

set-precipitation-parameter nbc_p3 d martensite $ precipitation domain (matrix phase) 

set-precipitation-parameter nbc_p3 n s d $ nucleation sites are dislocations 

set-precipitation-parameter nbc_p3 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter nbc_p3 n p y martensite $ restrict nucleation to precipitation domain 

 

create-new-phase nbc p NbC(mart,s) $ new precipitate phase in martensite 

set-precipitation-parameter nbc_p4 c npc_nbc $ use variable for prec. classes 

set-precipitation-parameter nbc_p4 d martensite $ precipitation domain (matrix phase) 

set-precipitation-parameter nbc_p4 n s s $ nucleation sites are subgrain boundaries 

set-precipitation-parameter nbc_p4 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter nbc_p4 n p y martensite $ restrict nucleation to precipitation domain 

create-new-phase aln p AlN(mart,d) $ new precipitate phase in martensite  

set-precipitation-parameter aln_p1 c npc_aln $ use variable for prec. classes  

set-precipitation-parameter aln_p1 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter aln_p1 n s d $ nucleation sites are dislocations  

set-precipitation-parameter aln_p1 n f y $ account for coherent misfit stress 

set-precipitation-parameter aln_p1 t m n 0.27 $ use volumetric misfit value of 0.27 

set-precipitation-parameter aln_p1 n p y martensite $ restrict nucleation to precipitation domain  

create-new-phase VN p VN(mart,g) $ new precipitate phase VN in martensite  

set-precipitation-parameter vn_p1 c npc $ use variable npc for # of prec. classes  

set-precipitation-parameter vn_p1 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter vn_p1 n s g $ nucleation sites at grain boundaries 

set-precipitation-parameter vn_p1 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter vn_p1 n p y martensite $ restrict nucleation to precipitation domain  

 

create-new-phase VN p VN(mart,d) $ new precipitate phase VN in martensite  

set-precipitation-parameter vn_p2 c npc $ use variable npc for # of prec. classes  

set-precipitation-parameter vn_p2 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter vn_p2 n s d $ nucleation sites at dislocations 

set-precipitation-parameter vn_p2 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter vn_p2 n p y martensite $ restrict nucleation to precipitation domain  

 

create-new-phase VN p VN(mart,s) $ new precipitate phase VN in martensite  

set-precipitation-parameter vn_p3 c npc_vn $ use variable npc for # of prec. classes  

set-precipitation-parameter vn_p3 d martensite $ precipitation domain (matrix phase)  
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set-precipitation-parameter vn_p3 n s s $ nucleation sites at subgrain boundaries 

set-precipitation-parameter vn_p3 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter vn_p3 n p y martensite $ restrict nucleation to precipitation domain  

create-new-phase m23c6 p M23C6(mart,s) $ new precipitate phase in martensite  

set-precipitation-parameter m23c6_p0 c npc_m23c6 $ use variable for prec. classes  

set-precipitation-parameter m23c6_p0 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter m23c6_p0 n s s $ nucleation sites are subgrains  

set-precipitation-parameter m23c6_p0 n p y martensite $ restrict nucleation to precipitation domain  

 

create-new-phase m23c6 p M23C6(mart,g) $ new precipitate phase in martensite  

set-precipitation-parameter m23c6_p1 c npc_m23c6 $ use variable for prec. classes  

set-precipitation-parameter m23c6_p1 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter m23c6_p1 n s g $ nucleation sites are grain boundaries 

set-precipitation-parameter m23c6_p1 n p y martensite $ restrict nucleation to precipitation domain  

create-new-phase m7c3 p M7C3(mart,s) $ new precipitate phase M7C3 in martensite  

set-precipitation-parameter m7c3_p0 c npc $ use variable for prec. classes  

set-precipitation-parameter m7c3_p0 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter m7c3_p0 n s s $ nucleation sites at subgrain boundaries  

set-precipitation-parameter m7c3_p0 n p y martensite $ restrict nucleation to precipitation domain  

create-new-phase cementite p Cem(mart,s) $ new precipitate cementite in martensite  

set-precipitation-parameter cementite_p0 c npc $ use variable for prec. classes  

set-precipitation-parameter cementite_p0 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter cementite_p0 n s s $ nucleation sites at grain boundaries  

set-precipitation-parameter cementite_p0 n p y martensite $ restrict nucleation to prec. domain 

create-new-phase cr2n p Cr2N(mart,d) $ new precipitate phase in martensite  

set-precipitation-parameter cr2n_p1 c npc $ use variable for prec. classes  

set-precipitation-parameter cr2n_p1 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter cr2n_p1 n s d $ nucleation sites are dislocations 

set-precipitation-parameter cr2n_p1 n p y martensite $ restrict nucleation to precipitation domai  

create-new-phase laves_phase p Laves(mart,s) $ new precipitate phase in martensite  

set-precipitation-parameter laves_phase_p0 c npc_laves $ use variable for prec. classes  

set-precipitation-parameter laves_phase_p0 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter laves_phase_p0 n s s $ nucleation sites are subgrains 

set-precipitation-parameter laves_phase_p0 n p y martensite $ restrict nucleation to precipitation domain  

set-precipitation-parameter laves_phase_p0 f y lav_ict $ diffuse interface correction is set on  

$ Zet-phase has special settings due to the fact that it nucleates within the VN precipitates  

$ and nucleation is defined as special nucleation model for precipitation on particles with  

$ equivalent interfacial energy. Make sure that 'direct particle transformation' is selected as  

$ nucleation model  

$ IMPORTANT: The value for the equivalent interfacial energy is basically unknown and must  

$ be considered as a fitting parameter!!! Presently, no physical model for Z-phase nucleation  

$ is available!!!  

create-new-phase zet p Z(m,vn_a_g) $ new prec. phase for Zet-phase in martensite  

set-precipitation-parameter zet_p0 c npc $ use variable for prec. classes  

set-precipitation-parameter zet_p0 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter zet_p0 n s p vn_p0 $ nucleation sites are existing VN prec.  

set-precipitation-parameter zet_p0 n o e eie_zet $ use equiv. intf. energy with value 1  

set-precipitation-parameter zet_p0 n n d $ use direct particle transf. nucl. model  

set-precipitation-parameter zet_p0 n p y martensite $ restrict nucleation to precipitation domain  

 

create-new-phase zet p Z(m,vn_m_g) $ new prec. phase for Zet-phase in martensite  

set-precipitation-parameter zet_p1 c npc $ use variable for prec. classes  

set-precipitation-parameter zet_p1 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter zet_p1 n s p vn_p1 $ nucleation sites are existing VN prec.  

set-precipitation-parameter zet_p1 n o e eie_zet $ use equiv. intf. energy with value 1  

set-precipitation-parameter zet_p1 n n d $ use direct particle transf. nucl. model  

set-precipitation-parameter zet_p1 n p y martensite $ restrict nucleation to precipitation domain  

 

create-new-phase zet p Z(mart,vn_m_d) $ new prec. phase for Zet-phase in martensite  

set-precipitation-parameter zet_p2 c npc $ use variable for prec. classes  

set-precipitation-parameter zet_p2 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter zet_p2 n s p vn_p2 $ nucleation sites are existing VN prec.  

set-precipitation-parameter zet_p2 n o e eie_zet $ use equiv. intf. energy with value 1 
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set-precipitation-parameter zet_p2 n n d $ use direct particle transf. nucl. model  

set-precipitation-parameter zet_p2 n p y martensite $ restrict nucleation to precipitation domain  

 

create-new-phase zet p Z(mart,vn_m_s) $ new prec. phase for Zet-phase in martensite  

set-precipitation-parameter zet_p3 c npc $ use variable for prec. classes  

set-precipitation-parameter zet_p3 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter zet_p3 n s p vn_p3 $ nucleation sites are existing VN prec.  

set-precipitation-parameter zet_p3 n o e eie_zet $ use equiv. intf. energy with value 1  

set-precipitation-parameter zet_p3 n n d $ use direct particle transf. nucl. model  

set-precipitation-parameter zet_p3 n p y martensite $ restrict nucleation to precipitation domain  

$ Zet-phase can also nucleate directly from the matrix. However, its nuclei with rather complex  

$ crystal structure is in direct competition with the MX phase with simple fcc. For that reason,  

$ the probability of Z-phase nucleation is extremely low, because Cr, V and N will nucleate the simple  

$ structure much easier than the double-layer structure of Zet. Estimates (Sonderegger/Danielsen/  

$ Kozeschnik, 2005, unpublished) deliver a factor of 1e-12. This value is entered as nucleation  

$ constant, to reflect this competitive (entropic) effect  

create-new-phase zet p Z(mart,d) $ new prec. phase for Zet-phase in martensite  

set-precipitation-parameter zet_p4 c npc $ use variable for prec. classes  

set-precipitation-parameter zet_p4 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter zet_p4 n s d $ nucleation sites are dislocation  

set-precipitation-parameter zet_p4 z n $ no ie size correction for Z-Phase  

set-precipitation-parameter zet_p4 n u nucl_const_zet $ nucleation constant for matrix Z-phase  

set-precipitation-parameter zet_p4 n p y martensite $ restrict nucleation to precipitation domain  

$ ***************************************************************************************************  

$ ******************************** OUTPUT WINDOWS, PLOTS, ETC. **************************************  

$ ***************************************************************************************************  

$ --------------------------------- Hardening (Normalizing) plot ------------------------------------  

$ create one frame displaying the service part, with no exp data  

new-gui-window p1 $ generate new plot: Hardening  

$ remember window ID to address it correctly later in the script  

set-variable-value window_id_hardening active_frame_id $ save windows id to variable  

set-gui-window-property . x stepvalue $ default x-axis variable (time)  

set-gui-window-property . s u y $ use default x-axis for all plots: yes  

set-gui-window-property . s t time / min $ default x-axis title  

set-gui-window-property . s f 1/60 $ scaling factor is 1/60 for min  

set-gui-window-property . n 2 $ 2 plot columns  

set-plot-option . s n b t$c $ add series: temperature  

set-plot-option . s m -1 t$c T $ define series legend  

set-plot-option . a y 1 t temperature / C $ y-axis title  

if (comp==1)  

set-plot-option . t Raccord-HiMAT-Normalizing $ define plot title  

elseif (comp==2)  

set-plot-option . t Raccord-TUGraz-Normalizing $ define plot title  

endif  

create-new-plot x . $ create new plot: phase fractions  

set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b f_prec$* $ add all series: phase fractions of prec.  

set-plot-option . a y 1 t phase fraction / % $ y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  

set-plot-option . a y 1 f 100 $ scaling factor is 100 for %  

set-plot-option . a y 1 s 1e-4.. $ scale the y-axis from 1e-4..  

create-new-plot x . $ create new plot: mean diameter  

set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b d_mean$* $ add all series: mean diameter of precipitates  

set-plot-option . a y 1 t mean diameter / nm $ change y-axis title  

set-plot-option . a y 1 y lin $ use linear scale for y-axis  

set-plot-option . a y 1 f 1e9 $ scaling factor is 1e9 for nm  

create-new-plot x . $ create new plot: number densities  

set-plot-option . l a y $ replace all variable names by kinetic alias  

set-plot-option . s n b num_part$* $ add all series: number densities of precipitates  

set-plot-option . a y 1 t number density / m<sup>-3</sup> $ change y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  

set-plot-option . a y 1 s 1e10.. $ scale the y-axis from 1e10..  
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move-gui-window . 70 30 700 980 $ move window to new position and resize  

update-gui-windows . $ update the GUI window  

move-gui-window . hide $ hide plot  

$ ---------------------------------------- Tempering -------------------------------------------  

$ create one frame displaying the service part, with no exp data  

new-gui-window p1 $ generate new plot: Tempering  

$ remember window ID to address it correctly later in the script  

set-variable-value window_id_tempering active_frame_id $ save windows id to variable  

set-gui-window-property . x stepvalue $ default x-axis variable (time)  

set-gui-window-property . s u y $ use default x-axis for all plots: yes  

set-gui-window-property . s t time / min $ default x-axis title  

set-gui-window-property . s f 1/60 $ scaling factor is 1/60 for min  

set-gui-window-property . n 2 $ 2 plot columns  

set-plot-option . s n b t$c $ add series: temperature  

set-plot-option . s m -1 t$c T $ define series legend  

set-plot-option . a y 1 t temperature / C $ y-axis title  

if (comp==1)  

set-plot-option . t Raccord-HiMAT-Tempering $ define plot title  

elseif (comp==2)  

set-plot-option . t Raccord-TUGraz-Tempering $ define plot title  

endif  

create-new-plot x . $ create new plot: phase fractions  

set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b f_prec$* $ add all series: phase fractions of prec.  

set-plot-option . a y 1 t phase fraction / % $ y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  

set-plot-option . a y 1 f 100 $ scaling factor is 100 for %  

set-plot-option . a y 1 s 1e-4.. $ scale the y-axis from 1e-4..  

create-new-plot x . $ create new plot: mean diameter  

set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b d_mean$* $ add all series: mean diameter of precipitates  

set-plot-option . a y 1 t mean diameter / nm $ change y-axis title  

set-plot-option . a y 1 y lin $ use linear scale for y-axis  

set-plot-option . a y 1 f 1e9 $ scaling factor is 1e9 for nm  

create-new-plot x . $ create new plot: number densities  

set-plot-option . l a y $ replace all variable names by kinetic alias  

set-plot-option . s n b num_part$* $ add all series: number densities of precipitates  

set-plot-option . a y 1 t number density / m<sup>-3</sup> $ change y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  

set-plot-option . a y 1 s 1e10.. $ scale the y-axis from 1e10..  

move-gui-window . 90 50 700 980 $ move window to new position and resize  

update-gui-windows . $ update the GUI window  

move-gui-window . hide $ hide plot  

$ ----------------------------------------- Welding --------------------------------------------  

$ create one frame displaying the service part, with no exp data  

new-gui-window p1 $ generate new plot: Welding  

$ remember window ID to address it correctly later in the script  

set-variable-value window_id_welding active_frame_id $ save windows id to variable  

set-gui-window-property . x stepvalue $ default x-axis variable (time)  

set-gui-window-property . s u y $ use default x-axis for all plots: yes  

set-gui-window-property . s t time / min $ default x-axis title  

set-gui-window-property . s f 1/60 $ scaling factor is 1/60 for min  

set-gui-window-property . n 2 $ 2 plot columns  

set-plot-option . s n b t$c $ add series: temperature  

set-plot-option . s m -1 t$c T $ define series legend  

set-plot-option . a y 1 t temperature / C $ y-axis title  

if (comp==1)  

set-plot-option . t Raccord-HiMAT-Welding-FGHAZ $ define plot title  

elseif (comp==2)  

set-plot-option . t Raccord-TUGraz-Welding-FGHAZ $ define plot title  

endif  

 

create-new-plot x . $ create new plot: phase fractions  
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set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b f_prec$* $ add all series: phase fractions of prec.  

set-plot-option . a y 1 t phase fraction / % $ y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  

set-plot-option . a y 1 f 100 $ scaling factor is 100 for %  

set-plot-option . a y 1 s 1e-4.. $ scale the y-axis from 1e-4..  

create-new-plot x . $ create new plot: mean diameter  

set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b d_mean$* $ add all series: mean diameter of precipitates  

set-plot-option . a y 1 t mean diameter / nm $ change y-axis title  

set-plot-option . a y 1 y lin $ use linear scale for y-axis  

set-plot-option . a y 1 f 1e9 $ scaling factor is 1e9 for nm  

create-new-plot x . $ create new plot: number densities  

set-plot-option . l a y $ replace all variable names by kinetic alias  

set-plot-option . s n b num_part$* $ add all series: number densities of precipitates  

set-plot-option . a y 1 t number density / m<sup>-3</sup> $ change y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  

set-plot-option . a y 1 s 1e10.. $ scale the y-axis from 1e10..  

move-gui-window . 110 70 700 980 $ move window to new position and resize  

update-gui-windows . $ update the GUI window  

move-gui-window . hide $ hide plot  

$ ------------------------------------------ PWHT ----------------------------------------------  

$ create one frame displaying the service part, with no exp data  

new-gui-window p1 $ generate new plot: PWHT  

$ remember window ID to address it correctly later in the script  

set-variable-value window_id_pwht active_frame_id $ save windows id to variable  

set-gui-window-property . x stepvalue $ default x-axis variable (time)  

set-gui-window-property . s u y $ use default x-axis for all plots: yes  

set-gui-window-property . s t time / min $ default x-axis title  

set-gui-window-property . s f 1/60 $ scaling factor is 1/60 for min  

set-gui-window-property . n 2 $ 2 plot columns  

set-plot-option . s n b t$c $ add series: temperature  

set-plot-option . s m -1 t$c T $ define series legend  

set-plot-option . a y 1 t temperature / C $ y-axis title  

if (comp==1)  

set-plot-option . t Raccord-HiMAT-PWHT-FGHAZ $ define plot title  

elseif (comp==2)  

set-plot-option . t Raccord-TUGraz-PWHT-FGHAZ $ define plot title  

endif  

create-new-plot x . $ create new plot: phase fractions  

set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b f_prec$* $ add all series: phase fractions of prec.  

set-plot-option . a y 1 t phase fraction / % $ y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  

set-plot-option . a y 1 f 100 $ scaling factor is 100 for %  

set-plot-option . a y 1 s 1e-4.. $ scale the y-axis from 1e-4..  

create-new-plot x . $ create new plot: mean diameter  

set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b d_mean$* $ add all series: mean diameter of precipitates  

set-plot-option . a y 1 t mean diameter / nm $ change y-axis title  

set-plot-option . a y 1 y lin $ use linear scale for y-axis  

set-plot-option . a y 1 f 1e9 $ scaling factor is 1e9 for nm  

create-new-plot x . $ create new plot: number densities  

set-plot-option . l a y $ replace all variable names by kinetic alias  

set-plot-option . s n b num_part$* $ add all series: number densities of precipitates  

set-plot-option . a y 1 t number density / m<sup>-3</sup> $ change y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  

set-plot-option . a y 1 s 1e10.. $ scale the y-axis from 1e10..  

move-gui-window . 130 90 700 980 $ move window to new position and resize  

update-gui-windows . $ update the GUI window  

move-gui-window . hide $ hide plot  

$ ----------------------------------------- Service --------------------------------------------  

$ create one frame displaying the service part, with no exp data  
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new-gui-window p1 $ generate new plot: Service  

$ remember window ID to address it correctly later in the script  

set-variable-value window_id_service active_frame_id $ save windows id to variable  

set-gui-window-property . x stepvalue $ default x-axis variable (time)  

set-gui-window-property . s u y $ use default x-axis for all plots: yes  

set-gui-window-property . s t time / h $ default x-axis title  

set-gui-window-property . s f 1/3600 $ scaling factor is 1/3600 for h  

set-gui-window-property . n 2 $ 2 plot columns  

set-plot-option . s n b t$c $ add series: temperature  

set-plot-option . s m -1 t$c T $ define series legend  

set-plot-option . a y 1 t temperature / C $ y-axis title  

if (comp==1)  

set-plot-option . t Raccord-HiMAT-Service-FGHAZ $ define plot title  

elseif (comp==2)  

set-plot-option . t Raccord-TUGraz-Service-FGHAZ $ define plot title  

endif  

create-new-plot x . $ create new plot: phase fractions  

set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b f_prec$* $ add all series: phase fractions of prec.  

set-plot-option . a y 1 t phase fraction / % $ y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  

set-plot-option . a y 1 f 100 $ scaling factor is 100 for %  

set-plot-option . a y 1 s 1e-4.. $ scale the y-axis from 1e-4..  

create-new-plot x . $ create new plot: mean diameter  

set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b d_mean$* $ add all series: mean diameter of precipitates  

set-plot-option . a y 1 t mean diameter / nm $ change y-axis title  

set-plot-option . a y 1 y lin $ use linear scale for y-axis  

set-plot-option . a y 1 f 1e9 $ scaling factor is 1e9 for nm  

create-new-plot x . $ create new plot: number densities  

set-plot-option . l a y $ replace all variable names by kinetic alias  

set-plot-option . s n b num_part$* $ add all series: number densities of precipitates  

set-plot-option . a y 1 t number density / m<sup>-3</sup> $ change y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  

set-plot-option . a y 1 s 1e10.. $ scale the y-axis from 1e10..  

move-gui-window . 150 110 700 980 $ move window to new position and resize  

update-gui-windows . $ update the GUI window  

move-gui-window . hide $ hide plot  

$ ***************************************************************************************************  

$ **************************** START PRECIPITATE SIMULATION *****************************************  

$ ***************************************************************************************************  

set-temperature-celsius 2000 $ define something  

set-automatic-startvalues $ initiate equil. calc. (estimate variables)  

calculate-equilibrium $ calculate equilibrium state  

$ speed up simulations, modify numerical parameters  

set-simulation-parameter c n f 1.0 $ maximum radius growth from 0.2 to 1.0  

set-simulation-parameter u 1000  

$ ------------------------ START PRECIPITATE SIMULATION PART I (HARDENING) --------------------------  

rename-current-buffer hardening $ rename buffer for heat treatment  

set-gui-window-property window_id_hardening b hardening $ attach to buffer window  

set-simulation-parameter t h hardening 10 $ temperature profile from HT, max. T-step  

set-simulation-parameter s r $ starting condition for prec. sim.: reset  

move-gui-window window_id_hardening show $ bring plot to front  

$ hide console window to make plots visible  

move-gui-window c hide $ hide console window  

start-precipitate-simulation $ let's go with part I  

$ save state after simulation. Is starting point for next simulation part II  

create-calc-state after_hardening  

$ ---------------------- START PRECIPITATE SIMULATION PART II (TEMPERING)-----------------------------  

create-calc-buffer tempering $ create buffer for HT  

select-calc-buffer tempering $ select calc buffer  

set-gui-window-property window_id_tempering b tempering $ attach to buffer window  

set-simulation-parameter t h tempering 10 $ temperature profile from HT, max. T-step  
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set-simulation-parameter s l after_hardening $ starting condition for prec. sim.: reset  

move-gui-window window_id_tempering show $ bring plot to front  

start-precipitate-simulation $ let's go with part II  

$ save state after simulation. Is starting point for next simulation part III  

create-calc-state after_tempering  

$ ---------------------- START PRECIPITATE SIMULATION PART III (WELDING)-----------------------------  

create-calc-buffer welding $ create buffer for HT  

select-calc-buffer welding $ select calc buffer  

set-gui-window-property window_id_welding b welding $ attach to buffer window  

set-simulation-parameter t h welding 10 $ temperature profile from HT, max. T-step  

set-simulation-parameter s l after_tempering $ starting condition for prec. sim.: reset  

move-gui-window window_id_welding show $ bring plot to front  

start-precipitate-simulation $ let's go with part II  

$ save state after simulation. Is starting point for next simulation part IV  

create-calc-state after_welding  

 

$ increase matrix diffusion enhancement factor to 8 before start of PWHT 

 

$set-precipitation-parameter nbc_p0 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter nbc_p1 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter nbc_p2 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter nbc_p3 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter nbc_p4 s m s mdef $ individual matrix diff. enh. factor  

set-precipitation-parameter aln_p0 s m s mdef $ individual matrix diff. enh. factor  

set-precipitation-parameter aln_p1 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter cr2n_p0 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter cr2n_p1 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter vn_p0 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter vn_p1 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter vn_p2 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter vn_p3 s m s mdef $ individual matrix diff. enh. factor  

set-precipitation-parameter m23c6_p0 s m s mdef $ individual matrix diff. enh. factor  

set-precipitation-parameter m23c6_p1 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter m7c3_p0 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter cementite_p0 s m s mdef $ individual matrix diff. enh. factor  

set-precipitation-parameter laves_phase_p0 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter zet_p0 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter zet_p1 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter zet_p2 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter zet_p3 s m s mdef $ individual matrix diff. enh. factor  

$set-precipitation-parameter zet_p4 s m s mdef $ individual matrix diff. enh. factor  

$ ----------------------- START PRECIPITATE SIMULATION PART IV (PWHT)-------------------------------  

create-calc-buffer pwht $ create buffer for HT  

select-calc-buffer pwht $ select calc buffer  

set-gui-window-property window_id_pwht b pwht $ attach to buffer window  

set-simulation-parameter t h pwht 10 $ temperature profile from HT, max. T-step  

set-simulation-parameter s l after_welding $ starting condition for prec. sim.: reset  

move-gui-window window_id_pwht show $ bring plot to front  

start-precipitate-simulation $ let's go with part II  

$ save state after simulation. Is starting point for next simulation part V  

create-calc-state after_pwht  

$ ---------------------- START PRECIPITATE SIMULATION PART V (SERVICE)------------------------------  

create-calc-buffer service $ create buffer for HT  

select-calc-buffer service $ select calc buffer  

set-gui-window-property window_id_service b service $ attach to buffer window  

set-simulation-parameter t h service 10 $ temperature profile from HT, max. T-step  

set-simulation-parameter s l after_pwht $ starting condition for prec. sim.: reset  

move-gui-window window_id_service show $ bring plot to front  

start-precipitate-simulation $ let's go with part III  

$ save state after simulation.  

create-calc-state after_service  

if (comp==1)  

set-working-directory C:/Users/Florian/Desktop/Diplomarbeit/Unterlagen_Schlachi/JFE Steel 
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save-workspace JFE_5_service  

elseif(comp==2)  

set-working-directory C:/Users/students/Desktop/FinalVersion4/Results 

save-workspace P91_FGHAZ_76_9_0.5_ict_laves1452K_agsfghaz950C_650C_100000h_mdef8 

endif 

 

$ ****************************** PRECIPITATE SIMULATION FINISHED 

(FGHAZ)*****************************  

$ ***************************************************************************************************  

elseif (salo==2) 

$ --------------------------------------- PART III: SERVICE ----------------------------------------  

create-heat-treatment service $ fifth heat treatment  

append-ht-segment service $ append segment 1 "tempering"  

edit-ht-segment service . s 25 $ define start temperature for HT  

edit-ht-segment service . d n martensite $ define precipitation domain  

edit-ht-segment service . 1 T_serv 0.033 $ Tend + heating rate  

edit-ht-segment service . c Heating to service temperature $ comment  

append-ht-segment service $ append segment 2  

edit-ht-segment service . 2 0 100*60*60 $ Tdot + delta_t  

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_100h $ change dislocation density  

edit-ht-segment service . c isothermal service at 600C $ comment: sum=100h 

append-ht-segment service $ append segment 3  

edit-ht-segment service . 2 0 100*60*60 $ Tdot + delta_t  

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_200h $ change dislocation density  

edit-ht-segment service . c isothermal service at 600C $ comment: sum=200h  

append-ht-segment service $ append segment 4  

edit-ht-segment service . 2 0 100*60*60 $ Tdot + delta_t  

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_300h $ change dislocation density  

edit-ht-segment service . c isothermal service at 600C $ comment: sum=300h 

append-ht-segment service $ append segment 5  

edit-ht-segment service . 2 0 100*60*60 $ Tdot + delta_t  

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_400h $ change dislocation density  

edit-ht-segment service . c isothermal service at 600C $ comment: sum=400h 

 

append-ht-segment service $ append segment 6  

edit-ht-segment service . 2 0 100*60*60 $ Tdot + delta_t  

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_500h $ change dislocation density  

edit-ht-segment service . c isothermal service at 600C $ comment: sum=500h  

 

append-ht-segment service $ append segment 7 

edit-ht-segment service . 2 0 100*60*60 $ Tdot + delta_t  

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_600h $ change dislocation density  

edit-ht-segment service . c isothermal service at 600C $ comment: sum=600h 

 

append-ht-segment service $ append segment 8 

edit-ht-segment service . 2 0 100*60*60 $ Tdot + delta_t  

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_700h $ change dislocation density  

edit-ht-segment service . c isothermal service at 600C $ comment: sum=700h 

 

append-ht-segment service $ append segment 9 

edit-ht-segment service . 2 0 100*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_800h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=800h 

 

append-ht-segment service $ append segment 10 

edit-ht-segment service . 2 0 100*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_900h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=900h 

 

append-ht-segment service $ append segment 11 

edit-ht-segment service . 2 0 100*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_1000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=1000h 
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append-ht-segment service $ append segment 12 

edit-ht-segment service . 2 0 250*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_1250h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=1250h 

 

append-ht-segment service $ append segment 13 

edit-ht-segment service . 2 0 250*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_1500h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=1500h 

 

append-ht-segment service $ append segment 14 

edit-ht-segment service . 2 0 500*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_2000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=2000h 

 

append-ht-segment service $ append segment 15 

edit-ht-segment service . 2 0 500*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_2500h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=2500h 

 

append-ht-segment service $ append segment 16 

edit-ht-segment service . 2 0 500*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_3000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=3000h 

 

append-ht-segment service $ append segment 17 

edit-ht-segment service . 2 0 500*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_3500h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=3500h 

 

append-ht-segment service $ append segment 18 

edit-ht-segment service . 2 0 500*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_4000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=4000h 

 

append-ht-segment service $ append segment 19 

edit-ht-segment service . 2 0 500*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_4500h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=4500h  

 

append-ht-segment service $ append segment 20 

edit-ht-segment service . 2 0 500*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_5000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=5000h 

 

append-ht-segment service $ append segment 21 

edit-ht-segment service . 2 0 1000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_6000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=6000h 

 

append-ht-segment service $ append segment 22 

edit-ht-segment service . 2 0 3000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_9000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=9000h 

 

append-ht-segment service $ append segment 23 

edit-ht-segment service . 2 0 3000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_12000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=12000h 

 

append-ht-segment service $ append segment 24 

edit-ht-segment service . 2 0 3000*60*60 $ Tdot+delta_t 
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edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_15000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=15000h 

 

append-ht-segment service $ append segment 25 

edit-ht-segment service . 2 0 5000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_20000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=20000h 

 

append-ht-segment service $ append segment 26 

edit-ht-segment service . 2 0 5000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_25000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=25000h 

 

append-ht-segment service $ append segment 27 

edit-ht-segment service . 2 0 5000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_30000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=30000h  

 

append-ht-segment service $ append segment 28 

edit-ht-segment service . 2 0 10000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_40000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=40000h 

 

append-ht-segment service $ append segment 29 

edit-ht-segment service . 2 0 10000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_50000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=50000h 

 

append-ht-segment service $ append segment 30 

edit-ht-segment service . 2 0 10000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_60000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=60000h 

 

append-ht-segment service $ append segment 31 

edit-ht-segment service . 2 0 10000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_70000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=70000h 

 

append-ht-segment service $ append segment 32 

edit-ht-segment service . 2 0 10000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_80000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=80000h 

 

append-ht-segment service $ append segment 33 

edit-ht-segment service . 2 0 10000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_90000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=90000h 

 

append-ht-segment service $ append segment 34 

edit-ht-segment service . 2 0 10000*60*60 $ Tdot+delta_t 

edit-ht-segment service . o +set-precipitation-parameter martensite t d e ddm_100000h $ change dislocation density 

edit-ht-segment service . c isothermal service at 600C $ comment: sum=100000h 

$ ----------------------------------- END OF PART V: SERVICE ------------------------------------  

$ ***************************************************************************************************  

$ PRECIPITATION DOMAINS, PRECIPITATES  

$ ***************************************************************************************************  

 

create-precipitation-domain austenite $ austenite is precipitation domain = matrix  

set-precipitation-parameter austenite x fcc_a1 $ matrix phase of domain austenite  

set-precipitation-parameter austenite t d e dda $ dislocation density (=1e11 m^-2)  

set-precipitation-parameter austenite t g ags $ austenite grain size  

create-precipitation-domain martensite $ new matrix: martensite  

set-precipitation-parameter martensite x bcc_a2 $ define matrix structure  
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set-precipitation-parameter martensite t d e ddm $ dislocation density (=1e14 m^-2)  

set-precipitation-parameter martensite t g ags $ austenite grain size !!! NEW !!! 

set-precipitation-parameter martensite t s sgs $ subgrain size  

set-precipitation-parameter martensite t o sgef $ subgrain elongation factor  

$ ------------------------------- PRECIPITATE PHASES IN AUSTENITE -----------------------------------  

create-new-phase nbc p NbC(aust,g) $ new precipitate phase in austenite  

set-precipitation-parameter nbc_p0 c npc $ use variable for prec. classes  

set-precipitation-parameter nbc_p0 d austenite $ precipitation domain (matrix phase)  

set-precipitation-parameter nbc_p0 n s g $ nucleation sites are grain boundaries 

set-precipitation-parameter nbc_p0 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter nbc_p0 n p y austenite $ restrict nucleation to precipitation domain  

 

create-new-phase nbc p NbC(aust,d) $ new precipitate phase in austenite  

set-precipitation-parameter nbc_p1 c npc $ use variable for prec. classes  

set-precipitation-parameter nbc_p1 d austenite $ precipitation domain (matrix phase)  

set-precipitation-parameter nbc_p1 n s d $ nucleation sites are dislocations 

set-precipitation-parameter nbc_p1 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter nbc_p1 n p y austenite $ restrict nucleation to precipitation domain  

 

create-new-phase aln p AlN(aust,d) $ new precipitate phase in austenite  

set-precipitation-parameter aln_p0 c npc_aln $ use variable for prec. classes  

set-precipitation-parameter aln_p0 d austenite $ precipitation domain (austenite phase)  

set-precipitation-parameter aln_p0 n s d $ nucleation sites are dislocations  

set-precipitation-parameter aln_p0 n f y $ account for coherent misfit stress 

set-precipitation-parameter aln_p0 t m n 0.27 $ use volumetric misfit value of 0.27 

set-precipitation-parameter aln_p0 n p y austenite $ restrict nucleation to precipitation domain  

create-new-phase cr2n p Cr2N(aust,d) $ new precipitate phase in austenite  

set-precipitation-parameter cr2n_p0 c npc $ use variable for prec. classes  

set-precipitation-parameter cr2n_p0 d austenite $ precipitation domain (austenite phase)  

set-precipitation-parameter cr2n_p0 n s d $ nucleation sites are dislocations  

set-precipitation-parameter cr2n_p0 n p y austenite $ restrict nucleation to precipitation domai  

 

create-new-phase VN p VN(aust,g) $ new precipitate phase VN in martensite  

set-precipitation-parameter vn_p0 c npc_vn $ use variable npc for # of prec. classes  

set-precipitation-parameter vn_p0 d austenite $ precipitation domain (matrix phase)  

set-precipitation-parameter vn_p0 n s g $ nucleation sites at grain boundaries 

set-precipitation-parameter vn_p0 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter vn_p0 n p y austenite $ restrict nucleation to precipitation domain  

$ --------------------------------- PRECIPITATE PHASES IN MARTENSITE --------------------------------  

$ The M7C3 and Cementite precipitates are not stable at 600C, nevertheless they have to be considered  

$ in the calculation due to the influence on the M23C6 evolution during heating and cooling treatments.  

$ Better agreement with experimental values of M23C6 diameter is achieved by considering the M7C3 and  

$ Cementite in the calculation.  

create-new-phase nbc p NbC(mart,g) $ new precipitate phase in martensite  

set-precipitation-parameter nbc_p2 c npc $ use variable for prec. classes  

set-precipitation-parameter nbc_p2 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter nbc_p2 n s g $ nucleation sites are grain boundaries 

set-precipitation-parameter nbc_p2 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter nbc_p2 n p y martensite $ restrict nucleation to precipitation domain  

 

create-new-phase nbc p NbC(mart,d) $ new precipitate phase in martensite 

set-precipitation-parameter nbc_p3 c npc_nbc $ use variable for prec. classes 

set-precipitation-parameter nbc_p3 d martensite $ precipitation domain (matrix phase) 

set-precipitation-parameter nbc_p3 n s d $ nucleation sites are dislocations 

set-precipitation-parameter nbc_p3 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter nbc_p3 n p y martensite $ restrict nucleation to precipitation domain 

 

create-new-phase nbc p NbC(mart,s) $ new precipitate phase in martensite 

set-precipitation-parameter nbc_p4 c npc_nbc $ use variable for prec. classes 

set-precipitation-parameter nbc_p4 d martensite $ precipitation domain (matrix phase) 

set-precipitation-parameter nbc_p4 n s s $ nucleation sites are subgrain boundaries 

set-precipitation-parameter nbc_p4 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter nbc_p4 n p y martensite $ restrict nucleation to precipitation domain 
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create-new-phase aln p AlN(mart,d) $ new precipitate phase in martensite  

set-precipitation-parameter aln_p1 c npc_aln $ use variable for prec. classes  

set-precipitation-parameter aln_p1 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter aln_p1 n s d $ nucleation sites are dislocations  

set-precipitation-parameter aln_p1 n f y $ account for coherent misfit stress 

set-precipitation-parameter aln_p1 t m n 0.27 $ use volumetric misfit value of 0.27 

set-precipitation-parameter aln_p1 n p y martensite $ restrict nucleation to precipitation domain  

create-new-phase VN p VN(mart,g) $ new precipitate phase VN in martensite  

set-precipitation-parameter vn_p1 c npc $ use variable npc for # of prec. classes  

set-precipitation-parameter vn_p1 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter vn_p1 n s g $ nucleation sites at grain boundaries 

set-precipitation-parameter vn_p1 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter vn_p1 n p y martensite $ restrict nucleation to precipitation domain  

 

create-new-phase VN p VN(mart,d) $ new precipitate phase VN in martensite  

set-precipitation-parameter vn_p2 c npc $ use variable npc for # of prec. classes  

set-precipitation-parameter vn_p2 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter vn_p2 n s d $ nucleation sites at dislocations 

set-precipitation-parameter vn_p2 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter vn_p2 n p y martensite $ restrict nucleation to precipitation domain  

 

create-new-phase VN p VN(mart,s) $ new precipitate phase VN in martensite  

set-precipitation-parameter vn_p3 c npc_vn $ use variable npc for # of prec. classes  

set-precipitation-parameter vn_p3 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter vn_p3 n s s $ nucleation sites at subgrain boundaries 

set-precipitation-parameter vn_p3 n j y $ nucleate only with valid major constituents 

set-precipitation-parameter vn_p3 n p y martensite $ restrict nucleation to precipitation domain  

create-new-phase m23c6 p M23C6(mart,s) $ new precipitate phase in martensite  

set-precipitation-parameter m23c6_p0 c npc_m23c6 $ use variable for prec. classes  

set-precipitation-parameter m23c6_p0 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter m23c6_p0 n s s $ nucleation sites are subgrains  

set-precipitation-parameter m23c6_p0 n p y martensite $ restrict nucleation to precipitation domain  

 

create-new-phase m23c6 p M23C6(mart,g) $ new precipitate phase in martensite  

set-precipitation-parameter m23c6_p1 c npc_m23c6 $ use variable for prec. classes  

set-precipitation-parameter m23c6_p1 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter m23c6_p1 n s g $ nucleation sites are grain boundaries  

set-precipitation-parameter m23c6_p1 n p y martensite $ restrict nucleation to precipitation domain  

create-new-phase m7c3 p M7C3(mart,s) $ new precipitate phase M7C3 in martensite  

set-precipitation-parameter m7c3_p0 c npc $ use variable for prec. classes  

set-precipitation-parameter m7c3_p0 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter m7c3_p0 n s s $ nucleation sites at subgrain boundaries  

set-precipitation-parameter m7c3_p0 n p y martensite $ restrict nucleation to precipitation domain  

create-new-phase cementite p Cem(mart,s) $ new precipitate cementite in martensite  

set-precipitation-parameter cementite_p0 c npc $ use variable for prec. classes  

set-precipitation-parameter cementite_p0 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter cementite_p0 n s s $ nucleation sites at grain boundaries  

set-precipitation-parameter cementite_p0 n p y martensite $ restrict nucleation to prec. domain  

create-new-phase cr2n p Cr2N(mart,d) $ new precipitate phase in martensite  

set-precipitation-parameter cr2n_p1 c npc $ use variable for prec. classes  

set-precipitation-parameter cr2n_p1 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter cr2n_p1 n s d $ nucleation sites are dislocations 

set-precipitation-parameter cr2n_p1 n p y martensite $ restrict nucleation to precipitation domai  

create-new-phase laves_phase p Laves(mart,s) $ new precipitate phase in martensite  

set-precipitation-parameter laves_phase_p0 c npc_laves $ use variable for prec. classes  

set-precipitation-parameter laves_phase_p0 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter laves_phase_p0 n s s $ nucleation sites are subgrains 

set-precipitation-parameter laves_phase_p0 n p y martensite $ restrict nucleation to precipitation domain  

set-precipitation-parameter laves_phase_p0 f y lav_ict $ diffuse interface correction is set on  

$ Zet-phase has special settings due to the fact that it nucleates within the VN precipitates  

$ and nucleation is defined as special nucleation model for precipitation on particles with  

$ equivalent interfacial energy. Make sure that 'direct particle transformation' is selected as  

$ nucleation model  
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$ IMPORTANT: The value for the equivalent interfacial energy is basically unknown and must  

$ be considered as a fitting parameter!!! Presently, no physical model for Z-phase nucleation  

$ is available!!!  

create-new-phase zet p Z(m,vn_a_g) $ new prec. phase for Zet-phase in martensite  

set-precipitation-parameter zet_p0 c npc $ use variable for prec. classes  

set-precipitation-parameter zet_p0 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter zet_p0 n s p vn_p0 $ nucleation sites are existing VN prec.  

set-precipitation-parameter zet_p0 n o e eie_zet $ use equiv. intf. energy with value 1  

set-precipitation-parameter zet_p0 n n d $ use direct particle transf. nucl. model  

set-precipitation-parameter zet_p0 n p y martensite $ restrict nucleation to precipitation domain  

 

create-new-phase zet p Z(m,vn_m_g) $ new prec. phase for Zet-phase in martensite  

set-precipitation-parameter zet_p1 c npc $ use variable for prec. classes  

set-precipitation-parameter zet_p1 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter zet_p1 n s p vn_p1 $ nucleation sites are existing VN prec.  

set-precipitation-parameter zet_p1 n o e eie_zet $ use equiv. intf. energy with value 1  

set-precipitation-parameter zet_p1 n n d $ use direct particle transf. nucl. model  

set-precipitation-parameter zet_p1 n p y martensite $ restrict nucleation to precipitation domain  

 

create-new-phase zet p Z(mart,vn_m_d) $ new prec. phase for Zet-phase in martensite  

set-precipitation-parameter zet_p2 c npc $ use variable for prec. classes  

set-precipitation-parameter zet_p2 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter zet_p2 n s p vn_p2 $ nucleation sites are existing VN prec.  

set-precipitation-parameter zet_p2 n o e eie_zet $ use equiv. intf. energy with value 1  

set-precipitation-parameter zet_p2 n n d $ use direct particle transf. nucl. model  

set-precipitation-parameter zet_p2 n p y martensite $ restrict nucleation to precipitation domain  

 

create-new-phase zet p Z(mart,vn_m_s) $ new prec. phase for Zet-phase in martensite  

set-precipitation-parameter zet_p3 c npc $ use variable for prec. classes  

set-precipitation-parameter zet_p3 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter zet_p3 n s p vn_p3 $ nucleation sites are existing VN prec.  

set-precipitation-parameter zet_p3 n o e eie_zet $ use equiv. intf. energy with value 1  

set-precipitation-parameter zet_p3 n n d $ use direct particle transf. nucl. model  

set-precipitation-parameter zet_p3 n p y martensite $ restrict nucleation to precipitation domain  

$ Zet-phase can also nucleate directly from the matrix. However, its nuclei with rather complex  

$ crystal structure is in direct competition with the MX phase with simple fcc. For that reason,  

$ the probability of Z-phase nucleation is extremely low, because Cr, V and N will nucleate the simple  

$ structure much easier than the double-layer structure of Zet. Estimates (Sonderegger/Danielsen/  

$ Kozeschnik, 2005, unpublished) deliver a factor of 1e-12. This value is entered as nucleation  

$ constant, to reflect this competitive (entropic) effect  

create-new-phase zet p Z(mart,d) $ new prec. phase for Zet-phase in martensite  

set-precipitation-parameter zet_p4 c npc $ use variable for prec. classes  

set-precipitation-parameter zet_p4 d martensite $ precipitation domain (matrix phase)  

set-precipitation-parameter zet_p4 n s d $ nucleation sites are dislocation  

set-precipitation-parameter zet_p4 z n $ no ie size correction for Z-Phase  

set-precipitation-parameter zet_p4 n u nucl_const_zet $ nucleation constant for matrix Z-phase  

set-precipitation-parameter zet_p4 n p y martensite $ restrict nucleation to precipitation domain  

$ ***************************************************************************************************  

$ ******************************** OUTPUT WINDOWS, PLOTS, ETC. **************************************  

$ ***************************************************************************************************  

$ --------------------------------- Hardening (Normalizing) plot ------------------------------------  

$ create one frame displaying the service part, with no exp data  

new-gui-window p1 $ generate new plot: Hardening  

$ remember window ID to address it correctly later in the script  

set-variable-value window_id_hardening active_frame_id $ save windows id to variable  

set-gui-window-property . x stepvalue $ default x-axis variable (time)  

set-gui-window-property . s u y $ use default x-axis for all plots: yes  

set-gui-window-property . s t time / min $ default x-axis title  

set-gui-window-property . s f 1/60 $ scaling factor is 1/60 for min  

set-gui-window-property . n 2 $ 2 plot columns  

set-plot-option . s n b t$c $ add series: temperature  

set-plot-option . s m -1 t$c T $ define series legend  

set-plot-option . a y 1 t temperature / C $ y-axis title  
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if (comp==1)  

set-plot-option . t Raccord-HiMAT-Normalizing $ define plot title  

elseif (comp==2)  

set-plot-option . t Raccord-TUGraz-Normalizing $ define plot title  

endif  

create-new-plot x . $ create new plot: phase fractions  

set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b f_prec$* $ add all series: phase fractions of prec.  

set-plot-option . a y 1 t phase fraction / % $ y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  

set-plot-option . a y 1 f 100 $ scaling factor is 100 for %  

set-plot-option . a y 1 s 1e-4.. $ scale the y-axis from 1e-4..  

create-new-plot x . $ create new plot: mean diameter  

set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b d_mean$* $ add all series: mean diameter of precipitates  

set-plot-option . a y 1 t mean diameter / nm $ change y-axis title  

set-plot-option . a y 1 y lin $ use linear scale for y-axis  

set-plot-option . a y 1 f 1e9 $ scaling factor is 1e9 for nm  

create-new-plot x . $ create new plot: number densities  

set-plot-option . l a y $ replace all variable names by kinetic alias  

set-plot-option . s n b num_part$* $ add all series: number densities of precipitates  

set-plot-option . a y 1 t number density / m<sup>-3</sup> $ change y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  

set-plot-option . a y 1 s 1e10.. $ scale the y-axis from 1e10..  

move-gui-window . 70 30 700 980 $ move window to new position and resize  

update-gui-windows . $ update the GUI window  

move-gui-window . hide $ hide plot  

$ ---------------------------------------- Tempering -------------------------------------------  

$ create one frame displaying the service part, with no exp data  

new-gui-window p1 $ generate new plot: Tempering  

$ remember window ID to address it correctly later in the script  

set-variable-value window_id_tempering active_frame_id $ save windows id to variable  

set-gui-window-property . x stepvalue $ default x-axis variable (time)  

set-gui-window-property . s u y $ use default x-axis for all plots: yes  

set-gui-window-property . s t time / min $ default x-axis title  

set-gui-window-property . s f 1/60 $ scaling factor is 1/60 for min  

set-gui-window-property . n 2 $ 2 plot columns  

set-plot-option . s n b t$c $ add series: temperature  

set-plot-option . s m -1 t$c T $ define series legend  

set-plot-option . a y 1 t temperature / C $ y-axis title  

if (comp==1)  

set-plot-option . t Raccord-HiMAT-Tempering $ define plot title  

elseif (comp==2)  

set-plot-option . t Raccord-TUGraz-Tempering $ define plot title  

endif  

create-new-plot x . $ create new plot: phase fractions  

set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b f_prec$* $ add all series: phase fractions of prec.  

set-plot-option . a y 1 t phase fraction / % $ y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  

set-plot-option . a y 1 f 100 $ scaling factor is 100 for %  

set-plot-option . a y 1 s 1e-4.. $ scale the y-axis from 1e-4..  

create-new-plot x . $ create new plot: mean diameter  

set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b d_mean$* $ add all series: mean diameter of precipitates  

set-plot-option . a y 1 t mean diameter / nm $ change y-axis title  

set-plot-option . a y 1 y lin $ use linear scale for y-axis  

set-plot-option . a y 1 f 1e9 $ scaling factor is 1e9 for nm  

create-new-plot x . $ create new plot: number densities  

set-plot-option . l a y $ replace all variable names by kinetic alias  

set-plot-option . s n b num_part$* $ add all series: number densities of precipitates  

set-plot-option . a y 1 t number density / m<sup>-3</sup> $ change y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  
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set-plot-option . a y 1 s 1e10.. $ scale the y-axis from 1e10..  

move-gui-window . 90 50 700 980 $ move window to new position and resize  

update-gui-windows . $ update the GUI window  

move-gui-window . hide $ hide plot  

$ ----------------------------------------- Service --------------------------------------------  

$ create one frame displaying the service part, with no exp data  

new-gui-window p1 $ generate new plot: Service  

$ remember window ID to address it correctly later in the script  

set-variable-value window_id_service active_frame_id $ save windows id to variable  

set-gui-window-property . x stepvalue $ default x-axis variable (time)  

set-gui-window-property . s u y $ use default x-axis for all plots: yes  

set-gui-window-property . s t time / h $ default x-axis title  

set-gui-window-property . s f 1/3600 $ scaling factor is 1/3600 for h  

set-gui-window-property . n 2 $ 2 plot columns  

set-plot-option . s n b t$c $ add series: temperature  

set-plot-option . s m -1 t$c T $ define series legend  

set-plot-option . a y 1 t temperature / C $ y-axis title  

if (comp==1)  

set-plot-option . t Raccord-HiMAT-Service-BM $ define plot title  

elseif (comp==2)  

set-plot-option . t Raccord-TUGraz-Service-BM $ define plot title  

endif  

create-new-plot x . $ create new plot: phase fractions  

set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b f_prec$* $ add all series: phase fractions of prec.  

set-plot-option . a y 1 t phase fraction / % $ y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  

set-plot-option . a y 1 f 100 $ scaling factor is 100 for %  

set-plot-option . a y 1 s 1e-4.. $ scale the y-axis from 1e-4..  

create-new-plot x . $ create new plot: mean diameter  

set-plot-option . l a y $ replace variable names by kinetic alias  

set-plot-option . s n b d_mean$* $ add all series: mean diameter of precipitates  

set-plot-option . a y 1 t mean diameter / nm $ change y-axis title  

set-plot-option . a y 1 y lin $ use linear scale for y-axis  

set-plot-option . a y 1 f 1e9 $ scaling factor is 1e9 for nm  

create-new-plot x . $ create new plot: number densities  

set-plot-option . l a y $ replace all variable names by kinetic alias  

set-plot-option . s n b num_part$* $ add all series: number densities of precipitates  

set-plot-option . a y 1 t number density / m<sup>-3</sup> $ change y-axis title  

set-plot-option . a y 1 y log $ use logarithmic scale for y-axis  

set-plot-option . a y 1 s 1e10.. $ scale the y-axis from 1e10..  

move-gui-window . 110 70 700 980 $ move window to new position and resize  

update-gui-windows . $ update the GUI window  

move-gui-window . hide $ hide plot  

 

$ ***************************************************************************************************  

$ **************************** START PRECIPITATE SIMULATION *****************************************  

$ ***************************************************************************************************  

set-temperature-celsius 2000 $ define something  

set-automatic-startvalues $ initiate equil. calc. (estimate variables)  

calculate-equilibrium $ calculate equilibrium state  

$ speed up simulations, modify numerical parameters  

set-simulation-parameter c n f 1.0 $ maximum radius growth from 0.2 to 1.0  

set-simulation-parameter u 1000  

$ ------------------------ START PRECIPITATE SIMULATION PART I (HARDENING) --------------------------  

rename-current-buffer hardening $ rename buffer for heat treatment  

set-gui-window-property window_id_hardening b hardening $ attach to buffer window  

set-simulation-parameter t h hardening 10 $ temperature profile from HT, max. T-step  

set-simulation-parameter s r $ starting condition for prec. sim.: reset  

move-gui-window window_id_hardening show $ bring plot to front  

$ hide console window to make plots visible  

move-gui-window c hide $ hide console window  

start-precipitate-simulation $ let's go with part I  
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$ save state after simulation. Is starting point for next simulation part II  

create-calc-state after_hardening  

$ ---------------------- START PRECIPITATE SIMULATION PART II (TEMPERING)-----------------------------  

create-calc-buffer tempering $ create buffer for HT  

select-calc-buffer tempering $ select calc buffer  

set-gui-window-property window_id_tempering b tempering $ attach to buffer window  

set-simulation-parameter t h tempering 10 $ temperature profile from HT, max. T-step  

set-simulation-parameter s l after_hardening $ starting condition for prec. sim.: reset  

move-gui-window window_id_tempering show $ bring plot to front  

start-precipitate-simulation $ let's go with part II  

$ save state after simulation. Is starting point for next simulation part III  

create-calc-state after_tempering  

$ ---------------------- START PRECIPITATE SIMULATION PART V (SERVICE)------------------------------  

create-calc-buffer service $ create buffer for HT  

select-calc-buffer service $ select calc buffer  

set-gui-window-property window_id_service b service $ attach to buffer window  

set-simulation-parameter t h service 10 $ temperature profile from HT, max. T-step  

set-simulation-parameter s l after_tempering $ starting condition for prec. sim.: reset  

move-gui-window window_id_service show $ bring plot to front  

start-precipitate-simulation $ let's go with part III  

$ save state after simulation.  

create-calc-state after_service  

if (comp==1)  

set-working-directory C:/Users/Florian/Desktop/Diplomarbeit/Unterlagen_Schlachi/JFE Steel 

save-workspace JFE_5_service  

elseif(comp==2)  

set-working-directory C:/Users/students/Desktop/FinalVersion4/Results 

save-workspace P91_BM_76_9_0.5_ict_laves1452K_agsfghaz950C_650C_100000h 

endif  

$ ***************************************************************************************************  

$ ****************************** PRECIPITATE SIMULATION FINISHED (BM) *******************************  

$ ***************************************************************************************************  

endif  
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