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Venue 

Doubletree by Hilton Hotel & Executive Meeting Center Berkeley Marina 
Please check out by 12:00 pm by returning your room key to the check-out desk 
200, Marina Boulevard, Berkeley, California, 94710 
Website: www.berkeleymarina.doubletree.com 
Phone:  (+1) (510) 548-7920 
	  

Conference Excursion and Banquet 

On Wednesday, June 6th, the Conference will be 
interrupted for a half-day excursion that will include 
a cruise on the San Francisco Bay (with scenic 
views of San Francisco, Alcatraz, Angel Island, and 
the Bay and Golden Gate bridges) with lunch 
served on the boat from HornBlower fleet. 
This cruise will leave us at Pier 3 in San Francisco, 
and mini-buses will bring us to Muir Wood north 
east of the Golden Gate bridge, 
http://www.nps.gov/muwo/index.htm, where some 
of the oldest Redwood trees are located. 
 
Scenically set in Marin County across the Golden Gate 
Bridge, Muir Woods National Monument 
covers 550 acres dedicated to the coastal 
redwoods. In 1908, President Theodore 
Roosevelt named this park to honor the 
naturalist John Muir. Muir declared, “This is the 
best tree-lovers’ monument that could possibly 
be found in all the forests of the world.” 
Wander in quiet awe past freshwater streams, 
lush greenery and redwood trees, among the 
tallest and oldest trees in the world. 
 
Inclusions	  
•	  Private	  transportation	  via	  mini-‐buses	  

o	  Pick	  up	  at	  HornBlower	  landing,	  Pier	  3	  
o	  Drop	  off	  at	  Doubletree	  Berkeley	  Marina	  

•	  Professional	  guide	  
•	  Admission	  to	  Muir	  Woods	  National	  Monument	  
•	  Self-‐guided	  exploration	  of	  Muir	  Woods	  National	  Monument	  
Note	  
•	  This	  activity	  must	  utilize	  mini-‐bus	  transportation	  because	  motor-‐coaches	  are	  not	  allowed	  on	  
the	  access	  roads	  to	  Muir	  Woods.	  
 

In keeping with CALPHAD tradition, the conference banquet will be held at the 
Double Tree by Hilton Hotel on Wednesday evening. 
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A Few Facts (just in case) 
 
Where can I get Internet access? 
Free wireless access is available in the event area and the public portions of the 
Hotel. Please contact the registration desk or conference office for the correct code. 
For Internet access in your room you will need to pay an extra fee (i.e., not included 
in your registration fees) of $9.95 per day for unlimited access. 

Do I need to have my badge with me at all times? 
Yes. You will only by permitted to enter the conference by displaying a visible badge. 
If you lose your badge, please come straight to the conference desk with some form 
of identification where we can make you a replacement badge. 

What should I do if I become unwell? 
Besides getting better, please contact the conference desk during conference hours, 
or personnel of the Double Tree by Hilton Hotel at any time. 

Will I be able to plug my laptop in to the USA power supply? 
The USA electricity supply is 
120v volts alternating current 
at 60Hz. Sockets and plugs 
are as shown here. We cannot 
supply power adaptors. 
Adaptors are usually available 
for sale in the departure 
lounges of international 
airports and although there are 
some shops in Berkeley that 
sell adaptors of various types, 
we recommend you to 
purchase any adaptors 

required before arriving in Berkeley. 

Any suggestions on what to visit after the conference? 
Google is a good way to find out, but besides what has been proposed for the social 
program which is really worth it, there other places of interested not too far from the 
San Francisco Bay such as: Yosemite Valley (a four hour drive from Berkeley), Big 
Basin (another forest of big trees with great hiking possibilities, about three hours 
from Berkeley, Año Nuevo (with an humongous colony of sea elephants to 
encounter; about three hours from Berkeley), Mount Lassen (volcanic region; about 
four hours from Berkeley), etc. And for those who have an interest in art, there is a 
great selection of San Francisco museums worth exploring: de Young Museum, 
Legion of Honor, Museum of Modern Art, Museum of Asian Art, etc. 
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CHANGES to the PROGRAM 
 
Nota Bene: Since the publication of the Booklet, changes have been requested. To keep some logics in all this, 
the information in the booklet indicated in column 2 is now scheduled in Column 3. Example: “Emilie Boulay 
presentation that was scheduled in the booklet for Monday evening is now scheduled for Thursday morning, but 
the abstract is still refereed to as Me13 in the booklet”. 
	  

Name In the Booklet During the Conference 
   
 For Monday  

AGREN John 
Chair Replaced by PEREPEZKO John 

JIN Shan Me11 Ma12 
PSTRUS Janusz Ma12 Me11 

NATARAJAN  Anirudh Raju  Me7 Cancelled 
   
 For Tuesday  

POLLOCK Tresa Thm1 Tum6 
LUO Alan Thm3 Tum8 

NATARAJAN  Anirudh Raju  Tum8 Cancelled 
RAJKUMAR V.B. Tum10 Cancelled 

   
 For Wednesday  

YAQOOB Khurram Me5 Wm2 
JOUBERT Jean-Marc Wm2 Cancelled 

   
 For Thursday  

KAUFMAN Larry Tum6 Thm1 
BOULAY Emilie Me13 Thm3 

Den OUDEN Dennis Tha9 Cancelled 
NIE Xiao-wu Wm7 The 23 
HAN Jiajia Me2 The27 

LIU  Xingjun Me4 The28 
   
 

For Friday 
 

SCHMID-FETZER Rainer 
Chair Replaced by  SEIFERT Hans 

 

Corrigenda (sorry about that!) 
 
Nota Bene: The following typos have been corrected in the Program and Abstracts Booklet posted on the 
website AFTER THE CONFERENCE 
 
INL is in the state of Idaho (ID) and not Iowa (IA), sorry Rory (Kennedy), on p. 6 
Dennis den OUDEN (p.18, 184) instead of Dennis den ODEN 
COSTA e SILVA, Andre Luiz V. da (p. 179) instead of COSTA e SILVA, Andra Luiz V. da 
XIE, Wen (p. 182) instead of WEN, Xie 
Title of Tua4: “Ab initio computed solubility products” on p. 15, sorry Marcel (Sluiter). 
Title of Tua8: “Phase stability in quaternary Mo-Nb-Si-B and Mo-Ti-Si-B systems. A first-principles Study” on 
p. 15, sorry Catherine (Colinet). 
 
And we are almost sure, there is more… 	  
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Monday Morning (Mm), June 4th 
Modeling-Software (Part I) 

	  
08:30  OPENING CEREMONY 

  Chairs 
John PEREPEZKO 
Tresa POLLOCK 

08:50 Mm1 Keynote: OLSON, Gregory B. 
Materials Genomics Past & Future: From CALPHAD to Flight 

09:30 Mm2 Invited: Eriksson, Gunnar; Bale, Chris; PELTON, Arthur 
Calculation and Interpretation of Projections of the Temperature of First Melting 

10:00 Mm3 Oral: MORRAL, John E. 
Poly-thermal and Poly-isopleth Projections 

10:20 Mm4 Oral: ABE Taichi; Ogawa, K.; Hashimoto, K.; Shobu, K. 
Analysis of Miscibility Gaps Based on the Redlich-Kister Polynomial 

10:40  Coffee Break 

  Chairs 
Arthur PELTON 

Mauro PALUMBO 

11:00 Mm5 Invited: FULTZ Brent  
Vibrational Entropy at High Temperatures 

11:30 Mm6 Oral: VRESTAL, Jan; Strof, Jan; Pavlù Jana   
Extension of Gibbs Energy Data for Pure Elements to Zero Kelvin Temperature 

11:50 Mm7 Oral: Hampl, Milan; SCHMID-FETZER, Rainer 
Enthalphy "Measured" from partial Pressure? Example Mg-Gd 

12:10 Mm8 Oral: Yeo, Sang Chul; Kim, Da Hye; Shin, Kihyun; LEE, Hyuck Mo 
Investigation of Nano Phase Diagram and Structural Change of Ag-Au Bimetallic 
Nanoparticles and its Applications 

12:30  Lunch  
 
	  
	  
	  
Nota Bene: Each presentation is referred to by the day (M=Monday, Tu=Tuesday, W=Wednesday, 
Th=Thursday, F=Friday), followed by m (morning), a (afternoon), or e (evening), and the order of 
occurrence in the session. For each evening session, the number locates the board on which the 
presentation will be posted.  
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Monday Afternoon and Evening (Ma–Me), June 4th 

Kinetics-Microstructure 
	  

  Chairs 
Zi-Kui LIU 

Göran GRIMVALL 

14:00 Ma1 Plenary: PEREPEZKO, John 
Alloy Phase Metastability, Transformation and Microstructure Development 

14:40 Ma2 Invited: GOMEZ-ACEBO, Tomas 
Modelling of Diffusion at High Pressure 

15:10 Ma3 Oral: KAJIHARA, Masanori 
Diffusion Couple Method for Determination of Phase Equilibria 

15:30 Ma4 Oral: Lee, Byeong-Moon; LEE, Byeong-Joo 
A Comparative Study on the Hydrogen Diffusion in Amorphous and Crystalline Metals 

15:50 Ma5 Oral: CAO, Weisheng; Chen, Shuanglin; Zhang, Chuan; Zhang, Fan 
Precipitation Modeling of Multi-Component Alloys Based on CALPHAD Approach 

16:10  Coffee Break 

  Chairs 
Larry KAUFMAN 

Volodymyr IVASHCHENKO 

16:25 Ma6 Invited: DU, Yong; Xu, Tao; Zhang, Weibin; Peng, Yingbiao; Zhou, Peng; Chen, 
Weiming; Wang, Shequan; Wen, Guanghua; Zhang, Zhongjian 
Thermodynamic and Kinetic Databases for Multicomponent Cemented Carbides and 
Microstructure Evolution During Sintering 

16:55 Ma7 Oral: CAMPBELL, Carelyn E. 
Development of a Reference Self-Diffusion Mobility Database 

17:15 Ma8 Oral: TOFFOLON-MASCLET, Caroline; Desgranges, C.; Brachet, J.C. 
A Mobility Database for Zirconium Alloys 

17:35 Ma9 Oral: XIONG, Wei 
Kinetic Investigation of the Fe-Cr Alloys Using an Integrated Method of CALPHAD, 
Phase-field and Atom Probe Tomography 

17:55 Ma10 Oral: ZHANG, Lijun; Steinbach, Ingo 
Phase-field Model for Heterogeneous Systems with Finite Interface Dissipation 

18:15 Ma11 Oral: WANG, Shaoqing; Du, Yong; Liu, Dandan; Zhang, Weibin; Cui, Senlin; 
Zhang, Lijun 
Atomic Mobility and Diffusivity in Al Alloys and its Application to Microstructural 
Evolution 

18:35 Ma12 Oral: PSTRUS, Janusz; Gancarz, T.; Fima, P. 
Effect of In Addition to Sn-15Zn alloy on Kinetics of Growth of Phases at the Alloy-Cu 
Substrate Interface 

19:00  Dinner 

20:30-
22:00 

 EVENING SESSION: Me1 – Me24 
Chairs 

Theodore (Ted) BESMANN 
Gabriele CACCIAMANI 
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Tuesday Morning (Tum), June 5th 
CALPHAD Assessments-Experiments (Part I) 

	  
  Chairs 

Tomas GOMEZ-ACEBO 
Fernando RIZZO 

08:30 Tum1 Plenary: JAK, Evgueni 
Integrated Experimental and Thermodynamic Modelling Research Methodology for 
Metallurgical Slags with Examples in the Copper Production Field 

09:10 Tum2 Oral: da COSTA e SILVA, Andre Luiz  
Estimating Viscosity of Iron and Steelmaking Slags with Basis on a Thermodynamic 
Model-Extension to Systems Based on CaO-Al2O3-MgO-SiO2 

09:30 Tum3 Oral: HIDAYAT, Taufiq; Jak, Evgueni 
Combined Experimental and Thermodynamic Modeling Study of the Cu-Containing 
Slags in Equilibrium with Metallic Copper 

09:50 Tum4 Oral: MARIANI, Robert D. 
Determining Conditions for Controlled Sintering of Tantalum Metal Powder 

10:10 Tum5 Oral:  Pavlyuchkov, D.; Fabrichnaya, O.; Neher, R.; Hermann, M.; SEIFERT, 
Hans J. 
Phase Relations in Systems for Liquid Phase Sintering and Joining of Silicon Carbide 

10:30  Coffee Break 

  Chairs 
Jan VRESTAL 
Philip NASH 

10:50 Tum6 Invited: KAUFMAN, Lawrence (Larry) 
Amorphous Steels for the 21st Century 

11:20 Tum7 Oral: BRAGA, M. Helena; Wolverton, M.J. 
Thermodynamic Calculations/Experiments for the Cu-Li-Mg-H System 

11:40 Tum8 Oral: NATARAJAN, Anirudh R.; Hari Kumar, K.C. 
Thermodynamic Reassessment of the Mo-Zr System by Coupling CALPHAD and First-
principles Calculations 

12:00 Tum9 Oral: KROUPA, Ales; Zemanova, Adela 
The Theoretical Assessment of the Cu-Ni-Sn System 

12:20 Tum10 Oral: RAJKUMAR, V.B.; Hari Kumar, K.C. 
Thermodynamic Reassessment of the Fe-Mo System 

12:40  Lunch 
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Tuesday Afternoon and Evening (Tua–Tue), June 5th 
Ab Initio (Part I) 

	  
  Chairs 

Jean-Claude TEDENAC 
Benjamin (Ben) BURTON 

14:00 Tua1 Invited: Hellman, O.; Steneteg, P.; Alling, B.; Vekilova, Yu O.; Shulumba, N.; 
Tasnadi, F.; S. Simak, I.; ABRIKOSOV, Igor A. 
Finite Temperature Effects in Ab Initio Simulations of Materials Properties 

14:30 Tua2 Oral: GAO, Michael C.; Widom, Michael; Santodonato, Louis J.; Liaw, Peter K. 
Fundamental Understanding of High-entropy Alloys: First-principles Simulations and 
Neutron Scattering 

14:50 Tua3 Oral: IVASHCHENKO Volodymyr I.; Turchi, Patrice E.A. 
First-principles Predictions of the New Stable TiN and Ti2N Phases Under Pressure 

15:10 Tua4 Oral: SLUITER, Marcel H.F.; Klymko, Tetyana  
Ab Initio Computed Solubility Products 

15:30 Tua5 Oral: ARROYAVE Raymundo; Singh, N. 
First-Principles Studies of Magnetic Shape Memory Alloys 

15:50  Coffee Break 

  Chairs 
Suzana FRIES 

Vidvuds OZOLINS 

16:10 Tua6 Invited: NEUGEBAUER, Jörg; Glensk, Albert; Grabowski, Blazej; Hickel, 
Tilmann 
Vacancy Concentrations from 0K to the melting temperature in Unary Fee Metals:  
Discovery of Large non-Arrhenius Effects 

16:40 Tua7 Oral: MOHRI, Tetsuo; Chen, Ying; Saengdeejing, Arkapol 
First-principles Calculation of Phase Equilibria and Phase Stability of Fe-Si System in 
Fe-rich Region 

17:00 Tua8 Oral: COLINET, Catherine; Tédenac, Jean-Claude 
Phase Stability in Quaternary Mo-Nb-Si-B and Mo-Ti-Si-B Systems.  A First-principles 
Study 

17:20 Tua9 Oral: NISHITANI, Shigeto R.; Masaki, Y.; Sakamoto, Y., Yamamoto, Y. 
First Principles Calculations of Mg-Zn-Y Alloys 

17:40 Tua10 Oral: GRABOWSKI, Blazej; Söderlind, P. 
Ab initio prediction of Materials Properties up to the Melting Point:  From Simple 
Elements to Actinides 

19:00  Dinner 

20:30-
22:00 

 EVENING SESSION: Tue1 – Tue24 
Chairs 

John MORRAL 
Raymundo ARROYAVE 
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Wednesday Morning (Wm), June 6th 

Ab Initio (Part II) 
	  

  Chairs 
Igor ABRIKOSOV 
Marcel SLUITER 

08:15 Wm1 Plenary: GRIMVALL, Göran; Magyari-Köpe, Blanka; Ozolins, Vidvuds; 
Persson, Kristin 
Lattice Instabilities in Metallic Elements 

08:55 Wm2 Oral: JOUBERT, Jean-Marc; Crivello, J.-C; Yaqoob, K.; Andasmas, M. 
Anomalous Homogeneity Domains and Site Preference Reversal in Several Ternary 
Intermetallic Systems 

09:15 Wm3 Oral: DUPIN, Nathalie; Crivello, J.-C.; Breidi, A.; Joubert, J.-M.;  Yaqoob, 
K.; Fiorani, J.-M.  
Modelling Sigma Phase with the Help of DFT 

09:35 Wm4 Oral: BURTON, Benjamin P.; van de Walle, Axel 
First Principles Phase Diagram Calculations for the Octahedral-Interstitial, Oxygen-
Vacancy, Order-Disorder Systems:  aM [ ]1-xOx: M=Ti, Zr, Hf; []=Vacancy; 0 < x < 1/2 

09:55  Coffee Break 

  Chairs 
Catherine COLINET 
Jörg NEUGEBAUER 

10:15 Wm5 Invited: OZOLINS, Vivuds; Nielson, Weston 
Computational Thermodynamics of Unstable Structures 

10:45 Wm6 Oral: Hellman, O.; I.A. Abrikosov, I.A.; SIMAK, S.I. 
Anharmonic Solids:  from Lattice Dynamics to Phase Diagrams 

11:05 Wm7 Oral: NIE,	  Xiao-‐wu;	  Du,	  Yong	  
First-‐principles	  Calculations	  of	  Twin-‐boundary	  and	  Stacking	  Fault	  Energies	  in	  Al-‐X	  
(X=Si,Cu,Mg,Zn) 

11:45 
 LUNCH ON THE HORNBLOWER AND EXCURSION 

*** BE THERE ON TIME *** (if you don’t want to swim!) 

19:00-
22:00 

 CONFERENCE BANQUET 
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Thursday Morning (Thm), June 7th 
CALPHAD Assessments-Experiments (Part II) 

	  
  Chairs 

Andre COSTA e SILVA 
Kiyohito ISHIDA 

08:30 Thm1 Invited: Titus, M.S.; Zhu, J.; Mottura, A.; POLLOCK. Tresa M. 
New L12-Containing Co-base Superalloys: Microstructure and Properties of Ternary and 
Higher Order Systems 

09:00 Thm2 Oral: NASH, Philip; Yin, Ming; Chen, Song; Du, Yong 
Enthalpies of Formation and Specific Heat of Heusler Alloys 

09:20 Thm3 Oral: LUO, Alan A. 
CALPHAD Applications in Magnesium Alloy Development 

09:40 Thm4 Oral: KIM, Junghwan; Jung, In-Ho 
Thermodynamic Modeling of the Mn-RE systems for the Application of RE in Mg Alloy 
Development 

10:00 Thm5 Oral:  Markström A.; KAPLAN, Bartek 
The Co-Cr-C System:  New Insights on the Solubility of Co in the Cr23C6 Carbide 

10:20  Coffee Break 

  Chairs 
Yong DU 

Tetsuo MOHRI 

10:40 Thm6 Invited: TEDENAC, Jean-Claude; Fartushna, Iuliia; Bulanova, Marina; Gandova, 
Vanya; Colinet, Catherine; Jund, Philippe 
Phase stabilities and phase diagram in ternaries systems based on titanium:  
Experimental investigations, ab initio calculations and Calphad modeling 

11:10 Thm7 Oral: LEINENBACH, Christian; Bo, Hong; Duarte, Liliana I.; Wang, Jiang; Liu, 
Libin; Jin, Zhanpeng 
The Cu-Fe-Ti System –Experimental Study and Thermodynamic Assessment 

11:30 Thm8 Oral: STEIN, Frank; He, Cuiyun 
The Cr-Al-Nb System:  Experimental Studies on Solidification Behavior and Liquidus 
Surface 

11:50 Thm9 Oral: SHOBU, Kazuhisa 
Definite Determination of the Thermodynamic Equilibrium State of the System and the 
Acqueous Phase Diagram Calculation 

12:10 Thm10 Oral: JUNKAEW, Anchalee; Ham, Byoungsoo; Zhang, Xinghang; Arroyave, 
Raymundo 
Thermodynamic Implications in Mg/Nb Multi-layered Thin Films for Hydrogen Storage 
Applications 

12:30  Lunch 
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Thursday Afternoon and Evening (Tha–The), June 7th 
Modeling-Software (Part II) 

	  
  Chairs 

Gregory (Greg) OLSON 
Ursula KATTNER 

14:00 Tha1 Invited: AGREN, John 
CALPHAD as the Materials Genome 

14:30 Tha2 Oral: ISHIDA, Kiyohito 
User Aspects of Phase Diagrams Alloy Design and Practical Applications 

14:50 Tha3 Oral: SUNDMAN, Bo; Palumbo, Mauro; Kattner, Ursula R.; Fries, 
Suzana G. 
Open CALPHAD, A Free Software for Thermodynamic Calculations 

15:10 Tha4 Oral: PALUMBO, Mauro; Körmann, F.; Hickel, T. Hammerschmid; 
Drautz, R.; Fries, S.G. 
Progress on Sapiens Thermophysical Database for Unaries 

15:30 Tha5 Oral: GHERIBI, Aimen E.; Bélisle, E.; Bale, C.W.; Pelton, A.D. 
The Factoptimal Software:  A Tool for Identifying Optimal Conditions for Alloy 
Design 

15:50  Coffee Break 

  Chairs 
Didier de FONTAINE 

Brent FULTZ 

16:10 Tha6 Invited: LIU Zi-Kui; Wang, Yi; Shang, Shun-Li 
Thermodynamic Origin of Negative Thermal Expansion Phenomenon in Solids 

16:40 Tha7 Oral: LASS, Eric A.; Kattner, Ursula R.; Campbell, Carelyn E.  
CALPHAD Modeling of Molar Volume and Elastic Behavior 

17:00 Tha8 Oral: KOZESCHNIK, Ernst.; Sonderegger,B. 
Interfacial Free Energy of Precipitates 

17:20 Tha9 Oral: den OUDEN, Dennis; Vermolen, F.J.; Zhao, L.; Vuik, C.; Sietsma, J. 
Modeling Nucleation and Growth of Multiple Precipitate Species in a Multi-
component Alloy 

17:40 Tha10 Oral: SOWA, Piotr; Kozubski, R.; Biborski, A.J.; Levchenko, E.V.; Evteev, 
A.V.; Belova, I.V.; Murch, G.E. 
Semi Grand Canonical and Kinetic Monte Carlo Simulations of Nano-layered B2-
ordered System with Triple Defects  

18:00 Tha11 Oral: SUZUKI, Masanori; Jak, Evgueni 
A Revised Quasi-chemical Viscosity Model for Predicting Viscosity of Molten 
Multi-component Oxide Slag 

19:00  Dinner 

20:30-
22:00 

 EVENING SESSION: The1 – The26 
Chairs 

Evgueni JAK  
Christine GUENEAU 
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Friday Morning (Fm), June 8th 

Nuclear Fuel Materials 
	  

  Chairs 
Hans SEIFERT 

Nathalie DUPIN 

08:30 Fm1 Plenary: KENNEDY, J. Rory; Sencer, Bulent; Sohn, Yongho; Westfall, Cory; Huang, 
K.; Park, Y; Papesch, Cynthia; Ewh, A.; Coffey, K. R. 
Thermodynamic and Kinetic Studies on Metallic Actinide Alloy Systems 

09:10 Fm2 Invited: KURATA, Masaki 
Role of Thermodynamic Database and Kinetic Modelling for R&D of Nuclear Severe Accident 

09:40 Fm3 Invited: BESMANN, Theodore M.; Voit, S. L.; Shin, D.; McMurrary, J.; Slone, B. 
Lanthanide Dissolution in Urania: Understanding Nuclear Fuel Under Irradiation Invited:  

10:10 Fm4 Oral: MASCARO, Aurore; Toffolon-Masclet, C.; Joubert, J.-M.; Raepsaet, C. 
Experimental Study and Thermodynamic Assessment of the Er-Zr-H Ternary System 

10:30  Coffee Break 

  Chairs 
Bo SUNDMAN 

Caroline Masclet-TOFFOLON 

10:45 Fm5 Invited: GUENEAU, Christine; Moore, E.; Dupin, N.; Sundman, B. 
Modeling the Defect Chemistry in Non-stoichiometric UO2±x Using the Compound Energy 
Formalism - A Tentative Link with other Approaches 

11:15 Fm6 Invited: LANDA, Alexander I.; Söderlind, Per; Grabowski, Blazej; Turchi, Patrice 
E.A.; Ruban, Andrei V.; Vitos, Levente 
Ab Initio Study of Advanced Metallic Nuclear Fuels for Fast Breeder Reactors 

11:45 Fm7 Oral: MOORE, E.; Guéneau, C., Crocombette, U.P.; Sundman, B.; Chatillon, C.; 
Hodaj, F. 
Assessment of a Diffusion Model in Non-Stoichiometric Uranium dioxide (UO2±x) 

12:05 Fm8 Oral: LORDI, Vincenzo; Turchi, Patrice E.A. 
Alloy Optimization for Metallic Inert Matrix Nuclear Fuels 

12:25  CLOSING CEREMONY 

12:40  Lunch 
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EVENING SESSIONS  
Monday (Me), Tuesday (Tue), and Thursday (The), 20:30-22:00 

 
Monday, June 4th, 2012 

Modeling-Software 
Me1. HARVEY, Jean-Philippe; Gheribi, Aïmen E.; Chartrand, Patrice 
In Silico Procedure to Predict Thermodynamic Properties for the Determination of Phase Diagrams 
 
Me2. HAN, Jia Jia; Wang, William Yi; Shang, Shun Li; Wang, Yi; Mathaudhu, Suveen Neigh; Hui, Xi 
Dong; Wang, Cui Ping; Liu, Xing Jun; Liu, Zi-Kui 
Structure and Thermodynamic Properties of Liquid Al-Fe Alloys based on Two-Phase Model 
 
Me3. LI, Sheng-Yen; Zhu, R.; Karaman, I.; Rivera-Diaz-Del-Castillo, P.E.J.; Arroyave, R. 
The Theoretical Model for Maximizing Austenite Volume Fraction in Steel Alloy 
 
Me4. Yu Y.; Takaku, Y.; Nagasako, M.; Wang, C.P.; LIU, Xingjun; Kainuma, R.; Ishida, K. 
Liquid-immiscibility-induced formation of crystalline/amorphous composite powder 
 
Ab Initio 
Me5. YAQOOB, Khurram; Joubert, J.-M.; Crivello, J.-C.; Dupin, N. 
Experimental Determination, Structural Characterization, DFT Calculations, and Thermodynamic Modeling of 
Mo-Ni-Re System 
 
Me6. VEKILOVA, Olga Yu.; Simak, S.I.; Abrikosov, I.A. 
Stability of Close-packed Structures of Fe-Ni Under Pressure:  a First-principles Study 
 
Me7. NATARAJAN, Anirudh R.; Hari Kumar, K.C. 
Energies of Formation of Binary Laves Phases Using First-Principles 
 
Me8. CRIVELLO, Jean-Claude; Breidi, A.; Joubert, J.-M. 
Systematic DFT Investigation of χ and σ Phases Transition Metal-Re Binary Systems 
 
CALPHAD Assessments-Experiments 
Me9. LIEBSCHER, Christian H.; Radmilovic, V.; Dahmen, U.; Asta, M.; Gosh, G. 
On the Formation of Hierarchical L21-Ni2TiAl Precipitates in a Ferritic Alloy through Disorder Trapping 
 
Me10. VRESTAL, Jan; Pinkas, J.; Sopousek J.; Broz P.; Skoda D.; Styskalik A. 
Phase Diagram of Cu-Ni and Ag-Sn Nano-alloys 
 
Me11. JIN, Shan; Duarte, Liliana I.; Wang, Jiang; Leinenbach, Christian 
Development of Au-Ge Based Lead-Free Solders via CALPHAD Method 
 
Me12. ROMANOWSKA, Jolanta 
Prediction of the Thermodynamic Properties of Ternary Al-Ni-Zr Alloys 
 
Me13. BOULAY, Emilie; Nakano, Jinichiro; Godet, Stéphane 
Thermodynamic Assessments of the Liquid Immiscibilities in the Bao-SiO2 and TiO2-SiO2 Systems Using the 
Ionic Two-sublattice Model 
 
Me14. PERRON, Aurélien; Buy, F.; Suzon, E.; Farre, J.; Cortial, F.; Petit, Ph. 
Simulation and Characterization of Sigma Phase Formation in Niobium-Stabilized Austenitic Stainless Steel 
 
Me15. Struth, Janina; Dadkhah, Mana; MARKUS, Torsten 
Stability of Phases for the Fe-O System in Humid Atmospheres 
 
Me16. ZHANG, Ligang; Schmetterer, Clemens; Masset, Patrick J. 
Thermodynamic Analysis of the CaO-SiO2-M2O (M=K,Na) System 
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Me17. KOBERTZ, Dietmar; Müller, M. 
Experimental Studies of the Quasi-binary System Na2SO4-NiSO4 by Differential Thermal Analysis and X-Ray 
Diffraction 
 
Me18. ZHANG, Lei A.; Liu, Zi-Kui 
Thermodynamic of the Fe-Lu-O Oxide System: Implications for the Deposition of LuFe2O4 Thin Film 
 
Kinetics-Microstructure 
Me19. OHNUMA, Ikuo; Shimenouchi, Shota; Omori, Toshihiro; Ishida, Kiyohito; Kainuma, Ryosuke 
Experimental and Thermodynamic Investigations of Coherent and Incoherent Phase Equilibria of bcc 
Miscibility Gap in the Fe-Al System 
 
Me20. POVODEN-KARADENIZ, Erwin; Cirstea, D.C.; Lang, P.; Kozeschnik, E. 
Thermodynamic Modeling of Metastable Phases for Precipitation Simulation in NiTi Shape Memory Alloys 
 
Me21. XIE, Wen 
Computer Simulations and Experimental Study on the Gradient Layer Formation in Cemented Carbides 
 
Me22. Vincent, S.; Lang, P.; TOFFOLON-MASCLET, Caroline; Menut, D.; Garnier, J.; Kozeschnik, 
E. 
Optimization of the Fabrication Process of 6061 Aluminum Alloys Using Experiments and Thermo-kinetic 
Simulations 
 
Me23. LU, Xiao-Gang 
Precipitation Simulations of Zr/Sc containing Al-based Alloy Systems 
 
Me24. ZHANG, Chuan; Cao, Weisheng; Zhang, Fan; Chen, Shuanglin 
Precipitation Simulation of Multi-component Aluminum Alloys 
 
 

Tuesday, June 5th, 2012 
Modeling-Software 
Tue1. IIKUBO, Satoshi; Sluiter, Marcel H.F.; Ohtani, Hiroshi 
Application of the Cluster Variation Method to Interstitial Solid Solutions of Boron Based Alloys 
 
Tue2. LEE, Jee Yong; Yun, Won Seok; Kim, In Gee 
Phase Transitions and Approximations of Ising Class Models 
 
Nuclear Fuel Materials 
Tue3. HANKEN, Benjamin; Asta, Mark; Stanek, Chris; Gronbech-Jensen, Niels; Shvareva, Tatiana; 
Navrotsky, Alexandra 
Cation Mixing Thermodynamics in the (U,Ce)O2 System 
 
Tue4. PIRO, M.H.A.; Simunovic, S.; Besmann, T.M.; Clarno, K.T. 
Coupling Thermodynamic Computations with Multi-Physics Nuclear Fuel Codes 
 
Tue5. CORVALAN, Carolina; D. Garcia D.; Iribarren, M. 
Diffusion in Zr-Based Alloys:  LIBS Measurements of Sn Diffusion in Zr-Alpha and DICTRA Simulations of O 
Diffusion in Zr-based Alloys 
 
Ab Initio 
Tue6. COLINET, Catherine; Tédenac, Jean-Claude 
A First Principles Study of Constitutional and Thermal Defects in the Intermetallic Compounds of the Ga-Ti 
System 
 
Tue7. YUN, Won Seok; Lee, Jee Yong; Kim, In Gee 
First-Principles Thermodynamics of Fe-Si Binary Systems 
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Tue8. de JONG, Maarteen; Olmsted, David; Asta, Mark; van de Walle, Axel 
First-principles Screening of Rhenium-based Transition-Metal Alloys for Ductility and Cost Effectiveness 
 
CALPHAD Assessments-Experiments 
Tue9. DEBSKI, A.; Gasior, Wladyslaw; Majore, L.; Major, R. 
Enthalphy of Formation of BLi (B48Li52) and B3Li by Direct Reaction Calorimetic Method 
 
Tue10. HE, Cuiyun; Stein, Frank 
Thermodynamic Reassessment of the Cr-Nb and Cr-Al-Nb Systems 
 
Tue11. HENAO-ZAPATA, Hector M.; Jak, Evgueni 
Experimental Study of Phase Equilibria of Cu-Fe-Si-Ca-S-O System at Controlled Oxygen and Sulphur Partial 
Pressures 
 
Tue12. KONAR, Bikram; Kim, Junghwan; Jung, In-Ho 
Thermodynamic Modeling of the Fe-RE Systems for the Application of RE in FeNdB Permanent Magnet 
 
Tue13. Buhl, Sebastian; Pignedoli, Carlo; Passerone, Daniele; Wang, Jiang; Zhu, Wenjun; 
LEINENBACH, Christian 
Study and Modelling of Interface Reactions During Brazing of Diamonds 
 
Tue14. MOSINSKA, Sylvia; Pstus, J.; Gancarz, T.; Fima, P. 
Physicochemical Properties of Zn-Al-Cu Alloys 
 
Tue15. YAN, Jialin L.; Liu, C.; Wei, Z.W.; Zhuang, Y.H. 
Experimental Investigation of Phase Equilibria in the Er-Co-Al Ternary System 
 
Tue16. ZHU, Zhijun; Lee, Soo Yeol; Gharghouri, Michael; Pelton, Arthur 
Experimental Investigation and Thermodynamic Modeling of the Mg-Zn-Ce System 
 
Tue17. YANG, Shuiyuan; Wang, Cuiping; Liu, Xingjun  
Phase Equilibria and Composition Dependence of Martensitic Transformation in Ni-Mn-Ga Ternary System 
 
Tue18. : YIN, Ming; Zoe, Philip; Nash, Philip 
Enthalpies of Formation and Lattice Parameters of Heusler Alloys GaNi2X (X=Zr, Hf, V, Nb, Ta, Fe) 
 
Kinetics-Microstructure 
Tue19. da COSTA e SILVA, Andre Luiz; Vieira, L.N.A.; Rizzo, F. 
Application of Computational Modeling to the Kinetics of Precipitation of Aluminum Nitride in Steels 
 
Tue20. HAYASHI, Koutarou; Nishibata, Toshinobu; Saitou, Takayuki; Kajihara, Masanori 
Growth Behavior of Ferrite Layer During Decarburization of Low Carbon Steels at Various Annealing 
Temperatures 
 
Tue21. Schaffnit, Philippe; Stallybrass, Charles; KONRAD, Joachim 
Microstructure Development During Inter-critical Re-Heating of Low Alloyed Line-pipe Steels 
 
Tue22. TANG, Ying; Liu, Dandan; Yuan, Xiaoming; Du, Yong; Xu, Honghui; Liu, Shuhong; Meschel, 
S.V.; Nash, Philip 
Experimental Investigation and Thermodynamic Assessment of the Ge-X (X-Hf, Ti, V) Binary Systems 
 
Tue23. Park, Min Soo; Hudspeth, Kyle A.; Biggons, Sean L.; ARROYAVE, Raymundo 
Multiphase-field Simulations of Evolution of Intermetallic Compound in Soldering Systems 
 
Tue24. CUI, Yuwen; Tang, Bin 
A Phase-Field Approach to Athermal β→ω Phase Transformation and its Pre-transition Effect of Zr-Nb Alloys 
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Thursday, June 7th, 2012 
Modeling-Software 
 
The1. CACCIAMANI, Gabriele; Riani, P.; Sufryd, K.; Valenza, F.; Artini, C. 
A Thermodynamic Database for the B-Hf-Ni-Ti-Zr System and its Application to Group 4 Diboride–Ni 
Interactions 
 
The2. HUANG, Weiming 
Thermodynamic Database Development and Applications in Materials Design at QuesTek Innovations 
 
The3. KATTNER, Ursula R.; Cambell, Carelyn E.; Lass, Eric A. 
The Importance of Model and End-member Parameter Choices 
 
The4. Campbell, Carelyn E.; KATTNER, Ursula R.; Burton, Benjamin P.; Lass, Eric A.; Bartolo, 
Laura M. 
Data Repositories for Next Generation Phase Properties Modeling 
 
Ab Initio 
The5. PINATEL, Eugenio Riccardo; Dhanesh Chandra; Marcello Baricco 
Thermodynamics of Hydrogen Sorption in 2LiNH2+MgH2 System 
 
The6. KORMANN, Fritz; Dick, A.; Grabowski, B.; Hickel, T.; Neugebauer, J. 
Atomic Forces at Finite Magnetic Temperatures:  Phonons in Paramagnetic Iron 
 
The7. PAVLU, Jana; Vrestal, Jan; Strof, Jan; Wdowik, Urszula D.; Sob, Mojmir; Bursik, Jiri 
Laves Phases in the V-Zr System Below Room Temperature: Stability Analysis Using Ab Initio Results and 
Phase Diagram 
 
The8. YAMAMOTO, Yosuke; Nishitani, S.R.; Kaneko, T. 
First Principles Calculations of SiC Polytypes Including Finite Temperature Effects 
 
CALPHAD Assessments-Experiments 
The9. dos SANTOS, Ivanildo A.; Klimm, D.; Baldochi, S.L.; Ranieri, I.M. 
Experimental Evaluation and Thermodynamic Assessment of the LiF-GdF3-LuF3 System 
 
The10. BRAGA, M. Helena; Stockhausen, V.; Ferreira, J.; Oliveira, J.C.R.E. 
Thermodynamic Calculations for Li/Cu-Li-Mg-H Based Electrodes 
 
The11. DILNER, David; Selleby, M. 
Adding Sulphur to a Steel Processing Database - A First Step 
 
The12. WANG, W.Y.; Han, J.J.; Shang, S.L.; Wang, Y.; Mathaudhu, S.N.; Liu, X.J.; Hui, X.D.; Liu, 
Z.-K. 
Thermodynamic Properties of Liquid Phase From AIMD Simulations: Application to Al-Cu 
 
The13. GASIOR, Wladyslaw; Polanski, Marek 
Hydrogen Absorption in BLi Intermediate Phase 
 
The14. KIM, Ki-Hyun; Jae-Hyeok Shim; Byeong-Joo Lee 
Effect of Alloying Elements (Al, Co, Fe, Ni) on the Solubility of Hydrogen in Vanadium:  A Thermodynamic 
Study 
 
The15. LINDAHL, Bonnie Brusewitz; Selleby, Malin 
The Al-Fe-Mn System Revisited 
 
The16. ZHANG, Weibin; Du, Yong; Peng, Yingbiao; Chen, Weiming; Wang, Shequan; Wen, 
Guanghua 
Effect of Low Nitrogen Pressure on the Thickness of Gradient Zones in WC-Ti(C,N)-CO Cemented Carbides 
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The17. TOKUNAGA, Tatsuya; Fujimoto, Hirokazu; Iikubo, Satoshi; Ohtani, Hiroshi 
Thermodynamic Analysis of the Phase Equilibria in the Fe-Ti-S Ternary System 
 
The18. ZHANG, Wei-Wei; Chen, Ming 
Investigation on Thermodynamic Stability of LSCF Cathode Materials by CALPHAD Method 
 
The19. YARDLEY, V.A.; Fries, S.G.; Hartmaier, A. 
Integrated Teaching of Basic Science, Modeling and Experimental Methods in the Context of CALPHAD 
 
The20. ASADOV, Mirsalam M.; Mammadov, F.M.; Mirzoyev, A.C. 
T-x Phase Diagrams of Systems Involving Binary Chalcogenides and Properties of Alloys 
 
Kinetics-Microstructure 
The21. GANCARZ, Tomasz; Pstrus, J.; Fima, P. 
Effect of Ag addition to Zn-12Al alloy on kinetics of growth of intermediate phases on Cu substrate 
 
The22. de AVILLEZ, Roberto R.; Costa e Silva, Andre 
Thermodynamic and Diffusion Modeling of Time-Temperature Sensitization Diagrams for Austenitic Stainless 
Steels 
 
The23. DING, Hong; Huang, Shenyan; Ghosh, Gautam; Liaw, Peter; Asta, Marc 
A Computational Study of 5d Transition-metal Solute Diffusivities in α-Fe 
 
The24. XIONG Wei; Chen, Qing; Korzhavyi, Pavel; Selleby, Malin 
An Improved Magnetic Model for Thermodynamic Modeling 
 
The25. SEKI, Akira; Ogawa, Kazuhiro 
DICTRA Simulation of Ferrite/Austenite Diffusion Couples of Stainless Steels 
 
The26. PAVLYUCHKOV, Dmytro; Fabrichnaya O.; Herrmann, M.; Seifert, Hans J. 
Thermodynamic Assessments of the Al2O3-Al4C3-AlN and Al4C3-AlN-SiC Systems 
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Morning and 
Afternoon 

Presentations 
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MATERIALS GENOMICS PAST & FUTURE: FROM 
CALPHAD TO FLIGHT 

Gregory B. Olson 

Northwestern University & QuesTek Innovations LLC 

 

The numerical implementation of established materials science principles in the form of 

purposeful engineering tools has brought a new level of integration of the science and 

engineering of materials. Building on a system of fundamental databases now known as the 

Materials Genome, parametric materials design has integrated materials science, applied 

mechanics and quantum physics within a systems engineering framework to create a first 

generation of designer "cyberalloys" that have now entered successful commercial 

applications, and a new enterprise of commercial materials design services has steadily 

grown over the past decade. The DARPA-AIM initiative broadened computational materials 

engineering to address acceleration of the full materials development and qualification cycle, 

and a new level of science-based AIM modeling accuracy has now been achieved under the 

ONR/DARPA "D3D" Digital Structure consortium. A surface thermodynamic genome 

database predicted directly from validated DFT quantum mechanical calculations has 

generated novel “Quantum Steels” completely eliminating intergranular stress corrosion 

cracking at the highest strength levels. Integration with the full suite of fundamental 

databases and models has recently demonstrated the historic milestone of accelerated flight 

qualification for aircraft landing gear through application of the fully integrated 

computational design + AIM methodology. Past success defines a clear path forward for 

major enhancement of materials genomics technology. 

 

 

Keywords:  materials genome, materials design 

Mm1
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CALCULATION AND INTERPRETATION OF 
PROJECTIONS OF THE TEMPERATURE OF FIRST 

MELTING 
 

Gunnar Eriksson2, Chris Bale1 and Arthur Pelton1 
 

1. CRCT – Centre de Recherche en Calcul Thermochimique, Département de Génie 
Chimique, École Polytechnique, C.P. 6079, Succ. ‘Centre Ville’, Montréal, Québec  H3C 3A7 
Canada 

2. GTT-Technologies, Kaiserstrasse 100, D-52134 Herzogenrath, Germany  
  
 

With the most recent version of the FactSage software, one can now calculate projections 

of the temperature of first melting of ternary and higher-order systems.  In most systems these 

are identical to projections of the solidus surface.  However, whereas the phase fields of a 

solidus projection can overlap in some cases, this is never true of a projection of the 

temperature of first melting.   

 

The projections are automatically calculated for the entire composition region with no 

requirement to enter initial values. The calculation algorithm, which is based on the concept 

of zero-phase-fraction lines, will be described. 

 

It will be shown that these projections obey geometrical rules which are almost identical 

to those of isothermal phase diagram sections.  Hence, they are very simple to read and 

interpret. 

 

 

Keywords: solidus projections, FactSage, temperature of first melting  

Mm2
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POLYTHERMAL  AND POLYISOPLETH PROJECTIONS 

John E. Morral 

Department of Materials Science and Engineering 

The Ohio State University 

Columbus, OH 43210 USA 

With improvements to software and databases that can predict phase diagrams there is a need 

for user-friendly ways to view ternary as well as higher order phase diagrams. Liquidus 

projections are an example of one type of polythermal projection for ternaries that is readily 

available and well known to people who work on phase diagrams or solidification. These 

projections are lines that surround the single phase liquid region on a series of isotherms i.e. 

they are a series of single phase boundary (SPB) lines.  Polyisopleth projections are not as 

readily available, but have been used in the design of alloy steels [1] since the middle of the 

last century. These are typically a series of SPB lines that surrounded the austenite region for 

different levels of alloy content. These, and polyisopleth projections involving zero-phase 

fraction (ZPF) lines [2], will be discussed along with their potential applications to alloy and 

process design. 

 

1. Edgar C. Bain and Harold W. Paxton, Alloying elements in steel, 2d ed. (American 

Society for Metals, 1966). 

2. X. Pan, J.E. Morral, H.D. Brody, Predicting the Q-Phase in Al-Cu-Mg-Si Alloys,  

Journal of Phase Equilibria and Diffusion, vol. 31 issue 2 (2010) p. 144 – 148. 

 

Keywords:  Polythermal projections, Polyisopleth projections, SPB lines, ZPF lines, alloy 

and process design 

Mm3
	  



CALPHAD	  XLI,	  June	  3rd-‐8th,	  2012,	  Berkeley,	  California,	  USA	  
	  

	   29	  

ANALYSIS OF MISCIBILITY GAPS BASED ON THE 
REDLICH-KISTER POLYNOMIAL 

Taichi Abe1,*, Keiichi Ogawa2, Kiyoshi Hashimoto1, and Kazuhisa Shobu3 

 

1:  National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan 
2: Emeritus Prof., Yokohama City Univ., 22-2 Seto, Kanazawa-ku, Yokohama 236-0027 Japan 1:  National 

Institute of Advanced Industrial Science and Technology Kyusyu, 807-1 Shuku-machi, Tosu, Saga 841-
0052, Japan 

*: Corresponding author, E-mail: abe.taichi@nims.go.jp, Tel: +81-29-859-2628, Fax: +81-29-859-2601 
 
 
 

The conditions for miscibility gaps are 

examined for the binary solutions of which the 

excess molar Gibbs energy is described by the 

Redlich-Kister polynomials of the terms, 
( )
A,B A B A B( ) ( 0,1,.... )n nL x x x x n ν− = . For the binary 

solutions specified by the first three R-K terms, 

the domains of miscibility gaps and of no 

miscibility gap at 0 K have been defined on the 

coordinate plane of (2) (0)
A,B A,B/L L  vs. (1) (0)

A,B A,B/L L  

(Fig. 1(a)). For the binary regular solution at 

high temperatures ( ( ) ( ) ( )
A,B A,B A,B
n n nL a b T= + ), the 

domain of miscibility gap with lower/upper 

critical points (LCP/UCP) has been successfully 

defined on the coordinate plane of (0)
A,Ba vs. (0)

A,Bb

for the first time. For the case of single R-K 

terms at high temperatures, a rough guiding 

range of ( )
A,B
nb  for no miscibility gap is found to 

be given by ( )
A,B2 2nR b R− ≤ ≤ . By introducing 

excess heat capacity terms to the R-Kones, we 

are able to take controle of LCP/UCP (Fig.1(b)).  
 

Keywords: Redlich-Kister polynomial, Excess heat capacity, Upper/Lower critical Point 

Fig. 1 (a) Regions of the miscibility gaps on the 
L(2)/L(0) vs. L(1)/L(0) plane for v = 2 and L(0) < 0. (b) 
the two phase region shrinks by introducing the 
excess heat capacity term. 
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VIBRATIONAL ENTROPY AT HIGH TEMPERATURES 

Brent Fultz 

California Institute of Technology 

The harmonic model is a good starting point for understanding the vibrational 
thermodynamics of materials. At high temperatures, however, non-harmonic effects alter the 
thermodynamics of alloy phases. One effect is textbook "quasiharmonic" behavior, where 
vibrational frequencies are lowered as a crystal expands against its bulk modulus. Most 
materials show a second effect from phonon-phonon interactions (PPI), and metals can show 
a third from electron-phonon interactions (EPI). We have been measuring these effects with 
inelastic neutron scattering, and calculating them with density functional theory. The PPI and 
EPI prove important for understanding vibrational entropy at elevated temperatures.  

Phonon-phonon interactions are often explained with perturbation theory, where modest 
cubic and quartic parts of the interatomic potential cause (quasi)harmonic phonons to 
interact. We studied the shortened lifetimes of phonons in the fcc metals Al, Cu, Ag, Au, 
which cause large energy broadenings of the phonon spectra at modest temperatures [1,2]. 
Phonon lifetimes at low and high temperatures were calculated using density functional 
theory combined with second-order perturbation theory, with surprising success. The 
dominant effects were from the kinematical requirements of energy and momentum 
conservation, not from the wavevector-dependence of the cubic anharmonicity itself. We 
therefore suggest that semiquantitative calculations of the PPI are possible with a simpler 
kinematical model. We implemented such a model for rutile TiO2, and identified the origins 
of the unusual thermal shifts and broadenings of its Raman peaks [3].   

In vanadium alloys the EPI is important thermodynamically to temperatures approaching 
1000 K [4]. At lower temperatures we recently found an interesting result for equiatomic FeV 
[5], prepared as 1) a B2 ordered compound, and 2) as a bcc solid solution. Contrary to the 
behavior of most ordering alloys studied to date, phonons in the B2 ordered phase are softer 
than in the bcc solid solution. Ordering increases the vibrational entropy by 0.22±0.03 
kB/atom, stabilizing the B2 phase. Our first-principles calculations of the generalized 
electronic susceptibility showed that the number of electronic states at the Fermi level 
increases upon ordering, enhancing the screening between ions, and reducing the interatomic 
forces. A peak in the electronic DOS near the Fermi level is responsible for the trends. 
 
[1] X. Tang, C-W. Li, B. Fultz, Phys. Rev. B, 82, 184301 (2010). 
[2] X. Tang and B. Fultz, Phys. Rev. B 84, 054303 (2011). 
[3] T. Lan, X. Tang and B. Fultz, “Phonon anharmonicity of rutile TiO2 studied by Raman 
spectrometry and molecular dynamics simulations,” Phys. Rev. B, in press. 
[4] O. Delaire, M.S. Lucas, J.A. Muñoz, M. Kresch, and B. Fultz, Phys. Rev. Lett. 101, 
105504 (2008). 
[5] J. A. Muñoz, et al., Phys. Rev. Lett. 107, 115501 (2011). 
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EXTENSION OF GIBBS ENERGY DATA FOR PURE 
ELEMENTS TO ZERO KELVIN TEMPERATURE 

Jan Vřešťál a,c, Jan Štrof b, Jana Pavlů a,c 

a Central European Institute of Technology, CEITEC MU, Masaryk University, Brno, 
Czech Republic 

b Department of Chemistry, Faculty of Science, Masaryk University, Brno,  
Czech Republic  

c Institute of Physics of Materials, Academy of Sciences of the Czech Republic, Brno, 
Czech Republic 

 

A method for the extension of SGTE Gibbs energy expression for pure elements to zero 

Kelvin temperature is described [1]. This method is based on the Einstein formula for the 

temperature dependence of heat capacity extended to give the temperature dependence of the 

Gibbs energy below the limiting temperature of validity of SGTE unary data (Tlim). The 

method maintains the SGTE unary data above the limiting temperature and forces the low 

temperature extension to have the same function value and the value of the first derivative at 

Tlim as the respective SGTE Gibbs energy polynomial. Extended heat capacity polynomials 

were also set to have the same function value and the value of the first derivative at Tlim as 

the SGTE heat capacity polynomials.   

 
The cases of inconsistency of SGTE data for heat capacity and heat capacity based on 

Debye temperature data will be discussed. 

 

[1]  J. Vřešťál, J. Štrof, J. Pavlů: Calphad 37 (2012) 37-48 
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ENTHALPY "MEASURED" FROM PARTIAL PRESSURE ? 
EXAMPLE Mg-Gd 

Milan Hampl, Rainer Schmid-Fetzer 

Clausthal University of Technology, Institute of Metallurgy, Robert-Koch-Str. 42, D-38678 
Clausthal-Zellerfeld, Germany 

It is established best practice to rely on original experimental data in CALPHAD assessments 
only, thus excluding derived data. However, in recent assessments of binary Mg-RE (Rare 
Earth) alloys one finds this golden CALPHAD rule not always obeyed, and Mg-Gd is one 
example. 

The original experimental data stem from partial pressure measurements of Mg, pMg(T), 
in two-phase regions involving intermetallic compounds in a number of Mg-RE systems [1]. 
Since Pahlman and Smith [1] measured the vapor pressure over pure magnesium in the same 
apparatus these data can be safely converted to )(/ Ta hcpalloy

Mg , the activity of magnesium in the 

alloy with reference state pure hcp-magnesium at the same temperature T. These activities are 
still proper original experimental data. In addition, Pahlman and Smith [1] used simplified 
thermodynamic reaction equations and further assumptions to derive standard enthalpy 
(ΔfH°) and entropy (ΔfS°) of formation of the intermetallic compounds from linearized 
log pMg(T) vs. 1/T plots. These two constant values, essentially ΔfH°, have subsequently been 
used in CALPHAD assessments of Mg-RE systems instead of the much larger number of 
original )(/ Ta hcpalloy

Mg data. One might intuitively assume that the error should be small for the 

essentially stoichiometric intermetallics. 
It is revealed in this work that this error is significant for the Mg-Gd system. The 

enthalpies of formation resulting from a proper CALPHAD assessment, based on the original 
)(/ Ta hcpalloy

Mg  data, are more exothermic by 23% to 27% for the intermetallics GdMg, GdMg2 

and GdMg3 compared to the simplistically derived ΔfH° data [1]. More details are given in 
the complete re-assessment of the Mg-Gd system based on two different model descriptions 
developed in this work. 

Finally, the often cited systematic trend of the enthalpies of formation of Mg-RE 
intermetallics with the position of RE in the periodic table is critically discussed. 
 
[1] Pahlman, J. E., Smith, J. F.,  Thermodynamics of Formation of Compounds in the Ce-Mg, Nd-Mg, 
Gd-Mg, Dy-Mg, Er-Mg, and Lu-Mg Binary Systems in the Temperature Range 650 to 930 K, 
Metallurgical Transactions, (1972), 3(9), 2423-32. 
 
Keywords:  CALPHAD assessments; Original vs. derived data; Mg-RE alloys. 
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INVESTIGATION OF NANO PHASE DIAGRAM AND 
STRUCTURAL CHANGE OF Ag-Au BIMETALLIC 

NANOPARTICLES AND ITS APPLICATIONS 

Sang Chul Yeo, Da Hye Kim, Kihyun Shin, Hyuck Mo Lee* 

Department of Materials Science and Engineering, KAIST                                                      
291 Daehak-Ro, Yusung-Gu, Taejon 305-701, South Korea 

 

Bimetallic nanoparticles (NPs) have attracted considerable interest due to their unique 

properties. One unique trait is that their physical and chemical properties can be modulated 

when their size is changed. This capability enables bimetallic NPs to have a wide application 

in areas such as catalysts. We study the structural change of 270 atom (2nm) Ag-Au NPs 

along with composition and temperature. The liquid-to-solid transition region and the solid 

state structure were investigated using molecular dynamics simulations together with the 

caloric curve, mean square displacement (MSD) which can be a better alternative to analyze a 

shortage of the caloric curve. Additionally, the structure of the solid state Ag-Au 

nanoparticles changed in relation to the composition: amorphous, icosahedron and fcc. In 

conclusion, we completed a phase diagram of the 2nm-scale AgAu nanoparticle.[1] For an 

application, we performed the density functional theory calculations to explore the CO 

oxidation. Among various determinant factors for catalytic performance, CO and O2 co-

adsorption was calculated in critical compositions. In this way, we investigated their alloying 

effect on the catalytic properties. 

 
[1] S. C. Yeo, D. H. Kim, K. Shin, and H. M. Lee, Phys. Chem. Chem. Phys., 14 (2012) 2791-2796 
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ALLOY PHASE METASTABILITY, TRANSFORMATION 
AND MICROSTRUCTURE DEVELOPMENT 

 
John H. Perepezko 

University of Wisconsin-Madison 

Department of Materials Science and Engineering 

1509 University Avenue 

Madison, WI 53706 

perepezk@engr.wisc.edu 
 
 
Alloy phase stability is usually analyzed on the basis of the most stable structure for a given 

composition and temperature as guided by equilibrium thermodynamics. However, some of 

the most interesting and useful phase reactions involved in microstructure development are 

based upon metastable structures. Metastability can develop during many processing routes 

where the initial phase is subjected to high supersaturation, pressure, undercooling or high 

defect concentration conditions that are encountered often in nucleation processes. In these 

cases, the microstructure phase selection is directed initially by the formation of metastable 

phases and their transformation towards equilibrium structures. While metastable structures 

are often not retained in the final microstructure in bulk volumes, they can still play a role as 

precursor structures and can be dominant in nanoscale volumes. Moreover, the expanding 

capability of Calphad methods to treat reaction kinetics offers new opportunities and some 

challenges in the analysis of transformation behavior when metastable phases can influence 

the reaction pathway. In developing computational models of transformation kinetics 

estimation or extrapolation is sometimes applied to obtain necessary parameter values 

without experimental verification, but this approach can lead to misinformaed conclusions. 

Several examples from solidification, interface controlled reactions, precipitation and severe 

plastic deformation are discussed to illustrate the role of metastable phases in phase equilibria 

determination and microstructure development during materials processing. 

 

Keywords:  Phase Equilibria, Metastability, Nucleation, Microstructure, Transformation 

kinetics 
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MODELLING OF DIFFUSION AT HIGH PRESSURE 

Tomas Gomez-Acebo 

CEIT and TECNUN (University of Navarra) – Manuel Lardizabal 13, 20018 San Sebastian, 
Spain 

Diffusion is usually studied as a function of temperature and composition; however, pressure 
also affects diffusion behavior, although at moderate pressures this effect is usually 
neglected. There are some studies on the pressure effect on diffusion, but there is very little 
experimental data to validate the models. Also of note is that the CALPHAD approach to 
calculate diffusion parameters has never been used for the pressure effect. 
 
The pressure effect is described with a parameter called activation volume (1). This 
parameter can be estimated by using different physical approaches. Some of these approaches 
relate the diffusion with the melting temperature, which changes with pressure and 
composition; they state that the diffusivity is independent of pressure at the melting point TM, 
that is,  
 

0
)(ln
=

dP
Dd

MT  

 
Accordingly, the pressure-dependence of the activation energy of diffusion is proportional to 
the melting temperature. Pressure effect on diffusion is evaluated with the determination of 
the ‘homologous temperature’ (T/TM): the increased melting point at higher pressures results 
in constant rate of diffusion at the same homologous temperature. This approach yields to 
reasonable estimations for pure metals and for alloys with little difference between solid and 
liquid temperatures.  
 
In this paper a review of the available models is presented, with a clear emphasis on the 
physical properties that have to be measured or estimated in each model. Some experimental 
measurements of diffusion in Fe-Ni alloys at high pressures (2, 3) have been analysed using 
several method and compared to a CALPHAD approach. The activation volume has been 
determined for Fe and Ni and subsequently compared with the estimations obtained with the 
previous models. 
 
 
1. Brown, A. M., Ashby, M. F., “Correlations for diffusion constants”, Acta Metall. 28 (8), 

1085-1101 (1980). 
2. Goldstein, J. I., Hanneman, R. E., Ogilvie, R. E., “Diffusion in the Fe-Ni System at 1 atm 

and 40 kbar Pressure”, Trans. Metall. Soc. AIME 233, 812-820 (1965). 
3. Yunker, M. L., Van Orman, J. A., “Interdiffusion of solid iron and nickel at high 

pressure”, Earth Planet. Sci. Lett. 254 (1-2), 203-213 (2007). 
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DIFFUSION COUPLE METHOD FOR DETERMINATION OF 
PHASE EQUILIBRIA 

M. Kajihara 

Department of Materials Science and Engineering, Tokyo Institute of Technology, Japan 

 
     The diffusion couple (DC) method may be conveniently used to determine phase 
equilibria in alloy systems.  In this method, a diffusion couple composed of different metals 
is isothermally annealed at an appropriate solid-state temperature where volume diffusion 
occurs sufficiently fast.  For a binary alloy system where various intermetallic compounds 
exist as stable phases, compound layers will be formed at the initial interface in the diffusion 
couple during annealing.  This phenomenon is denominated reactive diffusion.  If local 
equilibrium is realized at each interface between the neighboring phases, the migration of the 
interface is controlled by volume diffusion in the relevant phases.  In such a case, the 
chemical compositions of the neighboring phases at the migrating interface coincide with 
those of the corresponding two-phase tie-line.  For the compound growth controlled by the 
volume diffusion, the square of the thickness l of the compound layer is proportional to the 
annealing time t as follows: l2 = Kt.  This relationship is called a parabolic relationship.  The 
proportionality coefficient K of the parabolic relationship is predominately determined by the 
interdiffusion coefficient D and the solubility range Δy of the growing compound.  This 
implies that a line compound with small values of Δy and D will hardly grow and thus may 
not be detected within realistic annealing times.  As a consequence, invisible stable 
compounds are missing for the determination of phase equilibria by the DC method. 
     In the early stages of reactive diffusion, the thickness l is small.  As a result, the 
concentration gradient dy/dx and the diffusional flux J across the compound layer are large.  
In such a case, the interface reaction at the migrating interface becomes the bottleneck for the 
compound growth, and hence local equilibrium is no longer realized at the migrating 
interface.  For the compound growth governed by the interface reaction, the thickness l is 
proportional to the annealing time t as follows: l = kt.  This relationship is designated a linear 
relationship.  On the other hand, in the late stages of reactive diffusion, l is large, and hence 
dy/dx and J are small.  In this case, the interface reaction is no longer the bottleneck, and the 
volume diffusion becomes the rate-controlling process.  Thus, the transition from the linear 
relationship to the parabolic relationship occurs at a certain critical annealing time during 
reactive diffusion.  Consequently, for the determination of phase equilibria, the DC method 
may be valid in the parabolic relationship but not in the linear relationship.  Even in the 
parabolic relationship, however, the chemical compositions of the neighboring phases at the 
migrating interface may deviate from those of the two-phase tie-line.  A typical example is 
the reactive diffusion in the binary Al−Cu system.  In this presentation, experimental results 
of the DC method on various alloy systems will be discussed from the viewpoint of phase 
equilibria. 
 
Keywords:  Phase equilibria, Reactive diffusion, Rate-controlling process, Interface reaction 
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A COMPARATIVE STUDY ON THE HYDROGEN 
DIFFUSION IN AMORPHOUS AND CRYSTALLINE METALS 

Byeong-Moon Lee and Byeong-Joo Lee 

Department of Materials Science and Engineering,Pohang University of Science and 
Technology (POSTECH), Pohang 790-784, Korea 

Hydrogen diffusion behaviour in amorphous metals has been taken interest, mainly for the 
potential use as hydrogen energy applications, in both scientific and technological aspects [1-
3]. Specifically in these days, some amorphous alloys are getting attention to replace 
expensive palladium based crystalline membranes currently employed in hydrogen separation 
processes, with showing comparable permeance to pure palladium [4]. To evaluate the 
diffusion character of hydrogen in amorphous metals that is different from that in crystalline 
metals, there have been many experimental and theoretical studies [5]. However, most of 
these works stayed on phenomenological interpretation, even the diffusivity comparison with 
simple crystalline structures such as bcc and fcc is not thoroughly accomplished yet. Because 
the structures of counterpart crystals in experiments were insufficient to deduce a general 
characteristics and the lack of enough knowledge about local atomic arrangements in 
amorphous metals hindered quantitative theoretical approaches. 

Atomistic simulation methods are suitable to overcome this situation, since they give 
quantitative information directly about atomic-scale phenomena. In the present study, 
therefore, we focused on resolving up the difference of hydrogen diffusivity between metallic 
glasses and their crystalline counterparts, by using molecular dynamics (MD) simulations 
based on (semi-) empirical interatomic potentials. The Cu-Zr binary system, forming 
monolithic metallic glasses over a wide compositional range [6], was chosen as a 
supplemental representative. In order to perform simulations, the interatomic potential for 
Cu-Zr-H ternary system has been developed based on the second nearest-neighbour modified 
embedded-atom method (2NN MEAM) formalism [7], with new optimizations of the 
parameters for Cu-H and Zr-H binary systems. A few first-principles calculations have been 
carried out to provide data on the physical properties of Cu-H system, which are necessary to 
optimize the potential parameters. The developed potential reproduced well fundamental 
physical properties that are essential for describing the dynamic behaviour of hydrogen in 
Cu-Zr matrix. Eventually, through a series of MD simulations, the hydrogen diffusivity in an 
amorphous lattice of metals was figured out to be intermediate between those in a bcc and a 
fluorite lattice. 
 
References 
[1]  R. Kirchheim, Acta Metall. 30 (1982) 1069-1078. 
[2]  R. C. Bowman Jr., Mater. Sci. Forum 31 (1988) 197-228. 
[3]  S. Hao and D. S. Sholl, J. Chem. Phys. 130 (2009) 244705. 
[4]  M. D. Dolan et al., J. Membr. Sci. 285 (2006) 30-55. 
[5]  N. Eliaz and D. Eliezer, Adv. Perform. Mater. 6 (1999) 5-31.; and references therein. 
[6]  K.-W. Park et al., Scr. Mater. 57 (2007) 805-808. 
[7]  B.-J. Lee and M. I. Baskes, Phys. Rev. B 62 (2000) 8564-8567. 
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PRECIPITATION MODELING OF MULTI-COMPONENT 
ALLOYS BASED ON CALPHAD APPROACH 

Weisheng Cao, Shuanglin Chen, Chuan Zhang, Fan Zhang 

CompuTherm LLC, 437 S. Yellowstone Dr., Madison WI 53719, U.S.A. 

 
CALPHAD, which emerged first as an approach for the calculation of phase equilibria 

and thermodynamic properties of complex multi-component, multi-phase systems, has in 

recent years been applied to a broader field of materials science and engineering beyond 

phase diagrams, such as solidification, coating, joining, and phase transformation. Therefore, 

it has become increasingly important in materials design and process optimization. In this 

presentation, I will discuss about the extension of CALPHAD approach to simulate the 

evolution of the microstructure and the correlated mechanical properties in a multi-

component alloy during precipitation process under the framework of the Integrated 

Computational Materials Engineering (ICME).  

 

In such a simulation, the necessary mobility data and thermodynamic properties, e.g., 

phase equilibrium data and chemical driving force, are provided by the CALPHAD method. 

The modeling of microstructural evolution is based on the Langer-Schwartz theory and 

Kampmann-Wagner Numerical (KWN) approach, which considers the concurrent nucleation, 

growth and coarsening of multi-component and multi-phase alloys. The obtained 

microstructure information (typically including volume fraction, average particle size, 

number density and particle size distribution) will serve as key inputs for the predication of 

mechanical properties. By following this approach, an integrated computational tool has been 

developed at CompuTherm. Results will be presented for the precipitation simulation of a 

number of multi-component Nickel-based superalloys, and the prediction of age hardening 

behavior of a series of wrought Aluminum alloys, as well as the predication of the final 

microstructure and mechanical properties of cast Al alloys by coupling with ProCAST. This 

work successfully demonstrates the concept of developing an integrated modeling framework 

to comprehend the relationship between the chemistry/processing - structure - performance. 

The advantage and limitation of this approach will also be discussed. 

 

Keywords: Precipitation Modeling, Integrated Computational Materials Engineering (ICME), 

Nickel Alloys, Aluminum Alloys, Mechanical Properties, PanPrecipitation, Pandat 
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THERMODYNAMIC AND KINETIC DATABASES FOR 
MULICOMPONENT CEMENTED CARBIDES AND 

MICROSTRUCTURE EVOLUTION DURING SINTERING 

Yong Dua,b*, Tao Xub,  Weibin Zhanga, Yingbiao Penga,  Peng Zhoua, Weiming Chena, 
Shequan Wangb, Guanghua Wenb, Zhongjian Zhangb 

aState Key Lab of Powder Metallurgy, Central South University, Changsha, Hunan, 410083 
China 

bState Key Laboratory of Cemented Carbides, Zhuzhou, Hunan, China 
*E-mail: yongducalphad@gmail.com  

Thermodynamic and kinetic databases for multicomponent W-C-Co-Ti-Ta-Nb-N cemented 
carbides have been developed through a combination of assessment and experimental work 
[1]. The thermodynamic database is based on previous thermodynamic descriptions of all of 
the binary systems and most of the ternary systems. Some of the ternary systems are assessed 
according to experimental data or reassessed due to the refinement of binary systems. The 
kinetic database contains the atomic mobility parameters for technologically important phases, 
such as liquid, fcc, carbides, and nitrides. According to the thermodynamic calculations and 
kinetic simulations, a gradient sintered WC-Ti(C,N)-TaC-NbC-Co cemented carbides has 
been prepared. The microstructure of the gradient zone is investigated via scanning electron 
microscopy (SEM). The concentration profile is determined by means of electron probe 
microanalysis (EPMA). The formation of surface zones with a composition gradient during 
sintering of WC-Ti(C,N)-TaC-NbC-Co cemented carbides has been simulated based on the 
established databases [1]. Using the presently established thermodynamic and kinetic 
databases, the influence of the alloy composition, sintering time, and sintering temperature 
during gradient sintering is also investigated. It is indicated that longer sintering time, higher 
sintering temperature and the larger content of Co yield the increase of the gradient zone 
larger, but the high content of Ti leads to the formation of the narrow gradient zone [2]. 
These simulation results are consistent with the present experimental data and  the 
experimental observations in the literature [3, 4]. 
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2177-2185. 
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Mater., 19 (2001) 527-538. 
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DEVELOPMENT OF A REFERENCE SELF-DIFFUSION 
MOBILITY DATABASE 

Carelyn E. Campbell  

Metallurgy Division, National Institute of Standards and Technology, 
Gaithersburg, MD, USA 

 
Efficient development of CALPHAD multicomponent thermodynamic databases relies on 

having a standard set of reference states, lattice stabilities [1].  Since Anderson and Ågren [2] 
proposed a CALPHAD-based method for describing composition-dependent diffusion 
mobilities in multicomponent systems, several multicomponent diffusion mobility databases 
have been developed and a multitude of diffusion mobility assessments have been published.  
However, currently there is no standard set of reference self-diffusion mobilities for the pure 
elements. This has resulted in multiple different descriptions of the self-diffusion for the same 
pure element.  For example for the self-diffusion of fcc-Al in Al, there are three published 
assessment values.    

 
When multiple assessments are available for the same quantities, it may not be clear 

which assessment to use. Obviously, revised assessments are needed when new experimental 
data becomes available and it is clear the newer assessment should be used.  For other sets of 
assessments, distinguishing which is the best assessment to use is not clear.  Weighted means 
statistics can be used to determine consensus estimators for the data and determine which 
assessment best represents the experimental data [3].   The advantage of this statistical 
approach, which uses a Gaussian distribution to represent the experimental error associated 
with each study, is that the relative error between studies is evaluated and that all available 
information is used to determine the best estimates of the parameters common to all of the 
included studies.  The results of these statistical analyses are compared with previous 
CALPHAD-based diffusion mobility assessments for the Ni and Al self-diffusion.   

 
In addition to distinguishing between different assessments for the same end-member 

values, a reference diffusion mobility database should also define consistent methods to 
estimate metastable and unstable end-member quantities (i.e. the self-diffusion of fcc-W in 
W) and to treat diffusion behaviour that deviates from the nominal Arrhenius behaviour (i.e. 
the anomalous  behaviour of β-Zr and β-Ti).  The progress on the development this standard 
reference data and the initial recommendations for the database agreed upon by the NIST 
Diffusion Workshop group will be discussed. 
 
References: 
1. A.T. Dinsdale, CALPHAD, 15 (1991) 317-425 
2. J.-O. Andersson and J. Ågren, J. Appl. Phys., 72 (1992) 1350-1355. 
3. C.E. Campbell and A.L. Rukhin, Acta Mater., 59 (2011) 5194-5201. 
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A MOBILITY DATABASE FOR ZIRCONIUM ALLOYS 
 

C. TOFFOLON-MASCLETa, C. Desgrangesb, J.C. Bracheta 

 
a – CEA-DEN/DANS/DMN/SRMA, 91191 Gif sur Yvette cedex, France. 
b – CEA-DEN/DANS/DPC/SCP, 91191 Gif sur Yvette cedex, France. 
 

 

MobiZirc, a mobility database for zirconium alloys was developed, following the DICTRA 

formalism. The atomic mobilities of several phases, including hcp and bcc, have been 

assessed in the following binary systems: Zr-Nb, Zr-Fe, Zr-O, Zr-H, Zr-Sn, Zr-Cr, Zr-Ni, Zr-

V, Zr-Mo, and entered into the database.  

This mobility database, used jointly with Zircobase, the thermodynamic database for 

zirconium alloys [1], allows performing simulations involving diffusion controlled phase 

transformations, and to some extent predict microstructure evolutions for Zr-base alloys.  

Two examples of simulations are presented. The first one deals with the study of the 

precipitation kinetics of equilibrium βNb phase in Zr-1wt.%Nb alloys at low temperature 

(T<600°C). Comparison with experimental data shows good agreement.  

The second one concerns the high temperature (T>1000°C) dissolution of oxide in Zr alloy. 

This dissolution induces a diffusion flux from the oxide into the metallic substrate which is 

very well reproduced by the calculations. 

 

[1] N. Dupin, I. Ansara, C. Servant, C. Toffolon, C. Lemaignan, J.C. Brachet, “A 

thermodynamic database for zirconium alloys”, Journal of Nuclear Materials, 275, (1999), 

287-295 
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KINETIC INVESTIGATION OF THE FE-CR ALLOYS USING 
AN INTEGRATED METHOD OF CALPHAD, PHASE-FIELD 

AND ATOM PROBE TOMOGRAPHY 

Wei Xiong 

Department of Materials Science and Engineering, KTH Royal Institute of Technology, 
SE-100 44, Stockholm, Sweden 

 

The Fe-Cr alloys are the core of stainless steels, and thus attract many investigations on 
their phase behaviour. The study of the spinodal decomposition occurring at low 
temperatures in the Fe-Cr system is vital, since the embrittlement of ferritic stainless steels 
during low temperature aging is attributed to this phase separation with Fe and Cr demixing. 
The present work is based on the thermodynamic modelling performed by Xiong et al. [1]. 
Alloys with 35 and 45 at.% Cr were studied using the phase-field and atom probe 
tomography (APT). The wavelengths of the spinodal structure determined by APT in this 
work are consistent with the reported experiments. However, due to the complexity of the 
magnetic influence and thermodynamic effects in the Fe-Cr system, the wavelengths in the 
simulated structure were much smaller than the experimental ones obtained by adopting a 
simplified model [2] to estimate the gradient energy coefficient. Temporarily, as a makeshift, 
the gradient energy coefficient was adjusted to be higher in order to obtain a good fit to the 
wavelength. Afterwards, the variation of the composition amplitude was studied using phase-
field simulations. It was demonstrated that the development of the composition amplitude in 
Fe-Cr alloys are too fast compared with the experimental APT data. Therefore, the magnitude 
of the atom mobility was estimated in order to obtain a reasonable agreement between 
simulation and experiment. In the present work, an effective method, called ‘amplitude 
density spectrum’, was proposed in this work to reasonably estimate the composition 
amplitude based on both discrete and continuum datasets.  

The present work provides a guideline for investigating the phase separation at low 
temperatures using an integrated tool of computational thermodynamics and kinetics as well 
as critical experiments in order to design the next generation of stainless steels.  

This work was performed within the VINN Excellence Center Hero-m, supported by 
VINNOVA (Swedish Governmental Agency for Innovation Systems), Swedish Industry and 
KTH. Author is grateful for collaboration and discussion with Profs. John Ågren, Mr. Jing 
Zhou, Drs. Joakim Odqvist, Peter Hedström, Prof. Malin Selleby at KTH and Dr. Mattias 
Thuvander  at the Chalmers University of Technology.  
 

References: 

[1] Wei Xiong, Joakim Odqvist, Peter Hedström, Malin Selleby, Mattias Thuvander, and 
Qing Chen. "An Improved Thermodynamic Modeling of the Fe-Cr System Down to Zero 
Kelvin Coupled with Key Experiments." CALPHAD 35 (2011) 355-366. 

[2] Cahn, J.W., and J.E. Hilliard. "Free Energy of a Nonuniform System. I. Interfacial Free 
Energy." Journal of Chemical Physics 28 (1958) 258-267. 
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PHASE-FIELD MODEL FOR HETEROGENEOUS SYSTEMS 
WITH FINITE INTERFACE DISSIPATION 

 

Lijun Zhang and Ingo Steinbach 

Interdisciplinary Centre for Advanced Materials Simulation (ICAMS), Ruhr-University 
Bochum, D-44801 Bochum Germany 

In rapid phase transformations, interfaces are often driven far from equilibrium, and the 

chemical potential may exhibit a jump across the interface. In order to treat such situations, a 

phase-field model for heterogeneous systems, which can be described by separate 

concentration fields in all phases, has been extended to treat situations with a potential jump 

between the phases [1]. The key new feature of this new model is that the two concentration 

fields are linked by a kinetic equation that describes exchange of the components between the 

phases, instead of the equilibrium partitioning condition [2-6]. The associated rate constant 

influences the interface dissipation. For rapid exchange between the phases, the chemical 

potentials are equal in both co-existing phases at the interface as in previous models [5,6], 

whereas in the opposite limit strong non-equilibrium behaviour can be modelled. This is 

illustrated by simulations of a diffusion couple and of solute trapping during rapid 

solidification. 

This new phase-field model was then generalized to a multi-component multi-phase one [7] 

in the framework of the multi-phase-field formalism [8], allowing the description of multiple 

junctions with arbitrary number of phases and components. The model demonstrates the 

decomposition of the nonlinear interactions between different phases into pairwise interaction 

of phases in multiple junctions. Besides, the direct coupling to the real CALPHAD 

thermodynamic and atomic mobility databases was shown for quantitative phase-field 

simulations. The present models were also successfully applied to simulate the eutectic and 

peritectic growth in some real alloys. 

References 
[1] Steinbach I, Zhang L, Plapp M. Acta Mater 2012;accepted for publication. 
[2] Tiaden J, Nestler B, Diepers HJ, Steinbach I. Physica D 1998;115:73. 
[3] Kim SG, Kim WT, Suzuki T. Phys Rev E 1999;60:7186. 
[4] Karma A. Phys Rev Lett 2001;87:11571. 
[5] Kim SG, Kim WT, Suzuki T. Phys Rev E 1999;60:7186. 
[6] Eiken J, Böttger B, Steinbach I. Phys Rev E 2006;73:066122. 
[7] Zhang L, Steinbach I. Acta Mater 2012;in revision. 
[8] Steinbach I. Mod Sim Mat Sci Eng 2009;17:073001. 
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ATOMIC MOBILITY AND DIFFUSIVITY IN Al ALLOYS AND 
ITS APPLICATION TO MICROSTRUCTURAL EVOLUTION 

Shaoqing Wanga, Yong Dua,b, Dandan Liua, Weibin Zhanga, Senlin Cuia, Lijun Zhanga,c 
a State Key Laboratory of Powder Metallurgy, Central South University Changsha, Hunan 410083, P.R. China 

b Science Center for Phase Diagrams & Materials Design and Manufacture, Central South University, 
Changsha 410083, PR China 

c Interdisciplinary Centre for Advanced Materials Simulation, Ruhr-Universität Bochum, Bochum, Germany 

Knowledge of diffusivity is a prerequisite for understanding many scientific and 

technological disciplines. In this work, on the basis of critically reviewed experimental and 

theoretical diffusion data in the literature, experimental measurement, semi-empirical 

approaches and first-principles calculations, DICTRA diffusion modeling of the atomic 

mobilities for liquid, fcc_A1, L12, bcc_A2, bcc_B2, and intermetallic phases in the 

multicomponent Al alloys were performed. This newly established diffusivity database is 

presented via a few case studies in binary, ternary and quaternary systems. The reliability of 

this diffusivity database is validated by comparing the calculated and measured concentration 

profiles, diffusion paths, and Kirkendall shifts in various binary, ternary and quaternary 

diffusion couples. The established diffusivity databases along with thermodynamic and other 

thermo-physical properties are utilized to simulate the microstructural evolution for Al alloys 

during solidification, interdiffusion and precipitation. A special discussion is presented on the 

phase-field simulation of interdiffusion microstructures in a series of Ni-Al diffusion couples 

composed of γ, γ', and β phases under the effects of both coherent strain and external 

compressive force. 
 
Acknowledgements: 

The financial support from the National Natural Science Foundation of China (Grant No. 
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1. Shaoqing Wang; Peng Zhou; Weibin Zhang; Senlin Cui; Lijun Zhang; Ming Yin; Dandan 
Liu; Honghui Xu; Shuhong Liu; Yong Du., Atomic mobility and diffusivity of bcc_A2 phase 
in the Fe-X (X=Cu, Si, Zn) systems, CALPHAD, 36, 127-134, 2012 
2. Zhang L, Du Y, Steinbach I, et al. Diffusivities of an Al-Fe-Ni melt and their effects on the 
microstructure during solidification. Acta Mater, 2010, 58: 3664–3675 
3. Zhang L, Steinbach I, Du Y. Phase-field simulation of diffusion couples in the Ni-Al 
system. Int J Mater Res, 2011, 102: 371–380 
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EFFECT OF In ADDITION TO Sn-15Zn ALLOY ON KINETICS OF 
GROWTH OF PHASES AT THE ALLOY-Cu SUBSTRATE 

INTERFACE 
 

J. Pstrus, T. Gancarz, P. Fima 

Institute of Metallurgy and Materials Science, Polish Academy of Sciences, Krakow, Poland 

 
 
Spreading test on Cu of eutectic Sn-Zn alloys and Sn-15Zn alloys with 0.5, 1.0, 1.5 at.% of In 

were performed with sessile drop method. Wetting tests were performed at 250°C with the 

use of flux, and wetting times were 3, 8, 15, 30 and 60 min., respectively. Generally, no clear 

effect of wetting time on spreading was observed. After wetting tests, solidified solder-

substrate couples were cross-sectioned and subjected to scanning electron microscopy and 

energy dispersive X-ray spectroscopy analysis. Presence of CuZn4 and Cu5Zn8 was revealed 

at the interface; kinetics and activation energy of growth of intermediate phases were 

determined. In the case of Sn-Zn eutectic on Cu substrate diminishing of CuZn4 with time 

was observed, while in the case of ternary alloys this phase was still present after 60 min. In 

addition coefficients of thermal expansion of Sn-Zn-In alloys were determined. 
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INTEGRATED EXPERIMENTAL AND THERMODYNAMIC 
MODELLING RESEARCH METHODOLOGY FOR 

METALLURGICAL SLAGS WITH EXAMPLES IN THE 
COPPER PRODUCTION FIELD 

 
Evgueni Jak 

 
PYROSEARCH, Pyrometallurgy Research Centre, School of Chemical Engineering, 

The University of Queensland, Brisbane, Queensland, 4072, Australia.   E.Jak@uq.edu.au 
 

Coupled experimental and thermodynamic modelling studies are combined into an integrated 
research program on phase equilibria and thermodynamics of metallurgical slag systems.  Key issues 
derived from many years experience in continuing development and application of both experimental 
and thermodynamic modelling research are outlined.  The details of the research methodologies, 
analysis of possible uncertainties and the ways to continuously improve the accuracy of the results are 
given particular attention.  Recent advanced in the experimental and modelling methodologies are 
presented. Experiences of implementation of the advanced research tools into industrial practice are 
summarised and presented with examples on copper production slag systems. 

Experimental part of the study involves high temperature equilibration in controlled gas 
atmospheres, rapid quenching and direct measurement of equilibrium phase compositions with 
electron probe X-ray microanalysis (EPMA) equipped with Wavelength Dispersive Detectors.  
Thermodynamic modelling undertaken using computer package FactSage is closely integrated with 
the parallel experimental research.  Thermodynamic assessments are used to identify priorities for 
experiments.  Experiments are planned to provide specific data for thermodynamic model development as 
well as for pseudo-ternary liquidus diagrams which can be used directly by process operators. 
Experimental and modelling studies are combined into an integrated research program contributing to 
and enhancing outcomes of each other and of the overall program. 

Significant advances have been achieved through continuous developments of experimental 
methodologies: measurements can now be made in systems that could not previously be characterised 
due to various difficulties and limitations associated with the high-temperature experiments, such as 
high vaporisation rates and resulting change of bulk composition, contaminations from container 
materials, reactions between slag and metal / matte and gas.  The development of the substrate 
technique with a thin liquid slag film being supported by or suspended by interfacial forces on the 
primary phase solid enabled many limitations to be overcame and many uncertainties to be 
eliminated.  Adequate accuracy of the final results, however, requires special measures; ongoing 
focused systematic analysis of all research steps enabled a) to identify a number of possible sources of 
uncertainties and b) to develop the ways to mitigate those shortcomings – these will be summarised 
and presented. 

The thermodynamic modelling has advanced to a level of prediction of phase equilibria and 
thermodynamics of complex multi-component multi-phase systems close to the industrial conditions 
with practically acceptable uncertainties.  A satisfactory accuracy for a number of systems, however, 
requires a combination of various types of data, not only phase equilibrium data, and still needs 
further developments. 

These advanced experimental and modelling research tools are applied to assist in improvements 
of the industrial metallurgical operations.  High level of confidence in characterisation of the 
behaviour of complex industrial processes using these research tools is a firm foundation for 
optimisation of operations towards the decrease of energy use, decrease of CO2 emissions, 
improvement of environmental as well as financial performances.  The stage of implementation of the 
research outcomes, however, is frequently overlooked, but requires high level of research expertise to 
establish the actual conditions in the real industrial process and relate them to the laboratory 
experimental data and model predictions.  Examples of the industrial applications in Cu smelting will 
be presented. 
 
Keywords: metallurgical slag, phase equilibria, experimental and thermodynamic modelling, liquidus
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ESTIMATING VISCOSITY OF IRON AND STEELMAKING 
SLAGS WITH BASIS ON A THERMODYNAMIC MODEL- 
EXTENSION TO SYSTEMS BASED ON CaO-Al2O3-MgO-SiO2 

 

A. Costa e Silva 

EEIMVR-UFF, 27260-740 Volta Redonda, RJ – Brasil 

 
In a previous work [1], after discussing empirical models to describe slag viscosity based on 

the effects of temperature and composition, a model derived from a combination of Riboud’s 

[2] viscosity model and the “cell” thermodynamic model of Kappor-Frohberg-Gaye [3] was 

proposed for the description of viscosity of slags based on thermodynamic modelling. This 

model was applied with relative success to steelmaking slags in the CaO-Al2O3-MgO-SiO2 

system.  

In this work, an attempt is made to extent the temperature range of application of the model 

as well as to include other relevant compounds such as TiO2 and FeO. The extension of the 

model using a larger set of experimental data for optimization - including additional oxides as 

well as an extended range of temperatures- is discussed.  While the aim of the work is to 

apply the model to a larger range of iron and steelmaking slags, the attempt to describe more 

complex systems gave insights on the relation between the physico-chemical aspects of the 

thermodynamic model and the behaviour of slag viscosity.  These insights are presented 

together with the results of the current optimization.  The present limitations of the model as 

well as its application are also discussed. 

 
 [1] B. N. Stocco, A. Costa e Silva, Estimating viscosities in steelmaking slags with basis on a 
thermodynamic model- Applications in the CaO-Al2O3-MgO-SiO2 system. In: XXXIX 
CALPHAD, 2010, Jeju, Korea,  XXXIX CALPHAD Program and Abstracts, 2010. p. 54. 
 
[2] P. Riboud, Y. Roux, L. Lucas, e H Gaye,  Improvement of continuous casting powders. 
Fachber. Huttenprax. Metallweiterverarb, 1981. 19: p. 859-869. 
 
[3] H. Gaye, e J. Welfringer. Modelling of the thermodynamic properties of complex 
metallurgical slags. in Second International Symposium on Metallurgical Slags and Fluxes. 
1984. Lake Tahoe, Nevada: TMS-AIME. 
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COMBINED EXPERIMENTAL AND THERMODYNAMIC 
MODELING STUDY OF THE Cu-CONTAINING SLAGS IN 

EQUILIBRIUM WITH METALLIC COPPER 

Taufiq Hidayat and Evgueni Jak 

Pyrometallurgy Research Centre (PYROSEARCH), The University of Queensland,   
Brisbane, QLD 4072, Australia 

Integrated research program combining experimental and thermodynamic modeling 
studies is under way to develop a thermodynamic database for the complex Cu-containing 
slag system Al2O3-CaO-“Cu2O”-FeO-Fe2O3-MgO-SiO2 with focus on the conditions 
corresponding to the equilibrium with metallic copper. Experimental studies involve high 
temperature equilibration at controlled temperatures and gas atmospheres, rapid quenching, 
and direct measurement of phase compositions in the quenched samples with electron probe 
X-ray microanalysis (EPMA). Thermodynamic modeling is carried out using the 
thermodynamic computer package FactSage. Thermodynamic assessment of all available 
relevant thermodynamic and phase equilibrium data is used to identify discrepancies and gaps 
in existing experimental information to focus subsequent experimental work. Further 
experimental studies provide additional information for the thermodynamic modeling. Both 
studies are combined into the integrated research program using this iterative way. 

Experiments have been undertaken in equilibrium with metallic copper to systematically 
characterize phase equilibria in a number of key binary sub-systems progressing to ternary 
and higher order systems.  The new experimental results together with previously available 
data have been used for further improvement of the thermodynamic database for the Al2O3-
CaO-“Cu2O”-FeO-Fe2O3-MgO-SiO2 system. A self-consistent set of model parameters for 
the Gibbs free energies of molten slag and solid phases as functions of temperature and 
composition has been developed through the optimization of all binary, ternary and higher 
order sub-systems to best reproduce all available thermodynamic and phase diagram 
experimental data. This resulted in a significant improvement in the predictive ability of the 
computer model.  

The thermodynamic database can now be used for predictions over a wide range of 
process conditions in copper production processes, and for interpolation and extrapolation 
into the temperature and composition ranges where experimental data are not available.  
Predictions can now be used to assist in improvements of industrial copper operations 
through informed decisions on the selections of slag compositions, fluxing strategies and 
operating conditions for given feed and product requirements. Examples of industrial 
applications of the database as part of the FactSage package for the copper metallurgical 
processes are presented. 

Collaborative efforts by Prof. S.A.Decterov and Mr D.Shishin from The Centre for 
Research in Computational Thermodynamics (CRCT), The University of Montreal are 
acknowledged. 
 
Keywords: Copper smelting, thermodynamics database, phase diagrams, pyrometallurgy, slag 
chemistry 
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DETERMINING CONDITIONS FOR CONTROLLED 
SINTERING OF TANTALUM METAL POWDER 

Robert D. Mariani 

Idaho National Laboratory (current)  

 

A novel process applied the vapor phase behavior of tantalum iodides and used a CALPHAD 

approach to examine conditions for low-temperature sintering of tantalum metal powder for 

capacitor applications. The major focus of the effort was to preserve surface area and exclude 

bulk densification during sintering of the pressed, powder metal compacts. Sintering that is 

limited to the initial phases prohibits bulk densification and includes evaporation-

condensation and surface diffusion mechanisms. In the absence of bulk densification, the 

sintered part would give the highest possible surface area per unit volume, a clear advantage 

for capacitor applications. Process conditions were successfully determined using equilibrium 

calculations (FactSage) for trace level additions of Mg and MgI2 in the presence of pressed 

compacts of tantalum powder, as verified with follow-on experiments. In a separate, related 

set of calculations, reaction conditions were identified for the one-step conversion of Ta2O5 to 

tantalum metal using Mg with trace levels of MgI2, and leaving MgO as by-product.   
 

R. D. Mariani, United States Patent 7,485,256, “Method of forming sintered valve metal 

material,” February 3, 2009   

  

R. D. Mariani, United States Patent 7,481,864, “Conversion of Ta2O5 to Ta metal,” January 

27, 2009 

 

R. D. Mariani and J. Koenitzer, “A Novel Low-Temperature Sintering Route for Extending 

the Performance of Electrolytic Capacitors,” Tantalum-Niobium International Study Center 

46th General Assembly, Pattaya, Thailand, October 16th to 20th 2005 

 
 
 
Keywords:  Tantalum, sintering, evaporation-condensation, surface diffusion, MgI2  
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PHASE RELATIONS IN SYSTEMS FOR LIQUID PHASE 
SINTERING AND JOINING OF SILICON CARBIDE 

D. Pavlyuchkov1, O. Fabrichnaya1, R. Neher2, M. Herrmann2, H. J. Seifert3 

1Technical University of Freiberg, Institute of Materials Science, 09599 Freiberg, Germany 
2Fraunhofer Institute for Ceramic Technologies and Systems, 01277 Dresden, Germany 

3Institute for Applied Materials , Karlsruhe Institute of Technology,  
76344 Eggenstein-Leopoldshafen, Germany 

Silicon carbide (SiC) is a structural material for mechanical and thermal applications 

because of excellent properties with regard to strength, hardness, chemical stability, wear and 

oxidation resistance. High thermal conductivity, good creep resistance and thermal shock 

behaviour as well as irradiation damage tolerance makes it also a promising inert matrix fuel 

material. Liquid phase sintering of silicon carbide requires the use of additives to achieve a 

maximum sample densification. Y2O3, Al2O3 and AlN can be applied. Additionally, SiO2, 

always present on the surface of SiC grains, has to be taken into account. Pure oxide samples 

made from Y2O3, Al2O3 and SiO2 can be used as solder materials to join SiC components by 

laser technologies. For evaluation of nuclear applications also ceria (CeO2) as a surrogate for 

plutonium oxide is of interest. In all cases of application heterogenous phase reactions have 

to be well known to tailor the microstructures according to required engineering properties.  

 
We combined experimental investigations with thermodynamic assessments to investigate 

phase reactions. The liquid phase was modeled taking into account metallic, oxide, carbide 

and nitride compositions simultaneously. The solid solution phases are described in the 

sublattice model and the compound energy formalism. From results of thermodynamic 

calculations we could define key experiments to efficiently track the phase reactions. 

However, for some of the systems such as AlN-Al2O3-Y2O3 so little data are known that more 

experiments were required. Samples were prepared by spark plasma sintering (SPS) and 

subsequently investigated by differential thermal analysis (DTA) up to 2000°C and 

microstructure analysis by scanning electron microscopy (SEM). Data were used for dataset 

refinements. Calculated phase fractions diagrams, isothermal sections, isopleths and liquidus 

surfaces are in good accordance with experimental findings. This paper discusses the ceramic 

phase modelling and its efficient combination with state-of-the-art high temperature thermal 

analysis.    

          
Keywords:  Silicon carbide, thermodynamic assessment, liquid phase sintering, high 
temperature thermal analysis 
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AMORPHOUS STEELS FOR THE 21ST CENTURY  

Larry Kaufman 

140 Clark Road, Brookline, MA 02445-5848, USA. 
 

 

Steel is one of the most important engineering materials known to man, and has been 

utilized for centuries. Technological advancement has demanded advanced steel properties, 

and improved alloys have driven technological advances. Engineers have imagined and 

developed novel applications to exploit the properties of new materials. Innovation in steel 

processing continues today with research into amorphous structures. 

Explicit descriptions of phase stability, transformation kinetics, and corrosion behaviour 

to predict and guide synthesis and application of amorphous iron alloys have been developed 

by coupling computational thermodynamics and databases derived from experimental studies. 

These studies provided measurements and observations made during extensive evaluation of 

synthesis, fabrication, and analysis of iron alloy glasses. The salient results of this 

development and for the most attractive alloys of this group of materials will be presented. 

 

Keywords:  steel, amorphous alloy, CALPHAD, computational thermodynamics, kinetics, 

corrosion 
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THERMODYNAMIC CALCULATIONS/EXPERIMENTS FOR 
THE Cu-Li-Mg-H SYSTEM 

M. H. Braga and M. J. Wolverton 

CEMUC, Engineering Physics Department, Engineering Faculty, Universidade do Porto, R. 
Dr. Roberto Frias, s/n, 4200-465 Porto, Portugal 

University of Nevada Las Vegas Harry Reid Center for Environmental Studies, 4505 
Maryland Parkway, Box 454009 Las Vegas, NV 89154-4009, USA 

 

Light metal hydrides have a number of important applications including batteries and 

neutron moderation. They are among the few materials which can potentially meet the high 

capacity requirements for onboard vehicular reversible hydrogen storage. However, hydrogen 

storage is still impractical due to the high sorption temperatures. 

In this work we show the catalytic effect of Cu-Li-Mg-H system on hydride formation 

and decomposition in Mg (MgH2), Ti (TiH2) and Li (LiH). We demonstrate that mechanically 

or chemically mixing an element with the Cu-Li-Mg system allows the hydrides to be 

obtained at considerably lower temperatures. Moreover, the temperature at which these 

hydrides desorb hydrogen in the presence of the Cu-Li-Mg system is also substantially lower. 

We have used first principles and phonon calculations to determine the entalpies and 

Gibbs energies of formation and of the reactions involved. 

By employing several different complementary experimental techniques including 

neutron spectroscopy and diffraction, we were able to determine the full catalytic pathway for 

the formation and decomposition of LiH. Because the catalytic effects do not rely on 

nanometer scale morphology, we believe that this study opens a panoply of possibilities. 

 

 

Keywords:  Cu-Li-Mg-H, MgH2, LiH, TiH2, first principles, thermodynamics 
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THERMODYNAMIC REASSESSMENT OF THE Mo-Zr 
BINARY SYSTEM BY COUPLING CALPHAD AND FIRST- 

PRINCIPLE CALCULATIONS 

Anirudh R. Natarajan and K.C. Hari Kumar 

Department of Metallurgical and Materials Engineering, Indian Institute of Technology 
Madras, Chennai-600 036, India 

 

The Mo-Zr system is a technologically important system due to its applications in the 

nuclear industry and its refractory nature. In this work, the thermodynamic description of the 

Mo-Zr binary system has been optimized using experimental data as well as inputs from first 

principle calculations. This system was assessed twice [1,2]. However, unrealistic values of 

some of the model parameters reported in the earlier work makes them unusable, especially 

in higher-order systems. 

Lack of thermochemical data has been compensated by using density functional theory 

(DFT) to calculate the energy of formation of the end members of the C15 Laves phase. 

Phonon calculations were also used to calculate the heat capacity of the Laves phase. The 

enthalpy of mixing of the BCC solid solution is obtained using special quasirandom solutions 

(SQS). Thermodynamic description obtained in this work is an improvement of existing 

descriptions. 

 

[1] Jerlerud Perez, R., & Sundman, B. (2003). Thermodynamic assessment of the Mo2Zr binary phase diagram. 
Calphad, 27(3), 253-262. 

[2] Zinkevich, M., & Mattern, N. (2002). Thermodynamic assessment of the Mo-Zr system. J. of Phase 
Equilibria, 23(2), 156-162. 

 

Keywords:  DFT, SQS, Mo-Zr, Optimization 
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THE  THEORETICAL ASSESSMENT OF THE CU-NI-SN 
SYSTEM 

Ales Kroupa and Adela Zemanova 

Institute of Physics of Materials, Academy of Sciences of the Czech Republic, Zizkova 22, 
Brno, Czech Republic 

 

Significant changes took place in the electronic industry over the last 10 years in 

connection with the transfer to lead-free soldering technologies. As a result of these changes 

detailed understanding of the behaviour of the new materials is necessary. One of crucial 

systems associated with this new technology is the Ag-Cu-Ni-Sn system. Its importance 

results from the composition of the most common lead-free solder for mainstream 

applications (Sn-Ag-Cu alloy) in conjunction with Ni as the substrate material. The Cu-Ni-Sn 

system is one of important basic subsystems of above mentioned system. The Cu-rich corner 

of the Cu-Ni-Sn system has been theoretically assessed by Mietinen [1] using the CALPHAD 

method, but new experimental information published recently by Schmetterer et al. [2] 

allowed a complete reassessment of the system. The theoretical models for some intermetallic 

phases were changed to be consistent with other binary systems in the scope of the 

thermodynamic database developed in the scope of the COST MP0602 Action. 
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THERMODYNAMIC REASSESSMENT OF THE Fe-Mo 
SYSTEM 

V.B. Rajkumar and K.C. Hari Kumar 

Department of Metallurgical and Materials Engineering, IIT Madras - Chennai 600 036, 
INDIA 

The thermodynamic properties and the phase diagram of the Fe-Mo system are considered to 

be vital in understanding phase relations of Mo containing steels.  Existing Gibbs energy 

description of the system [1,2] seem to give inaccurate predictions regarding the R-phase 

(hR159) in some varieties of maraging steels containing molybdenum. In this work we have 

attempted a reassessment of the system incorporating phase diagram and thermochemical 

data from the literature, new solidus and liquidus measurements, DFT and phonon calculation 

of thermochemical properties of intermediate phases. It is hoped that the present description 

is a significant improvement of the existing one. 

 

References 
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2. An experimental study and a thermodynamic evaluation of the Fe-Cr-Mo system, 
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FINITE TEMPERATURE EFFECTS IN AB INITIO 
SIMULATIONS OF MATERIALS PROPERTIES 

Olle Hellman, Peter Steneteg, Björn Alling, Olga Yu. Vekilova, Nina Shulumba,  

Ferenc Tasnadi, Sergei I. Simak, and Igor A. Abrikosov 

Department of Physics, Chemistry and Biology, Linköping University, Sweden. 
 

Ab initio electronic structure theory is known as a useful tool for prediction of 
materials properties, for their understanding, as well as for determination of parameters 
employed in higher-level modeling. However, majority of simulations still deal with 
calculations in the framework of density functional theory (DFT) with local or semi-local 
functionals carried out at zero temperature. In this talk we present new methodological 
solutions, which go beyond this approach and explicitly take finite temperature effects into 
account.  
 In particular, an accurate and easily extendable method to deal with lattice dynamics 
of solids is offered [1]. It is based on ab initio molecular dynamics (AIMD) simulations and 
provides a consistent way to extract the best possible harmonic—or higher order—potential 
energy surface at finite temperatures. It is designed to work even for strongly anharmonic 
systems where the traditional quasiharmonic approximation fails. The accuracy and 
convergence of the method are controlled in a straightforward way. Excellent agreement of 
the calculated phonon dispersion relations at finite temperature and pressure-temperature 
phase diagram with experimental results for bcc Zr is demonstrated. 

Next, we suggest first-principles method for the calculation of thermodynamic 
properties of magnetic materials in their high-temperature paramagnetic phase [2]. It is based 
on AIMD and simultaneous redistributions of the disordered but finite local magnetic 
moments. We apply this disordered local moments molecular dynamics method to simulate 
equation of state of CrN, and show that when magnetic disorder and strong electron 
correlations are taken into account simultaneously, pressure- and temperature-induced 
structural and magnetic transitions in CrN can be understood [2,3]. 

Finally, we study elastic properties of TiN within a wide temperature interval [4]. 
Computational efficiency of the method is greatly enhanced by a careful preparation of the 
initial state of the simulation cell that allows for a parallel implementation of AIMD 
calculations. Single crystal elastic constants C11, C12 and C44 are calculated. In all cases 
strong dependence on the temperature is predicted, with C11 decreasing by more than 30% at 
1800 K as compared to its value obtained in conventional static calculations at T=0K. We 
observe that the material becomes substantially more isotropic at high temperatures. Our 
results unambiguously demonstrate importance of taking into account finite temperature 
effects in theoretical calculations of thermodynamic and elastic properties of materials.  
 
[1] O. Hellman, I. A. Abrikosov, and S. I. Simak, Phys. Rev. B 84, 180301(R) (2011). 
[2] P. Steneteg, B. Alling, I. A. Abrikosov, Phys. Rev. B 85, 144404 (2012).  
[3] B. Alling, T. Marten, and I. A. Abrikosov, Nature Materials 9, (2010) 283; B. Alling, T. 
Marten, and I. A. Abrikosov, Phys. Rev. B 82, (2010) 184430.  
[4] P. Steneteg, O. Hellman, O. Yu. Vekilova, N. Shulumba, F. Tasnadi, and I. A. Abrikosov 
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FUNDAMENTAL UNDERSTANDING OF HIGH-ENTROPY 
ALLOYS: FIRST-PRINCIPLES SIMULATIONS AND 

NEUTRON SCATTERING 

Michael C. Gao1,5, Michael Widom2, Louis J. Santodonato3,4, Peter K. Liaw4 

1National Energy Technology Laboratory, Albany, OR97321, USA 

 2Carnegie Mellon University, Pittsburgh, PA 15213, USA 

3Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA 

4The University of Tennessee, Knoxville, TN 37996, USA 

5URS Corporation, P.O. Box 1959, Albany, OR 97321, USA 

 
The high-entropy AlxCoCrCuFeNi alloys are known for their high strength and good wear 
resistance at elevated temperatures. The mechanical properties critically depend on especially 
aluminium contents and annealing temperatures, both of which dictate the microstructures 
and subsequent phase transformations involving A1, A2, and B2 phases. Experiments on the 
microstructure evolution, tension and compression strength, wear, corrosion, and oxidation 
have been documented in the literature. However, theoretical studies on the fundamentals are 
lacking. In the present study, first-principles molecular-dynamics simulations are performed 
to reveal the atomic structures as a function of Al contents (x = 0, 0.5, 1.3, and 3) and 
temperatures (T = 2,273, 2,073, 1,873, 1,673, 1,523, 1,273, and 1,023 K). A comprehensive 
analysis on the pair correlation function, structure factors, and diffusion constants are 
performed. The simulated tendency in elemental segregation and/or ordering and phase 
transformations is discussed in relation to available experiments. Using aerodynamic 
levitation and laser heating, the high-entropy AlxCoCrCuFeNi alloys were heated to the 
liquid phase (T = 1,673K), then cooled in situ during neutron-scattering measurements. The 
resulting data reveal a sequence of local ordering, single-phase solid-solution formation, and 
phase separation as the alloys cool to room temperature. The present experimental study is 
conducted in parallel to theoretical studies aimed at gaining a more fundamental 
understanding of phase formation and stability in high-entropy alloys. Analyses of the atomic 
pair distribution functions and Bragg diffraction profiles have been used to model both the 
local and long-range atomic ordering.   
 
 
Keywords:  High-entropy alloys; First-principles; Neutron scattering; Phase transformations 
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FIRST-PRINCIPLES PREDICTIONS OF THE NEW STABLE 
TiN AND Ti2N PHASES UNDER PRESSURE 

V.I. Ivashchenko1 and P.E.A. Turchi2 

1Institute of Problems of Material Science, NAS of Ukraine, 3 Krzhyzhanovsky str., 03142 
Kyiv, Ukraine  

 2Lawrence Livermore National Laboratory (L-352), P.O. Box 808, Livermore, CA 94551, 
USA 

Titanium nitrides TiNx crystallize in the NaCl-type structure (space group Fm-3m) over a 
wide range of concentrations 0.42≤ x ≤ 1.02. By annealing samples with a specific 
concentration of the vacancies in the nitrogen sublattice, the tetragonal superstructures δ’-
Ti2N (TiNx, x≈0.5) (space group I41/amd) and ε-Ti2N (space group P42/mnm) are formed.   

First-principles study of phase stability of various phases of TiN and Ti2N under normal 
conditions and as a function of pressure was carried out. The calculations were carried out 
using a plane-wave pseudopotential procedure within the density functional theory as 
implemented in the Quantum ESPRESSO code. The generalized gradient approximation to 
exchange correlation potential was used with the ultrasoft pseudopotentials. The analysis of 
the dependencies of enthalpy and phonon spectra of various phases of TiN and Ti2N on 
pressure enabled one to aim at the following conclusions. For TiN, the first-order phase 
transition from NaCl-type structure to CsCl-type structure occurs at the pressure P0 = 354 
GPa. The calculated phonon spectra of the CsCl-type TiN phase under pressure point out that 
this phase at equilibrium is dynamically unstable. It follows that CsCl-type TiN is the 
metastable structure that exists only at high pressure P ≥ P0.  

In the case of Ti2N structures, we found that ε-Ti2N at zero pressure was the most stable 
phase in agreement with experiment and previous total-energy calculations. The δ’-Ti2N 
phase can only exist at high temperature due to the availability of soft acoustic modes at the 
X point. We inferred that the tetragonal structure of both the ε- and δ’-phases of Ti2N is 
caused by a tetragonal local-lattice distortion around the nitrogen vacancy. The following 
phase transformations in ε –Ti2N under pressure are predicted: ε-Ti2N (space group P4/mnm) 
→ Cd2I-derived structure → Al2Cu-type (space group I4/mcm) at low temperatures; ε-Ti2N 
(space group P4/mnm), P=39.8 Gpa → Cd2I-type (space group P-3m1), P=92.4 Gpa → 
Al2Cu-type (space group I4/mcm) at high temperatures. The Cd2I-type Ti2N phase is 
dynamically unstable at any pressures, which means that this phase can only be stabilized at 
high temperatures. The δ’-Ti2N → Cd2I-type Ti2N structural transition takes place at a 
pressure of 3.9 GPa, in the temperature range where the δ’-Ti2N phase exists. Our results 
predict a δ’ → ε structural transformation that is accompanied with the appearance of NaCl-
type TiNx, in accordance with experiment.  

The present study shows that, to correctly predict relative phase stability under pressure, 
the peculiarities of the phonon spectra of the materials under investigation have to be 
properly accounted for. 
 
The work of P.T. was performed under the auspices of the U.S. Department of Energy by Lawrence  
Livermore National Laboratory under Contract DE-AC52-07NA27344.   
 
Keywords:  First-principles study, Total-energy calculations, Phonon spectra, Pressure-
induced transformation, Lattice instability. 

Tua3
	  



CALPHAD	  XLI,	  June	  3rd-‐8th,	  2012,	  Berkeley,	  California,	  USA	  
	  

	   59	  

AB INITIO COMPUTED SOLUBILITY PRODUCTS 

Marcel H.F. Sluiter* and Tetyana Klymko** 

*Dept. Mat. Sci. & Eng., Delft University of Technology, Mekelweg 2, 2628CD Delft, the 
Netherlands, **Materials innovation institute (M2i), Mekelweg 2, 2628 CD, Delft, The 

Netherlands 

The solubility products of NbC, TiC, and VC in low-alloyed ferritic steel are computed from 

electronic density functional methods including the effects of electronic, vibrational, and 

magnetic excitations. 

In spite of significant simplifications in the computations, agreement to within the scatter of 

the experimental data is obtained.  The T=0 K enthalpy terms dominate in the determination 

of the solubility product but at the temperatures of practical interest vibrational and magnetic 

contributions play a significant role also.  Supercell calculations were shown to be poorly 

suited for determination of embedding enthalpies of solutes in bcc Fe. Instead, cluster 

expansions and special quasi-random structures were used to obtain the embedding enthalpies 

[1]. These two methods gave results in general agreement with thermodynamical assessments 

of experimental data. 

Vibrational excitations were considered using the so-called “direct method” in which real-

space 3×3 force constant matrices for neighbor pairs are determined from small single-atom 

displacements in an equilibrated supercell. Magnetic excitations were considered in an 

empirical model originated by Ohtani et al. [2], the “proportional conversion method” where 

it is assumed that the magnetic heat capacity of Fe-rich alloys scales proportional to the Curie 

temperature. The change of the Curie temperature with alloy composition is the only alloy 

specific parameter needed for this model, and this parameter can be related to the ab initio 

computed magnetization at T=0 K. The electronic excitation contributions to the free energy 

are obtained through the Sommerfeld model. 

 
[1] M.H.F. Sluiter, Y. Kawazoe, Prediction of the mixing enthalpy of alloys, Europhysics 
Letters (epl) 57, 526–532 (2002). 
[2] H. Ohtani, M. Hasebe, T. Nishizawa, Calculation of Fe-C, Co-C and Ni-C phase 
diagrams, Trans. Iron Steel Inst. Jpn. 24, 857–864 (1984). 
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FIRST-PRINCIPLES STUDIES OF MAGNETIC SHAPE 
MEMORY ALLOYS  

Raymundo Arroyave1,2 and Navdeep Singh2 

1Department of Mechanical Engineering, Texas A&M University, College Station 

2Materials Science and Engineering Program, Texas A&M University, College Station 

 
Magnetic shape memory alloys (MSMA) exhibit large strains owing to either magnetic field 
induced martensitic phase transformation or the reorientation of the twin martensitic variants 
(growth of one variant at the expense of another) in the presence of magnetic field. Ni2MnGa 
is one of the first discovered, widely researched, and most promising MSMA which shows 
reversible deformations up to 10% under bias magnetic field less than 1T. However, these 
alloys’ inherent weaknesses such as brittleness, low actuation stress levels, and very low 
martensitic transformation temperature limit their usefulness in engineering applications. 
Lately, the focus has been shifted to other Ni, Co and Fe based MSMAs such as 
modifications of the Ni-Mn-Ga system as well as Fe-Pt, Fe-Pd, and Co-Ni-Ga, Al.  
 
Regardless of the type of alloy, the interplay between the magnetic and structural properties 
of these alloys is critical to understand the MSM effect and improve upon the properties. This 
interplay is the direct consequence of the underlying fundamental physics. In this talk we will 
present a summary of the recent developments in our group as well as research performed in 
collaboration with other groups: 
 
We have performed first principles DFT calculations to understand relative stability of the 
atomic structures, calculate the magnetic and structural properties of the alloys, and explore 
the underlying physics of the shape memory behaviour. Atomistic simulations have been 
performed to understand coupling of magnetic and structural degrees of freedom and the 
effect of external stimulus such as magnetic field on these properties. The parameters of the 
Hamiltonian describing the coupling between magnetic and structural degree of freedom and 
their interdependence have been derived from either ab-initio calculations or/and from 
experiments measurements. Thermodynamic models have also been developed using the 
CALPHAD approach to understand the effect of temperature and chemical composition on 
the structural properties and stability in these alloys. In addition, in some cases we have 
combined experiments and calculations to develop alloying guidelines for the development of 
novel MSMAs compositions.  
 
Keywords:  Shape memory alloys, Phase Transformations, ab-initio, Monte Carlo 
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VACANCY CONCENTRATIONS FROM 0K TO THE 
MELTING TEMPERATURE IN UNARY FCC METALS: 
DISCOVERY OF LARGE NON-ARRHENIUS EFFECTS 

Jörg Neugebauer, Albert Glensk, Blazej Grabowski, Tilmann Hickel 

Max-Planck-Institut für Eisenforschung, Düsseldorf 

The Gibbs free energy of point defect formation is a critical quantity allowing e.g. to consider 

such defects in phase diagrams. However, an accurate determination of defect formation 

energies over the entire temperature window, i.e. from T=0K all the way up to the host 

melting temperature, is challenging both for experiment and theory. Experimentally, 

equilibration of point defects is only possible at high temperatures allowing to measure defect 

concentrations only in a certain temperature window. To extrapolate these high-temperature 

data to low temperatures commonly an Arrhenius behavior is assumed, i.e., the defect 

entropy is assumed to be temperature independent. Theoretically, the challenge lies in the 

various entropic contributions that may become important at high temperatures such as 

electronic, harmonic and anharmonic excitations and that are computationally extremely 

expensive.  Consequently, in most theoretical studies on point defects only configurational 

entropy has been considered.  

 

Recent methodological advances provide now the opportunity to compute all these excitation 

mechanisms with high precision on a fully ab initio basis, making it possible to derive free 

energies for bulk systems and defects up to the melting temperature. Applying these 

approaches to vacancies in Al and Cu we were able to derive vacancy formation energies 

over the entire temperature range. An analysis of these results shows that in particular the 

inclusion of anharmonic contributions gives rise to a hitherto not expected magnitude of non-

Arrhenius effects. We show that the presence of these effects is invisible to conventional 

experiments measuring vacancy concentrations. Furthermore, we discuss the implications 

such effects have on enthalpies and entropies of formation. For example, it will be shown that 

non-Arrhenius effects change defect formation energies by several 0.1 eV. Even more 

stunning, the defect entropy is found to change by more than an order of magnitude, e.g., for 

the Al-vacancy from 0.2 to 2.3 kB. 

 
Keywords:  ab initio computed free energies, vacancies 
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FIRST-PRINCIPLES CALCULATION OF PHASE EQUILIBRIA AND 
PHASE STABILITY OF Fe-Si SYSTEM IN Fe-RICH REGION 

 
Tetsuo Mohri1 , Ying Chen2, Arkapol Saengdeejing2 

 
1Division of Materials Science and Engineering, Faculty of Engineering,  

and 
Research Center for Integrative Mathematics,  

Hokkaido University, Sapporo 060-8628, Japan  
2 Fracture and Reliability Research Institute, School of Engineering 

Tohoku University, Japan 
 
 

Various intriguing mechanical properties such as the decrease of ductility at higher Si 

concentration have been reported in Fe-rich solid solution of Fe-Si system. In order to gain 

atomistic information of the solid solution, we performed first-principles phase stability and 

phase equilibria calculations.  Starting with electronic structure total energy calculations on a 

set of selected ordered compounds, effective cluster interaction energies are derived. It is 

revealed that the nearest neighbor pair interaction is most dominant and the second nearest 

neighbor pair interaction enhances the clustering reactions. These results are combined with 

Cluster Variation Method to explore the stability of finite temperature. Debye-Grüneisen 

model is also employed to incorporate lattice vibration effects, and the lattice expansion with 

increasing temperature is confirmed. Based on the calculated Short Range Order parameters, 

the possibility of configurational hardening is discussed. 

 

This research was supported by Japan Science and Technology Agency (JST) under 

collaborative Research Based on Industrial Demand "Heterogeneous Structure Control: 

Towards Innovative Development of Metallic Structural Materials". 

 

Keywords:  ab initio, phase stability, phase equilibria, cluster interactions, cluster variation 
method, Debye-Grüneisen model, lattice vibrations, short-range order 
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PHASE STABILITY IN QUATERNARY Mo-Nb-Si-B AND  

Mo-Ti-Si-B SYSTEMS. A FIRST PRINCIPLES STUDY 
 

Catherine Colineta and Jean-Claude Tedenac b 
 

a Science et Ingénierie des Matériaux et Procédés, Grenoble INP, UJF, CNRS, 38402 Saint 

Martin d’Hères Cedex, France 
b Institut de Chimie Moléculaire et des Matériaux I.C.G., UMR-CNRS 5253, Université 

Montpellier II, Place E. Bataillon , 34095 Montpellier Cedex 5, France 

 

 In the search of high temperature materials, refractory metal-intermetallic composites 

have received considerable interest in the last two decades. Recent studies on systems based 

on Mo, Si, B and Nb, Si have shown that these materials possess a great potential for high 

temperature applications because of their high melting temperature and enhanced oxidation 

resistance. 

 In previous works, we performed ab-initio calculations of lattice parameters and 

enthalpies of formation in the Mo-Si-B and Nb-Si-B ternary systems in order to understand 

the stability of the ternary phases and to calculate the phase diagram at least at low 

temperature.  

 In the present work, we performed ab-initio calculations in quaternary systems in 

order to predict the stability of structures such as D8m (T1), D8l (T2) or D88. These 

calculations show that the stability of the D8l structure is enhanced in the Mo-Nb-Si-B and 

Mo-Ti-Si-B systems. On the contrary, the D81 structure is not stabilized in the quaternary Nb-

Ti-Si-B system. Structural and electronic arguments allow to understand these results. 

 

Keywords: ab initio, D81-structure, ternary and quaternary phase diagram 
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FIRST-PRINCIPLES CALCULATIONS OF Mg-Zn-Y ALLOYS 

S. R. Nishitani, Y. Masaki, Y.Sakamoto, Y. Yamamoto 

Department of Informatics, Kwansei Gakuin University, Gakuen 2-1, Sanda 669-1337, 
Japan. 

The origin of the excellent mechanical properties of Mg-TM(transition metal)-RE(rare earth) 
alloys is due to the query microstructures with the long periodic stacking order (LPSO).  Thus 
the mechanism of this microstructure formation is the one of the key issues of the newly 
developing light-weight Mg materials.  The LPSO Mg alloy, its typical composition of 
Mg97Zn1Y2, shows 18R structure with the long period stacking sequence of the mixture of 
hexagonal(h) and cubic(c) layers and added elements of Zn and Y are observed to be 
enriched in the cubic layers. 
In this research, we have investigated the energetic assessment of these structures by the first 
principles calculations in order to reveal the mechanism of LPSO formation.  We have 
constructed some lattice models using MedeA and calculated the structure energies using 
Vienna Ab Initio Simulation Package (VASP) code. The cut-off energy was 600 eV and the 
k-point meshes were determined from the dimensions of models. 
18R structure with pure Mg locates on the segment between pure cubic (3C) and pure 
hexagonal (2H) structures as shown in Fig. 1.  It means that the additions of Zn and Y should 
stabilize the 18R structure at the ground state.  Single substitution of Zn or Y with Mg in hcp 
and/or fcc lattice shows no clear difference.  The Zn-Y pair substitution with Mg, however, 
shows a notable decrease of energy against the previous isolated single substitution.  In 18R 
structure, Zn-Y pair locates near c sites.  Figure 2 shows the energies of several 
configurations of the first nearest neighbouring Zn-Y pairs.  The ch configuration, where Zn 
locates on c site and Y locates on h site, is the lowest energy among the several c and h 
configurations.  
We will also show Monte Carlo simulations with two different scenarios for explaining the 
LPSO structure formation with the energetic speculations from those first principles 
calculations. 
  
Keywords:  LPSO, Monte Carlo simulation 
 

3.2.2 計算結果と議論
積層周期毎のエネルギー
純粋なMgの 2H!3Cの計算結果を図 3.5に示す．また，構造エネルギーを表 3.2にまとめた．
図 3.5より，常温で 2Hが 3Cよりも安定となり，実験結果と整合した．また，3Cに近づくに連
れて，エネルギーが高くなることがわかる．さらに，2H!3Cの構造エネルギーと積層周期比と
の間には，線形依存性があることがわかった．つまり，18R構造は複雑な構造を有するが，Mg

の中だけでは安定化するとは限らないということが理解できる．そして，18R構造が 2Hより
も安定化するためには溶質原子との相互作用によって安定化することが示唆される．

図 3.5: Mgの積層周期毎の構造エネルギー．

表 3.2: 2H!3Cの構造エネルギー．
2H 18R 4H 6H 8H 3C

Energy[eV/atom] -1.5424 -1.5384 -1.5367 -1.534 -1.534 -1.5294
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18R構造 super cellの異なった層への溶質原子の同時置換
サイト毎に溶質原子を同時置換した計算結果を図 3.22に，構造エネルギーとエネルギー差
を表 3.7にまとめた．これらの結果より，第一近接と第二近接で差異が現れたが，ともにYが
c-siteで且つ Znが h-siteで最安定となった．さらに，図 3.22(a)の c-siteと h-siteのエネルギー
差は 0.13[eV]であることがわかった．この大きさは，先に示した図 3.21のそれよりも大きい．
つまり，Yは c-siteに，Znは h-siteに濃化し易いことを示唆している．続いて，図 3.23に図
3.22(a)，(b)および，Mg16Zn1Y1を super cellの原子数（72 atoms）に揃えて一度にプロットし
た．図 3.23の EIII，EIV，EVは以下の式の通りである．

EIII = EMg16+Zn1+Y1 + EMg18R!3 (3.3)

EIV，EV = EMg70+Zn1+Y1 (3.4)

EIIIは unit cellのMg16Zn1Y1のエネルギーに純粋なMg18R構造のエネルギーを 3倍したエネ
ルギーを足した．EIV，VはMg70Zn1Y1の構造エネルギーを表し，EIVは溶質原子を第二近接に，
EV は第一近接に置換したエネルギーである．図 3.23より，EIV，Vはともに EIIIよりも安定化
し，ZnとYとの間に相互作用があることが確認された．また，ZnとYは第一近接に位置する
方が安定化することがわかり，この結果は始状態で考えた場合と一致した．

図 3.22: super cellの 18R構造に溶質原子を同時置換した構造エネルギー．(a)第一近接，(b)

第二近接．h-siteに置換した場合は hと h"，c-siteに置換した場合は cと c"，h-siteと c-siteに置
換した場合は chで表す．

29

Fig.	  1	  Pure	  Mg	  structure	  energy	  
against	  stacking	  sequence	  ratio	  of	  
c-‐	  and	  h-‐sites.	  

Fig.	  2	  Energies	  of	  18R	  Mg	  structures	  
with	  Zn	  and	  Y	  elements	  locating	  on	  c	  
or	  h	  sites.	  	  The	  notifications	  are	  
described	  in	  the	  text.	  	  
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AB INITIO PREDICTION OF MATERIALS PROPERTIES UP 
TO THE MELTING POINT: FROM SIMPLE ELEMENTS TO 

ACTINIDES 

 

B. Grabowski1,2 and P. Söderlind2 

1. Max-Planck-Institut für Eisenforschung Düsseldorf, Germany 
2. Lawrence Livermore National Lab, Livermore, USA 

 
Phase diagrams are cornerstones of materials design. Traditional approaches to model phase 

diagrams suffer from fundamental difficulties related to experimental input (e.g., unstable 

phases). The emerging field of ab initio supported phase diagrams is the unrivaled approach 

to a true advancement in the field. However, while well established for the T=0 K regime, 

finite temperature ab initio calculations are still facing enormous challenges. In this talk, I 

will present our recent achievements in tackling the ab initio materials description up to the 

melting point. One particular example will be the prototype temperature-driven fcc to bcc 

transition in calcium. I show that phonon-phonon interactions, i.e., excitations beyond the 

typically applied harmonic picture, are crucial for the phase transition and changing it by 400 

K. In another example I will show our recent work on the high temperature stabilization of 

strongly unstable actinide phases. Utilizing the newly developed SCAILD approach in 

conjunction with fully relativistic density functional theory we obtain for bcc uranium a 

phonon density of states that compares well with experimental data. 

 

Keywords:  density functional theory, phase transitions, free energies 
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LATTICE INSTABILITIES IN METALLIC ELEMENTS 

 

Göran Grimvall1, Blanka Magyari-Köpe2, Vidvuds Ozoliņš3, Kristin Persson4 

 

1Department of Theoretical Physics, KTH Royal Institute of Technology, AlbaNova 
University Center, SE-10691 Stockholm, Sweden, 2Department of Electrical Engineering, 
Stanford University, Stanford, California 94305, 3Department of Materials Science and 

Engineering, University of California, Los Angeles, California 90095, 4 Advanced Energy 
Technology, Lawrence Berkeley National Laboratory, Berkeley, California 94720  

 
It has been known for almost two decades that metallic elements having an equilibrium close-

packed structure at low temperatures tend to be dynamically (mechanically) unstable in the 

bcc structure and vice versa, and that this fact lies at the root of a discrepancy between ab 

initio and CALPHAD enthalpies in certain elements, e.g., Mo and W. More recently, work by 

many groups have clarified details regarding how such lattice instabilities are affected by 

pressure, temperature, magnetism, and alloying, not only in the elastic limit of lattice 

vibrations but often for the entire phonon spectrum [1]. The talk reviews the present status of 

the field and its consequences for CALPHAD modelling. 

 

  

 [1] Grimvall, G, B Magyari-Köpe, V Ozoliņš, and K Persson, 2012, "Lattice instabilities in 

metallic elements," Rev. Mod. Phys., to be published. 

 
Keywords:  Lattice instability, phonon, elastic constant, ab initio calculation 
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ANOMALOUS HOMOGENEITY DOMAINS AND SITE 
PREFERENCE REVERSAL IN SEVERAL TERNARY 

INTERMETALLIC SYSTEMS 

J.-M. Joubert, J.-C. Crivello, K. Yaqoob, M. Andasmas 

Chimie Métallurgique des Terres Rares, Institut de Chimie et des Matériaux Paris-Est, 2-8 
rue H. Dunant, F-94320, Thiais, France, e-mail: jean-marc.joubert@icmpe.cnrs.fr 

Binary Frank-Kasper intermetallic phases are characterized by the association of two atoms 

of different sizes. The site preference is often driven by the sizes of the different atoms, the 

larger atom preferring the large coordination number sites and vise versa. Contrary to binary 

systems that always present the classical scheme of a larger element associated with a smaller 

one, ternary system may present an element of intermediate size. This element may have at 

the same time a preference for high coordination number sites in one of the constituting 

binary systems and a site preference for low coordination number sites in one of the other 

one. When the homogeneity ranges in such ternary system are large (in some cases crossing 

from one border to another border, in other cases having different directions), it may be 

interesting to study the site reversal along the ternary homogeneity domain. The site 

occupancies of the three elements can be obtained experimentally by joint refinement of X-

ray and neutron diffraction data or theoretically by DFT calculations of all the compounds 

generated by the ordered distribution of the three atoms in the different sites. 

In this presentation, this phenomenon will be analysed for different phases (Laves, σ, χ 

phases), in various systems (Cr-Mo-Re [1], Mo-Ni-Re [2], Co-Cr-Re, Zr-W-Re, Nb-Zr-Fe 

[3]) and by both techniques.  

 

References 

[1] J.-C. Crivello et al., Calphad 34, 487 (2010). 

[2] K. Yaqoob et al., Inorg. Chem. submitted. 

[3] C. Toffolon-Masclet et al., Proc. ASTM 15th Int. Symp. on Zirconium in the Nuclear 

Industry 5 (7) 1 (2008). 

 

Keywords:  ternary phase diagrams, Frank-Kasper, topologically close-packed, intermetallics, 

DFT 
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MODELLING SIGMA PHASE WITH THE HELP OF DFT 

N. Dupina, J.-C. Crivellob, A. Breidib, J.-M. Joubertb, K. Yaqoobb, J.-M. Fioranic 

aCalcul Thermodynamique, 63670 Orcet, France, b CMTR-ICMPE-CNRS Thiais France,  
c Institut Jean Lamour, Vandoeuvre les Nancy, France 

 
 
Models to be used to describe the sigma phase within the Calphad approach has often been 

discussed. This is an important issue as this phase can be formed in many alloys of industrial 

interest. The task is difficult due to its rather complex crystallographic structure and its very 

different stability range and degree of order depending on the system considered. A better 

experimental knowledge of this phase as well as the extensive use of DFT bring hope in 

getting better Calphad description of this phase in multicomponent systems.  
 

The present contribution will compare the 5 sublattice CEF model corresponding to the 

crystallographic structure using DFT results to different simplifications  for different systems, 

binary and ternary. 
 

The limitations of some of these simplifications will be shown. The need and the meaning of 

interaction parameters will be discussed. 
 

Keywords:  sigma, CEF, DFT 
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FIRST PRINCIPLES PHASE DIAGRAM CALCULATIONS 
FOR THE OCTAHEDRAL-INTERSTITIAL, OXYGEN-

VACANCY, ORDER-DISORDER SYSTEMS:   
aM[  ]1-XOX: M = Ti, Zr, Hf; [  ]=VACANCY; 0 < X < 1/2 

 
Benjamin  Paul   Burton 

Materials Measurement Laboratory, Metallurgy Division,  National Institute of Standards and 
Technology (NIST),  Gaithersburg, MD 20899, USA;  

benjamin.burton@nist.gov 
 

Axel van de Walle 
School of Engineering, Brown University, Providence, Rhode Island 02912, USA; 

avdw@alum.mit.edu 
 

 

Cluster expansion (CE) method first principles based phase diagram calculations were 

performed for the hexagonal closest packed octahedral-interstitial solid solutions aM[  ]1-XOX  

where: M = Ti, Zr, Hf; [  ]=Vacancy; 0 < X < 1/2. The ATAT package was used to fit CE 

Hamiltonians to formation energies 

that were calculated with the VASP Density Functional Theory code. Predicted phase 

diagrams all have ordered ground-state (GS) phases at: X=0 (hcp P63mmc); X=1/6; X=1/3; 

and X=1/2; but different 

GS structures are predicted for different systems and all three phase diagrams are 

topologically distinct. 

A common theme in the character of O:[  ]-ordering is O-O near neighbor avoidance both 

within- and between hexagonal basal planes (|| and  |  cHex, respectively). In both the Ti- and 

Zr-systems disordering of GS structures proceeds via layer-structures that are related to the 

anti-CdI2 structure. Also, in the Ti- and Hf-systems, the calculations predict that: disordering 

of the Ti6O-, Ti3O-, Hf3O- and Hf2O-GS involves cascades of first-order transitions that are 

suggestive of Devil's Staircases.  Curiously, no staircase-type disordering is predicted for the 

Zr-system in which long-period superstructures were reported in samples with bulk 

compositions X > ~1/3. 

 
Acknowledgement:  This research was supported by NIST and by NSF under grant DMR-
0953378. 
 
Keywords: group-IV suboxides; Devil's Staircase; Long-Period Superstructures; First 
Principles Phase diagram calculation 
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COMPUTATIONAL THERMODYNAMICS OF UNSTABLE 
STRUCTURES 

Vidvuds Ozolins and Weston Nielson 

Department of Materials Science and Engineering, University of California, Los Angeles, 
California, 90095-1595, USA  

Materials scientists often need to know the free energy of a material in a structure that has not 

been measured experimentally and may even be unstable in bulk form. This problem has 

special importance in the CALPHAD approach to calculating phase diagrams of metallic 

alloys. We show how density-functional theory molecular dynamics simulations in 

conjunction with thermodynamic integration over lattice strains can be used to obtain the free 

energy differences between the fcc, bcc, and hcp phases of metals. For the prototypical cases 

of Zr, Mo and W, we predict hcp/bcc and fcc/bcc energy and entropy differences that are in 

excellent agreement with the values derived from CALPHAD analysis of experimental data. 

The proposed methodology should find applications in first-principles calculations of 

thermodynamic properties and phase diagrams of metallic alloys, as well as in constructing 

accurate thermodynamic models of structural phase transformations. 

 

 

 

Keywords:  Density-functional theory, molecular dynamics, martensitic transformations, free 

energy calculations, lattice stabilities 
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ANHARMONIC SOLIDS: FROM LATTICE DYNAMICS TO 
PHASE DIAGRAMS   

O. Hellman, I. A. Abrikosov, S. I. Simak1 
 

Physics, Chemistry and Biology (IFM), Linköping University, Linköping, Sweden  
 

An accurate and easily extendable method to deal with lattice dynamics of solids at basically 

any temperature and pressure is offered1. It is based on first-principles molecular dynamics 

simulations and provides a consistent way to extract the best possible harmonic or higher 

order potential energy surface at finite temperatures. It is designed to work even for strongly 

anharmonic systems where the traditional quasiharmonic approximation fails. The accuracy 

and convergence of the method are controlled in a straightforward way. Excellent agreement 

of the calculated phonon dispersion relations at finite temperature with experimental results 

for bcc Li and bcc Zr is demonstrated. Among other examples the calculated with high 

accuracy bcc-hcp phase diagram of Zr is presented. 

 

1.  O. Hellman, I. A. Abrikosov, and S. I. Simak, Phys. Rev. B  84, 180301(R) (2011).  

 

Keywords:  solids, new method, lattice dynamics, phase diagram calculation 
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First-principles calculations of twin-boundary and stacking fault 
energies in Al-X(X=Si, Cu, Mg and Zn) 

Xiao-wu Nie and Yong Du 

State Key Laboratory of Powder Metallurgy, Central South University, Changsha Hunan 
410083, PR China 

*E-mail: niexiaowu6567@sina.com 

Abstract: The twin-boundary and stacking fault energies play an important role in the 
deformation of face-centred cubic metals. By using first-principles method based on the 
density functional theory (DFT) within generalized-gradient-approximation (GGA) in the 
Perdew-Burke-Ernzerhof (PBE) [1, 2] form. A plane-wave basis set is employed within the 
framework of the projector augmented wave (PAW) method. For the Brillouin-zone 
integration, reciprocal space is represented by Monkhorst-Pack-special k-point scheme [3] 
with 15×15×15 grid meshes for these initial bulk calculations and the calculations of 
generalized-stacking-fault energy employ 17×17×1 grid meshes. Using a supercell approach, 
the twin-boundary and stacking fault energies for the <111>{11-2} slip system for Al-
X(X=Si, Cu, Mg and Zn)  were investigated. The supercell approach uses energies of crystal 
structure in slab geometry with and without the stacking fault. In order to simulate the 
process of stacking fault, we use a slab consisting of eight atomic layers in the <111> 
direction. The accuracy of the method has been tested by calculating values for stacking fault 
energies of Al which favorably compare with the previous experimental results [4]. For Al-Si 
and Al-Mg, the calculated values reveal a noticeable decreased tendency of twin-boundary 
and stacking fault energies with Si and Mg content increasing, respectively, while Cu 
increase that. For Al-Zn alloy, first-principles calculations predict a slightly faster decrease in 
twin-boundary and stacking fault energies with increasing Zn concentration compared to 
experimental data. The results of first-principles calculations for Al-X(X=Si, Cu, Mg and Zn) 
from this work are in broad agreement with ones from the previous ab initio in the literature 
[5, 6]. The Al-Si alloy exhibit lower unstable stacking fault energy in the <111> direction. It 
is believed that this dislocation will dissociate into two partial dislocations separated 
according to a<111>→a/2<111>+ a/2<111>+stacking fault. Finally, we discuss the effects of 
this dislocation dissociation process on the mechanical behaviour. 

Acknowledgments 
This work is supported by Hunan Provincial Department of Education Research Program of 
(Grant No.09C1231). 
References 
[1] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 77 (1996) 3865-3868. 
[2] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 78 (1996) 1396-1396(E). 
[3] H. J. Monkhorst, J. D. Pack, Phys. Rev. B 13(1976) 5188-5192. 
[4] J. P. Hirth, J. Lothe. Theory of dislocations. 2nd Ed., New York: Wiley, 1982: 839-845.  
[5] T. C. Schulthess, P. E. A. Turchi, A. Gonis, T. G. Nieh, Acta Mater. 46 (1998) 2215-2221. 
[6] M. H. Dong, P. D. Han, C. L. zhang, Y. Q. Yang, L. L. Zhang, H. F. Li, Acta Meta. 

Sinica 47 (2011) 573-577. 
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NEW L12-CONTAINING Co-BASE SUPERALLOYS: 

MICROSTRUCTURE AND PROPERTIES OF TERNARY AND 

HIGHER ORDER SYSTEMS 
 

M.S. Titus, J. Zhu, A. Mottura, T.M. Pollock 

Materials Department 

University of California Santa Barbara 

Santa Barbara, CA, USA 

 

 

The recent discovery of a stable ternary Co3(Al, W) intermetallic compound with an ordered 

L12 structure has provided a potential pathway for development of a new class of load-

bearing two-phase cobalt-base high temperature alloys. Ternary and quaternary variants of 

these L12-containing systems demonstrate a potential temperature benefit of up to 150˚C 

relative to current nickel-base alloys.  Elemental additions that result in property 

improvements include Ni, Cr, Ti and Ta.  However, a better understanding of the limits of 

stability of the L12 phase with these and other quaternary and higher order additions is 

needed.  Preliminary thermodynamic assessments and corresponding microstructural 

investigations will be presented.   The role of thermodynamic tools in efficient identification 

of new systems will be discussed. 

 

Keywords: Superalloys, microstructure 
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ENTHALPIES OF FORMATION AND SPECIFIC HEAT OF 
HEUSLER ALLOYS 

 
Philip Nasha, Ming Yina, Song Chena, Yong Dub 

 
aThermal Processing Technology Center, IIT, Chicago, IL 60616, USA 

 bState Key Laboratory of Powder Metallurgy, Central South University, Changsha 
Hunan 410083, PR China 

 
 
 
The enthalpy of formation and specific heat as a function of temperature are being measured 

for a series of Heusler type ternary compounds, X2YZ. There are thousands of potential 

compounds of this type and some are known to exhibit interesting functional properties such 

as ferromagnetism, thermoelectric and shape memory phenomena. Some of the properties 

depend on defect structures generated by the addition of quaternary elements. Development 

of these compounds requires an understanding of the ternary and quaternary phase diagrams 

which requires a knowledge of the thermodynamics. Systematics of the thermodynamic 

properties are being explored to provide insights into alloy behavior and guide further 

investigation 

 
 
Keywords: Enthalpy of formation, Heusler Alloys, Calorimetry 
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CALPHAD APPLICATIONS IN MAGNESIUM ALLOY 
DEVELOPMENT 

Alan A. Luo 

General Motors Research and Development Center, Warren, MI, USA 

Magnesium, the lightest structural metal, has emerged as a promising material for vehicle 

lightweighting and many other structural applications.  This talk presents the latest 

development of new cast and wrought magnesium alloys using CALPHAD tools and 

experimental techniques.  The presentation illustrates the role of calculated phase diagrams, 

solidification paths and phase fractions in predicting and interpreting the final microstructure 

and properties of several magnesium alloy systems for room and elevated temperature 

applications.   

 

The poor creep resistance and elevated-temperature performance of conventional Mg-Al 

based alloys are primarily due to the presence of the Mg17Al12 with a low eutectic 

temperature of 438°C.  Computational thermodynamics and Scheil simulation results have 

shown both rare earth (RE) and calcium additions can suppress the formation of Mg17Al12 

phase, forming new ternary phases with improved thermal stability.  Mg-Al-Ca system was 

found to be more effective than Mg-Al-Ce system in promoting creep resistance and 

elevated-temperature strength of magnesium alloys.  The limited extrudability of AZ31 (Mg-

3Al-1Zn) alloy is reported to be caused by incipient melting of the Mg17Al12.  Computational 

phase equilibria and microstructural examination, however, show that Mg-Al-Zn ternary 

phases with eutectic temperatures as low as 338°C are actually present in the AZ31 alloy, 

which is indeed the real limitation to its extrudability.  The significantly improved 

extrudability of AM30 alloy (Mg-3Al-0.3Mn) is due to the absence of these zinc-containing 

eutectic phases. 

 

This talk concludes that computational thermodynamics, when combined with critical 

experimental validation, can be used to guide the selection and development of new 

magnesium alloys for automotive applications. 

 

Keywords:  Magnesium alloys, computational thermodynamics, CALPHAD, creep, extrusion 
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THERMODYNAMIC MODELING OF THE Mn-RE SYSTEMS 
FOR THE APPLICATION OF RE IN MG ALLOY 

DEVELOPMENT 

Junghwan Kim and *In-Ho Jung 

McGill University, 3610 University Street, Montreal, Canada, H3A 0C5 
*Corresponding author: in-ho.jung@mcgill.ca) 

 
Mg alloys are very attractive and extensively used as light structural materials in modern 

industry. Mn and RE (rare earth) metals are effectively used as alloying elements to enhance 

the mechanical and chemical properties of Mg alloys. Therefore, the thermodynamic database 

of those alloys is important in the Mg alloy design and processing applications. Critical 

evaluation and optimization of all available literature data for the Mn-RE systems have been 

conducted to obtain reliable thermodynamic functions of all the phases in the system. The 

Mn-RE systems show systematic changes in the phase diagrams and thermodynamic 

properties such as enthalpy of mixing in liquid state with increasing atomic number in the 

lanthanide series. This systematic thermodynamic modeling approach for all RE elements can 

allow to resolve inconsistencies in the available experimental data. 

 

 

Keywords:  Mg-RE alloy, Mn-RE system, Thermodynamic Modeling, Phase Diagrams, 

Thermodynamic Properties 

Thm4
	  



CALPHAD	  XLI,	  June	  3rd-‐8th,	  2012,	  Berkeley,	  California,	  USA	  
	  

	   77	  

THE Co-Cr-C SYSTEM: NEW INSIGHTS ON THE 
SOLUBILITY OF Co IN THE Cr23C6 CARBIDE 

A. Markströma,b and B. Kaplana,c 

a Department of Materials Science and Engineering, KTH Royal Institute of Technology, 
Stockholm, Sweden 

b Thermo-Calc Software AB, Stockholm, Sweden 
c Sandvik Machining Solutions, Stockholm, Sweden 

Knowledge on phase equilibria in the ternary Co-Cr-C system is of vital importance in the 

design of new cemented carbide and Co-base materials. An accurate thermodynamic 

description of the solubility of Co in the Cr-based carbides is therefore desired. Previous 

investigations have shown a large solubility of Co in the M7C3 carbide (M=Cr,Co) while 

experimental data on the solubility of Co in the M23C6 carbide are scarce. Therefore, new 

experiments on the liquid + M7C3 + M23C6 equilibrium were conducted and the solubility of 

Co in the M23C6 carbide was measured at 1723 and 1773 K. The results show that the M23C6 

carbide dissolves more Co than previously known. A revised thermodynamic description of 

the complete Co-Cr-C system that takes the new experimental information into account is 

presented. 

 

Keywords:  Co-Cr-C, solubility of Co, Cr-carbides, thermodynamic modelling, CALPHAD 
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PHASE STABILITIES AND PHASE DIAGRAM IN 

TERNARIES SYSTEMS BASED ON TITANIUM:  

EXPERIMENTAL INVESTIGATIONS, AB INITIO 

CALCULATIONS AND CALPHAD MODELING 
Jean-Claude Tédenac a, IuliiaFartushnab, Marina Bulanovab, Vanya Gandovaa 

Catherine Colinetc, Philippe Junda 
aInstitut de Chimie Moléculaire et des Matériaux I.C.G., UMR-CNRS 5253, Université 
Montpellier II, Place E. Bataillon , 34095 Montpellier Cedex 5, France 
bFrantsevich Institute for Problems of Materials Science of NASU, 3 KrzhyzhanovskyStr., 
03142 Kiev, Ukraine 
c Science et Ingénierie des Matériaux et Procédés, UMR 5266, CNRS – INP Grenoble - UJF, 
BP 75, 38402 Saint Martin d’Hères Cedex 
 

During the past twelve years, we have studied the phase stabilities and phase equilibria in 
ternary systems based on titanium. Titanium alloys are very important materials for modern 
developments in medicine and aerospace applications. Following aluminium and magnesium 
alloys, they are materials that can participate in the sustainable development of the society by 
increasing the life-time of materials and saving resources. This is due to a good combination 
of chemical, physical and mechanical properties.  
In such systems, we try to understand the phase stabilities when titanium is alloyed with 
elements possessing different properties. The particularity of these alloys is based on : 
a - the relationship of α/β titanium solid-solutions and the intermetallic compounds with 
D019, B82, D88 or D8mstructures. 
b - In some systems, the existence of many different ternary compounds has been 
emphasized. 
c - A good knowledge of the phase stabilities allows to understand the behaviour of alloys 
and systems.  
The results obtained in Ni-Sn-Ti system, through the collaboration of three groups, are 
presented. 
1 - Experimental. The phase equilibria have been studied within more than 30 compositions 
in the tin poor part of system. We have studied the microstructures and the crystal structures 
below the solidus temperature and in the isothermal sections at 1100°C, 1050°C, and 500°C. 
In this study, we have evidenced two more intermetallic compounds Ti2Ni2Sn and Ti2Ni3Sn 
 (two were already known TiNiSn and TiNi2Sn) and analyzed the phase equilibria between 
these four ternary compounds and the ternary extension of the binary phases. 
2 - Ab initio. We have used the DFT based VASP package making use of the PAW technique 
within the generalized gradient approximation and obtained the enthalpies of formation at 
T=0K of all the binary and ternary compounds. The stability of the Heusler (FH) and hal-
Heusler (HH) ternary phases have been modeled and a description of the ternary phase 
diagram has been obtained. 
3 - Calphad modeling. With the information obtained from the experimental determinations 
and the ab-initio calculations, we performed a first attempt of Calphad modeling of the 
system. We determined the invariant reactions in the whole system. The results show a good 
compatibility between the experimental and theoretical approaches and the work is presently 
in progress. 
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THE Cu-Fe-Ti SYSTEM – EXPERIMENTAL STUDY AND 
THERMODYNAMIC ASSESSMENT 

Christian Leinenbach1, Hong Bo2, Liliana I. Duarte1, Jiang Wang1,3, Libin Liu2, Zhanpeng 
Jin2  

1Empa-Swiss Federal Laboratories for Materials Science and Technology, Laboratory for 
Joining Technologies and Corrosion, Dübendorf, Switzerland 

2School of Materials Science and Engineering, Central South University, Changsha, P. R. 
China 

3School of Materials Science and Engineering, Guilin University of Electronic Technology, 
Guilin, P.R. China 

 
Multi-material structural or functional devices consisting of different metal substrates 

(e.g. Fe- or Ni-based alloys) and advanced ceramics like SiC, Si3N4 and AlN are becoming of 
increasing importance because they combine the mechanical and chemical properties of both 
materials in the same component. They are used, e.g., for high-temperature components in 
power generation, high-temperature sensors or high-power, high temperature Micro Electro-
Mechanical Systems (MEMS). In this context, ceramic-metal joining has become a crucial 
manufacturing step. Joining is widely done by active brazing using Cu-Sn-Ti or Ag-Cu-Ti 
based active braze alloys. The microstructural evolution in the vicinity of the involved 
interfaces during the brazing process is essential to achieve excellent performance and high 
service life times of the brazed components. Interface reactions between filler metal and 
ceramic/steel substrate involve the formation and subsequent growth of many reaction 
products whose layering and morphology are the result of the interplay of the 
thermodynamics and kinetics of the whole system. Computational thermodynamics can help 
to identify and to avoid critical microstructural features with reduced experimental efforts. 
This requires the availability of a thermodynamic database of the relevant multi-component 
system including ceramics, brazing alloys and metal substrates. Such a database is not 
available at the moment. In particular, phase diagram information of the most relevant ternary 
systems (Cu-Fe-Ti, Cu-Ni-Ti) is crucial. 

In this work, the Cu-Fe-Ti ternary system has been systematically studied through 
experimental investigation and thermodynamic modeling. Combining the diffusion multiple 
technique with the selected equilibrated alloys, the equilibrium phase relations at 800℃ have 
been established by means of SEM/EDS (Scanning Electron Microscopy/Energy Dispersive 
Spectrum), EPMA (Electron Probe Micro-Analysis) and XRD (X-ray diffraction). DSC 
(Differential Scanning Calorimetry) analysis is also employed to measure the phase 
transformation temperatures in order to construct vertical sections. The liquidus projection of 
this ternary system has been determined by identifying the primary crystallization phases in 
as-cast alloys. Based on the available experimental information both in literatures and in this 
work as well as the thermodynamic descriptions of the binary sub-systems, the Cu-Fe-Ti 
ternary system was optimized with the aid of the CALPHAD method. In this context, the Fe-
Ti binary system has been re-assessed in order to improve the capability of being extrapolated 
to a ternary or higher-order system. Comprehensive comparisons made between experimental 
and calculated results revealed the reliability of the current thermodynamic description. 
 
Keywords:  Cu-Fe-Ti, phase diagram, thermodynamic assessment, brazing, interface reaction 
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THE Cr-Al-Nb SYSTEM: EXPERIMENTAL STUDIES ON 
SOLIDIFICATION BEHAVIOUR AND LIQUIDUS SURFACE 

Frank Stein1 and Cuiyun He2 

1 Max-Planck-Institut für Eisenforschung, Düsseldorf, Germany 
2 College of Material Science and Engineering, Guangxi University, Nanning, China 

 

Cr-rich Cr-Al-Nb alloys composed of the (Cr) solid solution and the Nb(Cr,Al)2 Laves phase 

are potential candidates for the development of new structural materials for applications at 

high temperatures. Isothermal sections of the ternary phase diagrams have recently been 

determined experimentally [1]. Here, we present the results of a detailed investigation of the 

liquidus surface of the ternary system. About 50 Cr-Al-Nb alloys were prepared by 

conventional levitation melting and arc melting procedures. The resulting as-cast 

microstructures were studied by light- and electron-microscopical methods revealing the 

primary phases and solidification paths of the alloys. Alloy and phase compositions as well as 

compositions of binary and ternary eutectics were measured by electron probe microanalysis. 

In case phase identification was not unambiguously possible on the basis of the measured 

compositions, phases were additionally analysed by X ray diffraction. All melting and 

invariant reaction temperatures were determined by differential thermal analysis up to 

1750 °C. From these experimental data, a projection of the liquidus surface was derived and a 

reaction scheme was constructed. 

The results from CALPHAD modelling of the liquidus surface on the basis of the 

experimental data will be shown in another presentation at this conference. 

 
[1] O. Prymak and F. Stein: “The ternary Cr–Al–Nb phase diagram: Experimental investigations of 
isothermal sections at 1150, 1300 and 1450 °C”, J. Alloys Compd. 513 (2012) 378-386. 
 
 
Keywords: Cr-Al-Nb, phase diagram, liquidus surface, solidification, DTA, SEM, EPMA, 
XRD, Laves phase 
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DEFINITE DETERMINATION OF THE THERMODYNAMIC 
EQUILIBRIUM STATE OF THE SYSTEM AND THE 

AQUEOUS PHASE DIAGRAM CALCULATION 

Kazuhisa Shobu 

Measurement Solution Research Center, National Institute of Advanced Industrial Science 
and Technology, 807-1 Shuku, Tosu 841-0052, Japan 

 

Chemical equilibrium of substances is generally computed by the Gibbs energy 

minimization subject to elemental mass-balance constraints. However, the conventional 

algorithms for the procedure sometimes encounter difficulties especially in calculations of 

non-metallic systems, such as ceramics. The problem is associated with the difficulty in 

definite determination of the state of the system due to linear dependence in the mass-balance 

constraints. We have studied the problem in detail, and developed new thermodynamic 

software, CaTCalc, as was presented elsewhere. 

Aqueous electrolyte solution is another important system for which the problem is 

serious and, therefore, CaTCalc is further developed to support the aqueous phase models. 

The specific interaction model and the extended UNIQUAC model for concentrated aqueous 

solutions are successfully implemented. Owing to these developments, the aqueous 

electrolyte phase is taken into account with other phases of CALPHAD-standard phase 

models, and even the phase diagram for, e.g., H2O-NaCl system is readily calculated. 

 

Keywords: Gibbs energy minimization, CaTCalc, aqueous phase diagram, UNIQUAC 
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THERMODYNAMIC IMPLICATIONS IN MG/NB MULTI-
LAYERED THIN FILMS FOR HYDROGEN STORAGE 

APPLICATIONS   

Anchalee Junkaew1, Byoungsoo Ham2, Xinghang Zhang1,2, Raymundo Arroyave1,2  

1Materials Science and Engineering Program, Texas A&M University, College Station, TX 
2Department of Mechanical Engineering, Texas A&M University, College Station, TX  

Magnesium (Mg) based materials are now one of the most promising materials for hydrogen 

storage proposes. Theoretically, bulk Mg hydride provides relatively high hydrogen capacity, 

which is ~7.6% wt. hydrogen, comparing to other materials. Due to their light weight and low 

price, Mg is an attractive material for hydrogen storage applications. The most significant 

limitation, however, is the high de-hydrogenation temperature and low kinetics. Recent work 

by the authors suggests that the improvement of both thermodynamic- and kinetic properties 

can be improved through the engineering of nano-layered metallic films. In this work, Mg/Nb 

multi-layered thin films have been investigated by both experimental and computational 

methods. In the experimental investigation, the microstructure characterization and 

desorption properties of Mg/Nb multi-layers and their hydrides forms have been examined. 

Significantly, the thermodynamic improvement of the Mg hydride in these multi-layers have 

been observed through a significant decrease in the desorption temperature. Remarkably, the 

formation of metastable phases has been observed under nano-scaled thin film environment. 

Classical thermodynamic model and the first-principles calculations based on Density 

Functional Theory (DFT) have been used for describing the pseudomorphic growth and other 

important properties in these multi-layered films. The thermodynamic enhancement in Mg by 

introducing Nb under the nano-scaled multi-layered thin films shows promising potential 

applications for on-board applications.     

 
References 

1. L. Schlapbach, and A. Zuttel, 2001. Nature 414, 353 (2001) 
2. B. Sakintuna, F. Lamari-Darkrim, and M. Hirscher International Journal of Hydrogen 

Energy 32 (2007) 1121 – 1140 
 
Keywords:  Mg/Nb thin films, Hydrogen storage, Metastable phase, Density Functional 
Theory, Biphase diagram 
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CALPHAD AS THE MATERIAL GENOME 

John Agren1 

1Department of Materials Science and Engineering, KTH Royal Institute of Technology,  
 SE 100-44 Stockholm, Sweden 

 

The mapping of the human genome is an important basis for the development of new 

medicals and medical treatments and has attracted tremendous research funding over the last 

decade. In analogy with biological genomes one may define the materials genome. The 

Materials Genome initiative was thus announced by US President Obama June 2011 as a 

collaboration on modelling and advanced materials databases for materials. One may 

conclude that; at any moment the performance of a specific material depends on its chemical 

composition (inherent property stored in its genome) and its Environment (external 

interactions – processing – conditions during usage). The materials genome thus is a set of 

information encoded in the language of thermodynamics and quantum mechanics, obtained 

by careful assessment of experimental data from which certain conclusions about the material 

can be drawn. The most fundamental databases contain the thermodynamic and kinetic 

properties of a materials system. Such databases allow the prediction of materials structure as 

well as its response to processing and usage conditions, and is a major part of ICME 

(integrated computational materials engineering).  

A brief history of thermodynamic and kinetic databases and the development of the 

CALPHAD approach is given. The necessity of combining experimental and theoretical 

approaches, including DFT methods, when compiling CALPHAD databases is emphasized. 

Some recent examples and future challenges are discussed. 

  
Keywords:  Lattice instability, phonon, elastic constant, ab initio calculation 
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USER ASPECTS OF PHASE DIAGRAMS – ALLOY DESIGN 
AND PRACTICAL APPLICATIONS - 

K. Ishida 

 Department of Materials Science, Graduate School of Engineering, Tohoku University, 
Japan 

Recent progress in the development of advanced materials based on the study of phase 

diagrams is presented. Thermodynamic databases on the Fe-S based system, Cu-based alloys 

and Co-based superalloys have been constructed. By utilizing these databases and 

information on phase diagrams, the following advanced materials have been developed. 

 

1. Pb-free machinable low alloy steels using chromium sulphide. 

2. Pb-free machinable stainless steels using titanium carbosulphide. 

3. Ingrown nail correcting device using Cu-Al-Mn based shape memory alloy. 

4. Cu-Ni-Al based alloys with high strength and high electronic conductivity strengthened 

by γ’ (Ni3Al) phase. 

5. FSW (Friction Stir Welding) tool using Co-based superalloy strengthened by γ’ (Co3 (Al, 

W)) phase. 

 

The alloy design and practical application of these materials focussing on the use of phase 

diagrams will be presented. 

 

 

Keywords:  Thermodynamic database, Practical applications, Lead-free machinable steels, 

Cu-Al-Mn-base shape memory alloys, Co-base superalloys 
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OPEN CALPHAD, A FREE SOFTWARE FOR 
THERMODYNAMIC CALCULATIONS 

 
Bo Sundman1, Mauro Palumbo2, Ursula R Kattner3 , Suzana G Fries2 

 
1 INSTN, CEA-Saclay, France 

2 ICAMS, Ruhr University Bochum, Germany 
3 NIST, Gaithersburg, USA 

 
As presented at the last Calphad meeting in Rio de Janeiro1 work has been ongoing to 
develop free software for scientific thermodynamic calculations The intention is to allow 
interested scientists to develop more fundamental models to incorporate results from DFT 
calculations and new kind of experimental data as well as to provide scientists interested in 
materials simulations, like phase transformations, a flexible and reliable software using 
consistent thermodynamic databases. 
 
An additional intention is the work on a new set of databases with physical models that also 
give a continuous description of the pure elements from 0 K up to high temperatures and 
pressures, avoiding awkward breakpoints at real or fictious transformation temperatures. 
 
A free software available as source code will make it easier to implement new models for 
magnetism, add new properties like lattice parameters, elastic constants etc. 
Nonthermodynamic properties like mobilities, viscosities, electrical resistance, etc. can also 
be modelled as composition dependent in the proposed database structure. The source code 
written in Fortran 08 and C++ can be included in various free application software. 
 
The current status of the development will be presented and the first official release is 
planned before the end of the year. At this stage the project initiators are interested in inviting 
experienced users of thermodynamic software and software developers to give feedback and 
to join the development work using a preliminary test version. 
 
The iniciative has now a home page, http://www.opencalphad.org, where news and additional 
information will be posted regularly. 
 
References 
Ursula R Kattner, Bo Sundman, Mauro Palumbo, Suzana G Fries, ”Open Calphad – Software 
and Databases”, CALPHAD XL, Rio de Janeiro, Brazil, 2011. 
 
Acknowledgement 
ThyssenKrupp AG, Salzgitter Mannesmann Forschung GmbH, Robert Bosch GmbH, Bayer 
Materials Science AG, Bayer Technology Services GmbH, Benteler Stahl/Rohr AG, state of 
North Rhine-Westphalia and European Commission in the framework of the European 
Regional Development Fund (ERDF). 
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PROGRESS ON SAPIENS THERMOPHYSICAL DATABASE 
FOR UNARIES 

M. Palumbo1,  F. Körmann2, T. Hickel2, T. Hammerschmidt1, R. Drautz1, S. G. Fries1   

1 ICAMS, Ruhr University Bochum, Bochum, Germany 
2Max-Planck-Institut für Eisenforschung GmbH, Max-Planck-Str. 1, D-40237 Düsseldorf, 

Germany 
 
We report the continuation of the Sapiens project on thermodynamic descriptions already 
announced and detailed in previous CALPHAD meetings [1, 2]. Our approach is based as far 
as possible on first-principles calculations, supplemented by an extensive experimental 
database. First-principles calculations are essential to firmly understand the physical origin of 
the different contributions to properties such as the heat capacity, i.e. to evaluate the effect of 
vibrational, electronic and magnetic excitations. 
 
We present here a first-principles and experimental database for the pure elements. Based on 
this database, we propose a parametric modeling of thermophysical properties such as heat 
capacity and thermal expansion. Our approach is based on the Helmholtz energy for ease of 
coupling with first-principles calculations. The methodology has been demonstrated for four 
technologically important pure elements (Fe, Cr, Ni, Al) and will be subsequently extended to 
more elements. 
 
A new code, Open Unary, developed in C++ as part of the Open Calphad software (see 
lecture of B. Sundman), was developed for the unaries. The code allows us to easily derive 
thermophysical properties using the results of first-principles calculations (performed using, 
for example, Quantum Espresso) and to determine the values of fitting parameters using 
least-squares minimization of the errors. 
 
Finally we report some first attempts to extend the Sapiens methodology to binary systems, 
taking the Cr-Ni system as an example.  
 
We understand the enormous advantage that the use of the SGTE unary database [3] has 
brought to the CALPHAD community, as without these universally accepted standards the 
construction of multicomponent databases would not be possible. We hope with the present 
work to contribute to a better understanding of the physical background of these unary 
descriptions, to the enlargement of the community involved in this effort and to the 
discussion of possible new standards. 
 
References: 
[1] M. Palumbo et al., “On the lattice stabilities of pure Cr and pure Fe”, presented at 
CALPHAD XXXIX, Jeju, South Korea, 2010 
[2] M. Palumbo et al., “The challenge of covering thermodynamic properties not only at high 
temperature but also at low temperature: a progress report” presented at CALPHAD XL, Rio 
de Janeiro, Brazil, 2011 
[3] A.T. Dinsdale, CALPHAD, 15 (1991) 317-425 
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THE FACTOPTlMAL SOFTWARE: A TOOL FOR 
IDENTIFYING OPTIMAL CONDITIONS FOR ALLOY 

DESIGN 

A. E. Gheribi, E. Bélisle, C.W. Bale, A. D. Pelton  

CRCT – Centre de Recherche en Calcul Thermochimique, Département de Génie Chimique, 
École Polytechnique, C.P. 6079, Succ. ‘Centre Ville’, Montréal, Québec H3C 3A7 Canada 

In principle, the FactSage software can be used to screen potential multicomponent alloys, 
searching for compositions having desired properties and phase assemblages. However, the 
software performs these calculations only at fixed alloy compositions (or through the 
calculation of two-dimensional phase diagram sections), and searching the composition space 
of a multicomponent system by a trial-and-error approach can be an extremely long and 
tedious process.  Hence, we have developed a software module called FactOptimal (presented 
at CALPHAD XXXIX) to perform such calculations. The software incorporates the Mesh 
Adaptive Direct Searches (MADS) algorithm that is designed for non-smooth multiobjective 
optimization problems where the objectives are typically outputs of computer simulations.  

In the two years since CALPHAD XXXIX several new developments have been incorporated 
into FactOptimal.  Among these are: 

1- The new HOLP (Higher order liquidus projection) algorithm which is designed to 
calculate automatically all “special points” (invariants, congruent points and minima 
or maxima) on the liquidus surface of a multicomponent system. 

2- The Function Builder module:- as well as optimizing functions calculated directly by 
FactSage, users can now optimize other properties such as tensile strength, yield 
strength, grain size, thermal conductivity, etc. which can be related to the calculated 
equilibrium properties (such as the amounts and compositions of the phases) for 
specific conditions (such as cooling rate, annealing time and temperature, etc.) 
through user-supplied functions.  

3- “Target” type calculations are now available within FactOptimal, whereby users can 
calculate all possible compositions which give the desired properties within specified 
limits. 

Two examples will be presented: (A) A real-time demonstration of the calculation of all 
special points on the liquidus surface of the LiCl-NaCl-KCl-MgCl2-CaCl2 system; (B) The 
design of a steel, the objectives being to minimize the cost of the raw materials while 
optimizing mechanical properties. In this example we search for compositions which 
simultaneously minimize the total mass of alloying elements and maximize the mass of 
precipitates in the ferrite phase after annealing under the constraints: (i) Martensite start 
temperature > 400 oC (ii) at high temperature (~900 oC <T<~1200 oC) the system must be 
single-phase austenite. The procedure of modeling the martensite start temperature using the 
Function Builder module will be outlined.   

 
Keywords:  Multi-objective optimization, Alloy design, FactSage Software, Direct Searches 
Algorithm 
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THERMODYNAMIC ORIGIN OF NEGATIVE THERMAL 
EXPANSION PHENOMENON IN SOLIDS 

Zi-Kui Liu, Yi Wang, Shun-Li Shang 

Department of Materials Science and Engineering 

The Pennsylvania State University, University Park, PA 16802 

Solids with negative thermal expansion (NTE), i.e. volume reduction upon heating, have been 
discovered serendipitously throughout the history.  It is commonly believed that they are rare 
incidences due to the lack of a complete understanding of the origin of the NTE phenomenon.  
For instance, after the discovery of NTE in Fe65Ni35 by Guillaume more than 100 years ago, 
its theoretical origin is still being discussed.  Furthermore, NTE in ZrW2O8 between 0.3 and 
1050 K spurred a renewed interest in this phenomenon (11-13).  The discussions in the 
literature have been largely focused on specifics in individual NTE solids and are mostly 
phenomenological, and there is a lack of fundamental understanding why some solids possess 
this property while others do not.  In the present work, we show that the NTE phenomenon 
originates from the existence of high pressure, small volume phases with higher entropy, with 
their configurations present in the stable phase matrix through thermal fluctuations, thus 
exists frequently.  Consequently, it extends the platform for designing structures with desired 
thermal expansion properties whether positive, negative, or zero.  The theory is validated for 
a range of pure elements and compounds with their temperature-pressure phase diagrams 
with their two-phase equilibria of negative slope as schematically shown in Figure 1 below 
and utilized to provide insights to the NTE phenomenon in INVAR and ZrW2O8 [1,2]. 
 
1. Y. Wang, S. L. Shang, H. Zhang, L. Q. Chen and Z. K. Liu, "Thermodynamic 

fluctuations in magnetic states: Fe3Pt as a prototype," Phil. Mag. Lett., Vol.90, 2010, 
851-859. 

2. Z. K. Liu, Y. Wang and S. L. Shang, "Origin of negative thermal expansion phenomenon 
in solids," Scr. Mater., Vol.65, 2011, 664-667. 

 
 
 
 
 
Figure 1:  A schematic T-P phase diagram satisfying 
the criterion for the NTE phenomenon in the β phase. 
 
 
 
 
 
 
 
 

Keywords: negative thermal expansion, invar, entropy, temperature-pressure phase diagram 
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CALPHAD MODELLING OF MOLAR VOLUME AND 
ELASTIC BEHAVIOUR 

Eric A. Lass, Ursula R. Kattner, Carelyn E. Campbell 

Metallurgy Division, National Institute of Standards and Technology, Gaithersburg, MD 

 

With the idea of Integrated Computational Materials Engineering taking a more prominent 

role in the materials development process, advanced modelling techniques with increased 

capability to characterize and predict the properties new candidate materials and are 

becoming ever more important.  As a result, Calphad modelling of molar volume and 

isothermal compressibility has been a topic of interest in recent years.  A few proprietary 

databases now include descriptions of molar volume for each of the phases; though there are 

at present only a few examples of molar volume assessment available in literature, and even 

fewer examples exist for compressibility. 

Implementation of a temperature/pressure-dependent molar volume in computational 

thermodynamics is still quite a new idea.  As a result, several different Calphad-type models 

for temperature/pressure-dependence have been proposed and used in recent literature.  This 

work provides a comprehensive narrative of these models; including how some were derived, 

their advantages, shortcomings, and the challenges that arise when different models are 

merged in a multicomponent description.  The goals are to offer new researchers to the field a 

single source to which to refer regarding the subject; and to open a dialogue in the 

community to discuss reaching a consensus on what model descriptions should be used as 

standards in future endeavours. 

 

 

Keywords:  Molar Volume; Compressibility; Pressure-dependence 
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INTERFACIAL FREE ENERGY OF PRECIPITATES 

E. Kozeschnika and B. Sondereggerb  

a Christian Doppler Laboratory for Early Stages of Precipitation, Institute of Materials 
Science and Technology, Vienna University of Technology, 1040 Vienna, Austria. 

b Institute for Materials Science and Welding, Graz University of Technology, 8010 Graz, 
Austria. 

 
The concept of interfacial energy is widely used in continuums modeling. In material science, 

interfacial energies are vital part of nucleation theory as well as Ostwald ripening models. 

Although the theoretical background for computational analysis of interfacial energies has 

been established 60 years ago, practically no use of the ‘thermodynamic’ approach is 

reported, except for some work on Ostwald ripening in Ni-base alloys. Application of 

interfacial energy calculations in phase transformation simulations is practically absent and 

interfacial energies are still treated as unknown fitting parameters.  

Based on the classical work of Becker [1] and Turnbull [2], a generalized broken bond (GBB) 

model has been developed recently [3] that allows for a calculation of temperature and 

composition dependent interfacial energies of precipitates in general multi-component 

environment. The thermodynamic information required for evaluation of the model 

predictions is obtained from standard CALPHAD type thermodynamic databases.  

In the first part of this presentation, the conceptual background of the GBB model and its 

extensions accounting for interfacial curvature [4] and interfacial atomic mixing [5] are 

reviewed. In the second part, the GBB model is utilized to evaluate and tabulate typical 

interfacial energies of various precipitates in bcc and fcc Fe, Al and Ni-base alloys. 

 

 
[1] R. Becker, Ann. Phys., 32 (1938) 128-140. 
[2] D. Turnbull, Impurities and Imperfections, American Society of Metals, (1955) 121-144. 
[3] B. Sonderegger and E. Kozeschnik, Metall. Mater. Trans., 40A (2009) 499-510. 
[4] B. Sonderegger and E. Kozeschnik, Scripta Mater., 60 (2009) 635-638. 
[5] B. Sonderegger and E. Kozeschnik, Metal. Mater. Trans 41A, (2010) 3262-3269. 
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MODELLING NUCLEATION AND GROWTH OF MULTIPLE 
PRECIPITATE SPECIES IN A MULTI-COMPONENT 

ALLOY 

D. den Oudena,b,c, F.J. Vermolenb, L.Zhaoa,c, C. Vuikb, J. Sietsmac 

a Materials innovation institute, Mekelweg 2, P.O. Box 5008, 2600 GA Delft, The Netherlands 
b Delft University of Technology, Delft Institute of Applied Mathematics, Mekelweg 4, 2628 CD Delft, 

The Netherlands 
c Delft University of Technology, Materials Science and Engineering, Mekelweg 2, 2628 CD Delft, The 

Netherlands 

This study proposes an adaptation of the model originally proposed by Kampmann and 
Wagner [3], which describes the nucleation, growth and coarsening of a single precipitate 
species. Each precipitate species is described by a precipitate density distribution under the 
assumption of a spherical precipitate. We improve the foundation of this model by using a 
mathematically and physically sound partial differential equation for the time-evolution of 
each precipitate species, which are coupled due to a balance of atoms. 
For each precipitate species the homogeneous nucleation rate is based on the influence of all 
components present within the species. A significant improvement of this nucleation rate is 
an extension of the frequency of atomic attachment to a growing precipitate based on a 
continuous-time Markov process (see for example [5]). 
The rate at which a spherical precipitate grows is modelled with a Zener approach [6] for 
each component present in the precipitate, combined with the solubility product of the 
precipitate and the Gibbs-Thomson effect [4]. This leads to a system of non-linear equations 
which are solved using a least-squares method [1], such that the growth rate is equal for each 
component. 
The evolution equations are discretised using the classical first-order upwind method and the 
first-order implicit Euler method, as these methods guarantee that each precipitate density 
distribution will remain positive during simulations [2]. The set of non-linear equations are 
solved by the use of a fixed-point Picard method. 
We apply this model to the simultaneous nucleation and growth of niobium carbonitrides, 
aluminium nitrides and manganese sulphides within a high-strength low-alloy steel. The 
results show that our proposed model describes the qualitative behaviour of a multi-
component alloy and the interaction of the multiple precipitate species within this alloy 
correctly. 
 
Coleman, T.F. and Y. Li, SIAM Journal on Optimization, Vol. 6, pp. 418–445, 1996. 
Hundsdorfer,W. and Verwer, J.G., Numerical Solution of Time-Dependent Advection-

Diffusion-Reaction Equations, Springer, Berlin, 2003. 
Kampmann, R, and Wagner, R., Materials Science and Technology – A Comprehensive 

Treatment, vol. 5, VCH, Weinheim, 1991. 
Perez, M., Scripta Materialia, Vol. 52, Number 8, pp. 709-712, 2005. 
Ross, S.M., Stochastic Processes, John Wiley & Sons, 1996. 
Zener, C., Journal of Applied Physics, Vol. 20, Number 10, pp. 950-953, 1949. 
 
Keywords: Multiple precipitate types, homogeneous nucleation, growth, multi-component, 
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SEMI GRAND CANONICAL AND KINETIC MONTE CARLO 
SIMULATIONS OF NANO-LAYERED B2-ORDERED SYSTEM 

WITH TRIPLE DEFECTS  

P. Sowa1, R. Kozubski1, A.j Biborski1, E.V. Levchenko2, A.V. Evteev2, I. V. Belova2,   

G.E. Murch2 

1Department of Solid State Physics, M. Smoluchowski Institute of Physics, Jagiellonian 
University in Krakow, Poland. 

2School of Engineering, The University of Newcastle, Callaghan, NSW 2308, Australia 
 
 
 Equilibrium atomic configurations and kinetics of „order-order” processes in B2-AB 

films were investigated by means of Semi Grand Canonical Monte Carlo (SGCMC) and 

Kinetic Monte Carlo (KMC) simulations. This simulations are model of NiAl intermetallic  

which is an example of triple defect (TD) system [1]. The research, which made use of the 

SGCMC and KMC techniques elaborated in refs. [1,2] was adapted to samples with 2D 

periodic boundary conditions – i.e. limited by free surfaces. Simulated were systems with  

stoichiometric composition A-50at%B modelled with pair-interaction energy parameters 

evaluated in refs. [1,2], which reproduces triple defect behaviour. The simulations were run at 

temperatures 700 K, (pure TD range [1]) and 1000 K (above pure TD range [1]).  

 SGCMC simulations revealed general vacancy and B-atom segregation on free 

surfaces. The concentration of vacancies inside the layers was lower than in the bulk system 

but tended towards the bulk level with increasing layer thickness. Equilibrium vacancy 

concentrations modelled by SGCMC simulations were then used in KMC simulations of the 

“order-order" kinetics in the same AB layers. Similarly as in the bulk [2], the “order-order" 

kinetics in the layers was composed of two processes with dramatically different time scales. 

It was found that the B-atom surface segregation involved A-atom reverse jumps from 

antisite positions and occurred within the slow kinetic component. As a consequence of the  

process, the degree of long-range order (LRO) was decreased inside the layers and antiphase 

domain boundary was generated. This effect was the more important, the thinner layers, were 

suggested destabilization effect of free surfaces on the B2 superstructure.  

 
[1] A.Biborski, L. Zosiak, R. Kozubski, R. Sot, V. Pierron-Bohnes: “Semi-grand canonical 
Monte Carlo simulation of ternary bcc lattice-gas decomposition: Vacancy formation 
correlated with B2 atomic ordering in A-B intermetallic”, Intermetallics 2010;18:2343-2352. 
 [2] A.Biborski, R. Kozubski, V. Pierron-Bohnes:  “Order-Order” Kinetics in Triple-Defect 
B2-Ordered Binary Intermetallics: Kinetic Monte Carlo Simulation”, in preparation. 
 
Keywords:  B2-lattice, layers, triple defect, order-order process, segregation 
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A REVISED QUASI-CHEMICAL VISCOSITY MODEL FOR 
PREDICTING VISCOSITY OF MOLTEN MULTI-

COMPONENT OXIDE SLAG 

Masanori Suzuki1) and Evgueni Jak2) 

1) Formally in Pyrometallurgy Research Centre, The University of Queensland; now 
Division of Materials and Manufacturing Science, Graduate School of Engineering, 
Osaka University, Japan. 

2) Pyrometallurgy Research Centre, The University of Queensland, Australia. 

Slag viscosity is one of key properties essential for various metallurgical and power 
generation industrial processes.  Development of a reliable and general viscosity model has 
been the focus of the present research, so that the viscosities of complex slag systems could 
be predicted over a wide range of compositions and temperatures. 

A quasi-chemical viscosity (QCV) model has been developed to predict the viscosities of 
molten slags in the multi-component oxide systems within experimental uncertainties over a 
wide range of compositions and temperatures. [1] The Eyring equation is used to express 
liquid viscosity as a function of temperature and composition.  The QCV model relates the 
vaporisation and activation energies in the slag viscosity expression to the slag internal 
structure through the concentrations of various Si0.5O, Men+2/nO and Men+1/nSi0.25O viscous 
flow structural units.  The concentrations of these structural units are derived from a quasi-
chemical thermodynamic model of the liquid slag [2], using FactSage computer package and 
ChemApp software.  The QCV model describes a number of slag viscosity features including 
the charge-compensation effect specific for the Al2O3-containing systems. 

In the present study, the mathematical formalisms of the quasi-chemical viscosity model 
have been revised, and a number of shortcomings in the previous model have been resolved. 
The relationships between model parameters and fundamental physical properties or 
structural characteristics of oxide melts have been introduced in relation to the physical basis 
of the model. Some of slag viscosity features including charge-compensation effect in the 
Al2O3-containing systems have been systematically evaluated.  Agreement between the 
calculated viscosities and the available experimental viscosity data has been improved.  The 
revised QCV model has been successfully extended to the Al2O3-CaO-‘FeO’-Fe2O3-K2O-
MgO-Na2O-PbO-SiO2-ZnO systems with the same set of model parameters as determined for 
binary and ternary systems, and the model has reproduced over 7000 reliable experimental 
data in those systems within 25 % as the average of the relative errors.  In addition, the 
revised QCV model enables slag viscosities to be predicted in the composition range of 
interest to metallurgical processes where no experimental results are available. 

[1] A.Kondratiev, E.Jak: Metall. Mater. Trans., 36B (2005), 623. 
[2] A.D.Pelton, M.Blander: Metall. Trans., 17B (1986), 805. 
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THERMODYNAMIC AND KINETIC STUDIES ON 
METALLIC ACTINIDE ALLOY SYSTEMS 

J. Rory Kennedy1, Bulent Sencer1, Yongho Sohn2, Cory Westfall1, K. Huang2, Y. Park2, 
Cynthia Papesch1, A. Ewh2, K.R. Coffey2 

1. Idaho National Laboratory, Idaho Falls, Idaho.  2. University of Central Florida, Orlando, 
Florida 

Idaho National Laboratory (and its predecessor Argonne National Laboratory-West) has a 

long tradition in studying the properties and behavior of metallic fuels for performance in fast 

reactor applications.  Despite this long standing activity, much of the fundamental 

thermodynamic data for the actinide elements and actinide bearing systems of relevance to 

the fuel development programs has not been thoroughly investigated and assessed.  Likewise, 

despite the critical fuel performance issues of fuel-cladding-chemical-interaction (fcci) and 

mass transport, much of the relevant fundamental kinetic data associated with these 

phenomena have not been thoroughly investigated and assessed.  All of these type data, as 

well as a variety of other data, are required for the successful development of a physics based 

predictive fuel performance code.  In this presentation, an overview of the issues facing 

metallic fuels will be given with reference to the experimental plan established to address 

them, including capability and instrumentation development.  In particular, a review of 

calculated phase diagram results from known thermodynamic data bases for certain binary 

actinide systems will be presented.  In conjunction with this, comparison with experimental 

results on the NpZr and PuZr systems will be given as well as thermodynamic data on 

elemental Np.  Finally, kinetic data on more simple fcci related systems including U vs Fe, U 

vs Fe-15Cr, and U-10Zr vs Fe will be presented. 

 
 
Keywords:  metallic fuels, binary alloys, thermodynamic, kinetic 
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ROLE OF THERMODYNAMIC DATABASE AND KINETIC 
MODELLING FOR R&D OF NUCLEAR SEVERE ACCIDENT  

Masaki Kurata 

Group leader of High Temperature Nuclear Fuel Science R&D Group, Nuclear Science & 
Engineering Directorate, Japan Atomic Energy Agency (JAEA), Japan 

A significant nuclear severe accident was caused by catastrophic tsunami, 40.5m height max., 
and huge earthquakes, 4 times in one hour > magnitude 7.0, in Mar. 11 2011. Fukushima 
Daiichi Nuclear Power Plant were severely damaged by event sequences far beyond of the 
design base accident management. This resulted in the nuclear fuel degradation, “melt down” 
of the reactor cores, possibly “melt thorough” of the reactor vessels, and finally release of a 
large amount of radioactive materials to the environment. In last December, Japanese 
government declared “cold shutdown” was achieved. However, long and difficult steps, > 30 
years, are necessary for the recovery of the degraded plants. Also, significant modification of 
the accident management will be required for “re-operation” of nuclear power plants in Japan. 
Thermodynamic database and kinetic modelling will play important roles in both views. In 
the former view, the most important role is the prediction of in-vessel conditions and of fuel 
debris characteristics. Although different complicated phenomena simultaneously occurred in 
different parts of the cores in non-equilibrium conditions, “model evaluation” using 
thermodynamic database and phase diagrams can help to image rough view of accident 
sequences happened under “black-out”. In case of TMI-accident, for example, maximum 
temperatures of various parts of the reactor during core degradation were estimated from 
microscopic observation of fuel debris samples and thermodynamic knowledge. In 
Fukushima, fuel debris will be sampled step by step and thermodynamic evaluation will be 
performed at each step to get information to go forward the next step, as well as TMI. In the 
meantime, following databases are especially required to be improved, high temperature 
corium (high oxygen or hydrogen potentials), reaction between corium and B4C control rod, 
effect of sea water, molten corium concrete interaction. From a view point of the accident 
management, complete elucidation of possible various accident sequences in the severe 
accident is hardly realistic. One of the most important aspect is to construct consensus on 
“How reactor cores are degraded?” among specialists who have various specialities. Sort of 
“illustration or visualization” can largely help the procedure, in which SA-modelling 
including mechanistic dedicated models acts as an useful tool to relate various sciences and 
perhaps to modify a SA-handbook. Although there are already practically useful SA-code, 
such as MAAP, MELCOR, and etc., the role of the dedicated models is different from these 
practical SA-codes. JAEA has started dedicated modelling on the severe accident, which 
includes dedicated modelling for the fuel degradation in a collaboration with a steel 
production company and universities. “What is going on” will be presented in the CALPHAD 
meeting. Succession of knowledge on severe accident and training of next and perhaps “after 
next” generation scientists and engineers are indispensable, even when it is decided that 
Japan will not use nuclear power plants in the future. The improvement of thermodynamic 
database and kinetic modelling must continue in the post Fukushima period.  
 
Keywords:  Thermodynamic database, Nuclear severe accident, Nuclear fuel degradation, 
Molten corium concrete interaction, Debris 

Fm2
	  



CALPHAD	  XLI,	  June	  3rd-‐8th,	  2012,	  Berkeley,	  California,	  USA	  
	  

	   96	  

LANTHANIDE DISSOLUTION IN URANIA:  
UNDERSTANDING NUCLEAR FUEL UNDER IRRADIATION 

 

T.M. Besmann, S. L. Voit, D. Shin, J. McMurray, B. Slone 

Oak Ridge National Laboratory 

 

In the fissioning of uranium the fission product lanthanides and yttrium are generated in 

significant amounts.  The elements at the expected concentrations typically dissolve in the 

fuel fluorite oxide phase, having a strong influence on oxygen potential as a function of 

oxygen-to-metal ratio and temperature, and thus other thermophysical properties.  

Thermochemical solid solution models for actinides oxides containing lanthanides are thus 

important for predicting properties and have been the focus of recent work.  They have 

resulted in reasonably accurate representations of behavior using approaches that account 

relatively simply for the oxygen ion defects in the phase. 

 
Research supported by the US DOE Office of Nuclear Energy, Fuel Cycle Research and 

Development Program. 

 
Notice: This manuscript has been authored by UT-Battelle, LLC, under Contract No. DE-

AC05-00OR22725 with the U.S. Department of Energy. The United States Government 

retains and the publisher, by accepting the article for publication, acknowledges that the 

United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license 

to publish or reproduce the published form of this manuscript, or allow others to do so, for 

United States Government purposes." 
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EXPERIMENTAL STUDY AND THERMODYNAMIC 
ASSESSMENT OF THE ER-ZR-H TERNARY SYSTEM 

Aurore Mascaro1,2, C. Toffolon-Masclet1, J.-M. Joubert2, C. Raepsaet3 

1 CEA-Saclay, Nuclear Energy Division, Nuclear Materials Department, SRMA, LA2M, 
91191 Gif-Sur-Yvette, France 

2 Chimie Métallurgique des Terres Rares, Institut de Chimie et des Matériaux Paris-Est, 
CNRS, Université de Paris XII, 2-8 rue H. Dunant, 94320 Thiais, France 

3 CEA-Saclay, DSM, IRAMIS, SIS2M, LEEL, 91191 Gif-Sur-Yvette, France 

In order to increase cycle length and fuel burn up of pressurized water reactors (PWR), new 
fuel claddings concepts are being developed by the CEA. These new claddings are 
constituted by a liner of zirconium-erbium alloy between two liners of industrial zirconium 
alloys [1, 2]. Thanks to its high neutron absorption cross section, erbium can be used as a 
solid burnable poison to control the nuclear reaction. This kind of configuration provides a 
more homogeneous power distribution within the reactor core and liberates some extra space 
for more fuel. 
Each cladding is surrounded by a pressurized water environment. Furthermore, water 
dissociation is responsible for hydrogen diffusion and interaction with the cladding. Thus, it 
is of high interest to have a good knowledge of the Er-H-Zr ternary system. In this study, this 
ternary system has been studied experimentally and modelled by the Calphad method.  
The samples have been synthesised by arc melting, and then hydrogen charged using the 
Sieverts method. They have been analysed by X-ray diffraction and to quantify and locate the 
hydrogen, the nuclear microprobe has been used with RBS + ERDA combination (Rutherford 
Backscattering and Elastic Recoil Detection Analysis). 
This system has been modelled using the CALPHAD method. Due to the existence of 
homogeneity domains, the solid phases have been modelled with the sub-lattice model. A set 
of parameters describing the Gibbs energies of the different phases is given and reproduces 
well the available experimental data. 
 
REFERENCES 
[1] Brachet, J.-C., Chabert, C., Olier, P., and Urvoy, S. 2006: French CEA patent: BD 1725. 
[2] Brachet, J.-C., Olier, P., Urvoy, S., Vandenberghe, V., and Chabert, C., Addition of 
erbium as a neutronic burnable poison in zirconium base nuclear fuel cladding tube. 
Proceedings of Top Fuel 2009, paper 2189, Paris (France) September 6-10, 2009. 
 
 
Keywords:  Zirconium based alloys, Metal hydrides, Calphad assessment, experimental 
measurements, ERDA 
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MODELLING THE DEFECT CHEMISTRY IN NON 
STOICHIOMETRIC UO2±x USING THE COMPOUND 

ENERGY FORMALISM – A TENTATIVE LINK WITH OTHER 
APPROACHES 

C. Guéneau1, E. Moore1, N. Dupin2, B. Sundman3 

1 CEA, DEN, SCCME, LM2T, F-91191 Gif-sur-Yvette, France 

2 Calcul Thermodynamique, 63670 Orcet, France 

3 CEA, INSTN, F-9191 Gif-sur-Yvette, France 

Taking into account all the phase diagram and thermodynamic data available in the binary U-

O system, a model was derived by Guéneau et al  [11Gué] to describe the thermodynamic 

properties of the non stoichiometric UO2±x nuclear fuel using the Compound Energy 

Formalism and the three sub-lattice model (U+3,U+4,U+5)(O-2,Va)2(O-2,Va). This model was 

used by Moore et al [11Mo1,11Moo2] to assess a mobility database using DICTRA to 

provide a diffusion model in non stoichiometric uranium dioxide.  

Point defect chemistry of this material has also been studied by ab-initio 

[11Dor,11Cro,11And]. Experimental investigations [11Dor] provide more information on the 

nature of defects in UO2±x, which is still subject of controversy. The developed point [11Dor] 

defect model uses their experimental information and energies of formation of defects 

calculated by ab-initio to describe the defect chemistry and properties such as the electrical 

conductivity. The present work aims to provide a link between the different approaches. The 

energies of formation of the defects derived from the CEF model are compared to available 

experimental and ab-initio data and the need to take into account the interaction between 

point defects is discussed. 

 

[11Gué] C. Guéneau et al, J. Nucl. Mat., 419, (2011) 145 
[11Moo1] E. Moore et al, MMSNF-11 Workshop, 26-28 Sept. 2011, Aix-en-Provence, 

France 
[11Moo2] E. Moore et al, Computational Thermodynamics and Kinetics Seminar 

workshop, 7-8 Fev. 2012, Grenoble 
[11dor]  B. Dorado et al, Phys. Rev. B 83 (2011) 035126 
[11Cro] J.P. Crocombette and D. Torumba, Phys. Rev. B 83 (2011) 184107 
[11And] D.A. Anderson et al, Phys. Rev. B 84 (2011) 054105 
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AB INITIO STUDY OF ADVANCED METALLIC NUCLEAR 
FUELS FOR FAST BREEDER REACTORS 

Alexander Landa1, Per. Söderlind1, Blazej Grabowski1, Patrice E.A. Turchi1, Andrei V. 
Ruban2, Levente Vitos2 

1Physical and Life Sciences Directorate, Lawrence Livermore National Laboratory, 
Livermore, CA, United States                                                                                   

2Department of Materials Science and Engineering, Royal Institute of Technology, 
Stockholm, Sweden 

The U-TRU-Zr and U-TRU-Mo alloys proved to be very promising fuels for TRU-burning 
liquid metal fast breeder reactors. The optimal composition of these alloys is determined from 
the condition that the fuel could remain stable in the bcc phase (γ-U) in the temperature range 
of stability of α-U phase. In other words, both Zr and Mo play a role of ‘γ-stabilizers’ helping 
to keep U in the metastable bcc phase upon cooling. The main advantage of U-Pu-Mo fuels 
over U-Pu-Zr fuels lies in much lower constituent redistribution due to the existence of a 
single γ-phase with bcc structure over typical fuel operation temperatures. The nucleation 
time for the decomposition of the metastable alloys, which controls the constituent 
redistribution process, is directly connected with the excess enthalpy of solution of these 
alloys. 
In the present study we perform KKR-ASA-CPA and EMTO-CPA calculations of the ground 
state properties of γ-U-Zr and γ-U-Mo alloys and compare their heats of formation with 
CALPHAD assessments. We discuss how the heat of formation in both alloys correlates with 
the charge transfer between the alloy components, and how the specific behavior of the 
density of states in the vicinity of the Fermi level promotes the stabilization of the U2Mo 
compound. Our calculations prove that, due to the existence of a single γ-phase over the 
typical fuel operation temperatures, γ-U-Mo alloys should indeed have much lower 
constituent redistribution than γ-U-Zr alloys where a high degree of constituent redistribution 
takes place. The binodal decomposition curves for γ-based U-Zr and U-Mo solid solutions are 
derived from Ising-type Monte Carlo simulations incorporating effective cluster interactions 
obtained from the Screened Generalized Perturbation and Connolly-Williams methods. 
We also explore the idea of stabilization of the δ-UZr2 compound against the α-Zr (hcp) 
structure due to increase of Zr d-band occupancy by the addition of U to Zr. Analogy with 
stabilization of the ω phase in Zr under compression is made. Though the U-Pu-Zr and U-Pu-
Mo alloys can be used as nuclear fuels, a fast rector operation on a closed fuel cycle will, due 
to the nuclear reactions, contain significant amount of MA (Np, Am, and Cm). Calculated 
heats of formation of bcc Pu-U, Pu-Np, Pu-Am, Pu-Cm, Pu-Zr, Pu-Mo, Np-Zr, Np-Mo, U-
Am, Np-Am, Am-Zr and Am-Mo alloys are also presented and compared with CALPHAD 
assessments. The mechanism of Am redistribution in the Pu-U-Zr and Pu-U-Mo fuels is 
discussed. 
 
This work was performed under the auspices of the US Department of Energy by Lawrence 
Livermore National Laboratory under Contract DE-AC52-07NA27344. Work at LLNL was 
funded by the Laboratory Directed Research and Development Program at LLNL under 
project tracking code 12-SI-008. 
 
Keywords:  Nuclear fuels, ab initio calculations, electronic structure, phase diagram, 
CALPHAD assessments 
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ASSESSMENT OF A DIFFUSION MODEL IN NON-

STOICHIOMETRIC URANIUM DIOXIDE (UO2±x) 
 E. Moore1,  C. Guéneau1,  J.P. Crocombette2,  B. Sundman3, C. Chatillon4, F. Hodaj4 

 
1CEA Saclay DEN-DPC-SCP-91191 Gif-sur-Yvette Cedex – France 

2 CEA Saclay DEN-DNM-SRMP-91191 Gif-sur-Yvette Cedex – France 
3CEA Saclay - INSTN –91191 Gif-sur-Yvette Cedex – France 

4 SIMAP CNRS UMR 5614, 38402 –Saint Martin d’Hères, France 

 
Advancements in the field of nuclear energy sciences are of paramount importance to 

meet the rising demands of energy consumption. Uranium oxide systems are commonly used 

as nuclear fuel materials.  More specifically, UO2 which is used in light water reactors 

exhibits a large range of non-stoichiometry over a wide temperature scale up to 2000 K.  

Understanding diffusion behavior of uranium oxides under such conditions is essential to 

ensure safe reactor operation.  Atomic transport in UO2 is widely treated in both the 

experimental and computational materials community.  The current understanding of 

diffusion properties is largely limited by the stoichiometric deviations inherent to the fuel.  

The present DICTRA-based model considers diffusion across non-stoichiometric ranges 

described by experimentally available data.  A vacancy model of diffusion is applied to the 

U-O system as a function of its defect structure derived from CALPHAD-type 

thermodynamic descriptions.   Oxygen and uranium self and tracer diffusion coefficients are 

assessed for the construction of a mobility database.  A diffusion model of the oxide system 

in the fluorite (C1) phase across a stoichiometry of O/U=1.95-2.15 at various temperatures is 

presented. 

 
 
Keywords:  UO2, atomic transport, diffusion, DICTRA 
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ALLOY OPTIMIZATION FOR METALLIC INERT MATRIX 
NUCLEAR FUELS 

Vincenzo Lordi and Patrice E. A. Turchi 

Lawrence Livermore National Laboratory, Livermore, CA, USA 

Inert metal matrix nuclear fuels (IMF) are promising advanced fuel forms for high and 
ultra-high burn up applications, due to the high tolerance for fission gases and irradiation 
dose, while maintaining high fuel density and high thermal conductivity. IMF in a dispersed 
metallic matrix form, fabricated by impregnation with molten matrix metal as suggested by 
Savchenko et al. [1], may meet these requirements by providing space for fission gases as 
well as a direct metallurgical bond between fuel and cladding. The complete encapsulation of 
the fuel meat with a high thermal conductivity inert metallic matrix that continuously spans to 
the fuel cladding provides both excellent heat transfer and potential protection from fuel–
cladding chemical interactions. Impregnation of the metallic matrix must occur below 950°C 
to maintain the integrity of the fuel meat. Low-melting, low-viscosity alloys for the matrix 
facilitate the impregnation process. However, the finished fuel form must maintain integrity 
under reactor operating conditions, which sets a lower bound for the solidus of any 
constituent phases of the fuel.  

 
Here we describe a computational optimization framework we developed, based on 

coupling thermodynamic software with a global constrained search engine, to discover 
optimal  
Zr-based alloy compositions for IMF metallic matrix. Our implementation uses the  
Thermo-Calc® software and the TQ-Interface [2] to couple to a black-box optimizer based on 
the Mesh Adaptive Direct Search algorithm [3], similar to a recent implementation using the 
FactSage software [4]. Future coupling to the DICTRA®™ package will enable 
implementation of additional constraints based on kinetic effects. The motivation to study Zr-
based alloys is to maximize thermal conductivity, with alloying required to lower the melting 
point. We will show results for alloys containing up to 6 elemental constituents including Be, 
Cu, Fe, Nb, and Ti in addition to Zr. Our target function searches for compositions with 
melting temperatures within the allowed range, while incorporating constraints on phases 
formed during solidification to ensure strength, reliability, and compatibility with the nuclear 
reactor environment. Sensitivity analysis is performed to ensure robustness in synthesis of the 
matrix alloys and fabrication of the fuel form. 
 
Prepared by LLNL under Contract DE-AC52-07NA27344. Funded by the Laboratory 
Directed Research & Development Program at LLNL under project tracking code 12-SI-008. 
 
[1] A.M. Savchenko, A.V. Vatulin, E.M. Glagovsky, I.I. Konovalov, A.V. Morozov, A.V. 

Kozlov, S.A. Ershov, V.A. Mishunin, V.I. Sorokin, A.P. Simonov, Z.N. Petrova, and 
V.V. Fedotov, J. Nucl. Mat. 396, 26-31 (2010), and references therein. 

[2] http://www.thermocalc.se 
[3] S. Le Digabel, ACM Transactions on Mathematical Software 37, 44 (2011).  
[4] A.E. Gheribi, C. Audet, S. Le Digabel, E. Bélisle, C.W. Bale, and A.D. Pelton, 

CALPHAD 36, 135 (2012). 
 
Keywords:  optimization, alloy, multicomponent, nuclear fuel, inert matrix 
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IN SILICO PROCEDURE TO PREDICT THERMODYNAMIC 
PROPERTIES FOR THE DETERMINATION OF PHASE 

DIAGRAMS. 

Jean-Philippe Harvey, Aïmen E. Gheribi, Patrice Chartrand 

Center for Research in Computational Thermochemistry, Chemical Engineering Department, 
École Polytechnique de Montréal,C.P. 6079, Succ. Centre-Ville, Montréal, Qc, H3C 3A7 

In recent years the development of super-computers and the improvement of atomistic 
models have given opportunity to scientists and engineers to improve their fundamental 
knowledge about the thermodynamic, structural and physical behaviour of condensed phases. 
Molecular dynamics simulations allow the determination of the effect of temperature on the 
cohesive energy of condensed phases, giving access to the evaluation of the heat capacity of 
solids as a function of temperature and the possibility to describe partially the thermodynamic 
behaviour of liquid phases. To date, the evaluation of the entropy of condensed phases is the 
missing link in first principle simulations for predicting entire phase diagrams, as the absolute 
Helmholtz free energy (or equivalently the Gibbs energy) is not directly available from this 
type of calculation. 

To circumvent this major limitation, scientists have combined first principle 
simulations with statistical-thermodynamics models to complete the description of the 
thermodynamic behaviour of condensed phases. Procedures for predicting entire phase 
diagrams from the combination of both atomistic and statistical-thermodynamics models have 
already been presented for key metallic systems such as the Al-Ni system.1 Statistical- 
thermodynamic models such as the cluster variation method (CVM),2 and the modified 
quasichemical model (MQM)3 were developed to take short range order (CVM and MQM) 
and long range order (CVM) into consideration in the formulation of the configurational 
entropy of mixing of solid and liquid phases respectively. The other non-configurational 
entropy contributions are not predicted by the previously quoted models and need to be 
evaluated in order to obtain a precise evaluation of Gibbs free energy of a given phase. The 
high degree of accuracy of the Gibbs energy of each condensed phase required for calculating 
complex equilibria and ultimately to predict phase diagrams justifies the implementation of a 
strategy to determine a precise and self-consistent set of thermodynamic properties for 
condensed phases where all entropy contributions are rigorously evaluated. In that 
perspective, we are proposing a new in silico strategy based on the thermodynamic 
integration method4 implemented in Monte Carlo simulations to obtain the Gibbs energy of 
the studied phase. In our approach, the total energy of each phase of the system is evaluated 
using the modified embedded atom model.5 The resulting self-consistent thermodynamic 
properties are then used to parameterize the Gibbs free energy of each potentially stable 
phase of a system, so as to predict a complete phase diagram. 

 
1A. Pasturel, C. Colinet, A. T. Paxton, and M. Van Schilfgaarde, Journal of Physics: Condensed Matter 4, 945 

(1992). 
2R. Kikuchi, Physical Review 81, 988 (1951). 
3A. D. Pelton, S. A. Degterov, G. Eriksson, C. Robelin, and Y. Dessureault, Metallurgical and Materials 

Transactions B: Process Metallurgy and Materials Processing Science 31B, 651 (2000). 
4M. Watanabe and W. P. Reinhardt, Physical Review Letters 65, 3301 (1990). 
5B.-J. Lee and M. I. Baskes, Physical Review B: Condensed Matter and Materials Physics 62, 8564 (2000). 

 
Keywords: Monte Carlo simulations, molecular dynamics, CVM, metal alloys 
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STRUCTURE AND THERMODYNAMIC PROPERTIES OF 
LIQUID Al-Fe ALLOYS BASED ON TWO-PHASE MODEL 

 

Jia Jia Han,ab William Yi Wang,bc Shun Li Shang,b Yi Wang,b Suveen Neigh Mathaudhu,d Xi 
Dong Hui,c Cui Ping Wang, a Xing Jun Liu,a Zi-Kui Liub 

a Department of Materials Science and Engineering, College of Materials, Xiamen 
University, Xiamen 361005, P. R. China 

b Department of Materials Science and Engineering, The Pennsylvania State University, 
University Park, PA 16802, USA 

c State Key Laboratory for Advanced Metals and Materials, University of Science and 
Technology Beijing, Beijing 100083, China  

d Materials Science Division, U.S. Army Research Office, Research Triangle Park, NC 
27709, USA 

 
 
The two-phase thermodynamic model is employed to predict the thermodynamic properties 

of Al-Fe alloys with wide range of temperatures and compositions from Ab initio molecular 

dynamics (AIMD) trajectories. The structure and diffusivity of liquid Al-Fe alloys are well 

described by projector-augmented wave (PAW) method within the generalized gradient 

approximation (GGA). The vibrational density of state (VDOS), obtained from the Fourier 

transform of the velocity autocorrelation function, allowing the vibrational entropy to be 

determined from 50 ps MD trajectories. Since the finite value at zero frequency and fluidicity 

at low frequency, the entropy of liquid could not be calculated from the total VDOS directly. 

Thus, this anharmonic effect and quantum effect in the liquid are separately accounted for by 

decomposing the total VDOS into the gas-phase and solid-phase components. The electronic 

and magnetism entropies pronouncedly contributing to the total entropy since Fe content are 

also considered in the present work.  

 
 
 
Keywords: Thermodynamic properties, Diffusivity, Liquid alloys, Two-Phase model 
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THE THEORETICAL MODEL FOR MAXIMIZING 
AUSTENITE VOLUME FRACTION IN STEEL ALLOY 

S. Lia, R. Zhua, I. Karamana,b, P.E. J. Rivera-Diaz-Del-Castilloc, R. Arroyavea,b  

a.Department of Mechanical Engineering, b.Material Science and Engineering Graduate 
program, Texas A&M University, USA; cDepartment of Materials Science and Metallurgy, 

University of Cambridge, UK 

The purpose of this work is to predict the optimum temperatures for two-step heat treatment 
to maximize the retained austenite in TRIP steel by employing thermodynamic and kinetic 
approaches. TRIP steel consists of ferrite, bainite, martensite and retained austenite. 
Austenite contributes directly to the TRIP effect as its transformation to martensite during 
deformation provides additional plasticity [1]. Under normal conditions austenite is 
metastable at room temperature but can be stabilized by saturation with carbon. Enrichment 
of austenite can be achieved through a two-step heat treatment. During intercritical annealing 
(IA) a dual phase structure (ferrite+austenite) is achieved. A further bainite isothermal 
treatment (BIT) leads to carbon enrichment of IA austenite through the formation of carbon-
free ferrite. Comparing to the experiments, thermodynamic limitation usually underestimates 
the stability by lower carbon enrichment in retained austenite [2]. The kinetic model is 
implemented to simulate the carbon partitioning from bainite to austenite as the higher bound 
of the austenite stability after heat treatment [3]. If the TBIT is lower than martensite starting 
temperature, martensite will transform from austenite and devote the carbons to enrich 
austenite. This may retard the bainitic transformation. In this work, a theoretical approach is 
coupled to a Genetic Algorithm-based optimization procedure to design the treatment 
temperatures to maximize the volume fraction of retained austenite in a Fe-0.32C-1.42Mn-
1.56Si alloy [4, 5]. The results are compared with experiments. 
 

         
 Schematic diagram of two-step heat treatment The GA-based optimization procedure 
 
[1] HKDH Bhadeshia, Developments in Martensitic and Bainitic Steels: Role of The Shape Deformation, 
Materials Science and Engineering A, 2004; A378: 11. 
[2] CP Scott, J Drillet, A study of the carbon distribution in retained austenite, Scripta Materialia, 2007; 56: 4. 
[3] D GAUDE-FUGAROLAS, PJ JACQUES, A New Physical Model for the Kinetics of the Bainite 
Transformation, ISIJ International, 2006; 46: 6. 
[4] G David E., Genetic Algorithms in search, optimization and machine learning,  Addison-Wesley; 1989. 
[5] W Xu, PEJ Rivera-Dı´az-del-Castillo, Svd Zwaag, Genetic alloy design based on thermodynamics and 
kinetics, Philosophical Magazine, 2008; 88: 9. 
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LIQUID-IMMISCIBILITY-INDUCED FORMATION OF 

CRYSTALLINE/AMORPHOUS COMPOSITE POWDER 
 Y. Yu1, Y. Takaku2, M. Nagasako2, C.P. Wang1, X.J. Liu1,*, R. Kainuma2, K. Ishida2 

1College of Materials, Xiamen University, Xiamen 361005, P.R. China 
2Department of Materials Science, Tohoku University, Sendai 980-8579, Japan 

*Corresponding author: lxj@xmu.edu.cn (X.J. Liu) 
 

Liquid immiscible alloy systems having a positive enthalpy of mixing between the two 

major elements, are characterized by the stable or metastable liquid miscibility gap. When the 

melt is rapidly cooled into the liquid miscibility gap, the liquid phase separation takes place 

and the liquid separates into two liquids. If two phase-separated liquids have lower and 

higher glass-forming ability (GFA), respectively, then the crystalline / amorphous composite 

can be formed after rapid cooling. In the present work, we note that the Co-Si-B-Cu alloy 

system is a good candidate for this investigation, since it not only includes the Co-Si-B 

system showing high enough GFA but also has an atomic pair with a positive enthalpy of 

mixing between Co and Cu elements. On the basis of the CALPHAD approach, the 

compositions of Co-Si-B-Cu alloys system exhibiting the liquid immiscibility (see Fig. 1) 

have been designed. The produced gas-atomized powders show a Cu-rich crystalline/Co-Si-B 

rich amorphous composite microstructure (see Fig. 2). The above-mentioned powders possess 

almost the same coercive force as that of Co-Si-B amorphous powders, while their saturation 

magnetization decreases with increasing Cu concentration. The present results for the micron-

scale Cu-rich crystalline/Co-Si-B rich amorphous composite powder are promising and 

demonstrate the possibility of developing gas-atomized crystalline/amorphous composite 

powder in other multi-component systems using liquid immiscibility. 
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EXPERIMENTAL DETERMINATION, STRUCTURAL 
CHARACTERISATION, DFT CALCULATIONS, AND 

THERMODYNAMIC MODELLING OF Mo-Ni-Re SYSTEM                   

K. Yaqoob1, J.-M Joubert1, J.-C Crivello1, N. Dupin2 
1CMTR-ICMPE-CNRS, Thiais, France 

2Calcul Thermodynamique, Orcet, France  

Considering its commercial importance for the development of nickel based superalloys, Mo-
Ni-Re system has been the subject of some previous investigations [1-3]. A comparison of 
those attempts revealed contradictory results. Therefore in order to develop a better 
understanding, a complete experimental redetermination of the Mo-Ni-Re system followed 
by its thermodynamic modelling was carried out. The isothermal sections of the Mo-Ni-Re 
system were established at 1200°C and 1600°C by investigation of the equilibrated alloys 
with the help of X-ray diffraction (XRD), metallography and electron probe micro-analysis 
(EPMA). A large extension of the binary (Mo-Re) σ and a limited extension of the binary 
(Mo-Re) χ phase were evidenced in both isothermal sections. In addition, presence of two 
ternary compounds and a large extension of binary (Mo-Ni) δ was also observed in the 
1200°C isothermal section. However, no ternary phase was present in the 1600°C isothermal 
section. Considering the large extension of σ phase in the studied isothermal sections, the site 
occupancies of the Mo-Ni-Re σ phase were determined in its ternary homogeneity domain by 
both experimental and DFT calculations method. The experimental determination of site 
occupancies was accomplished by combined Rietveld refinement of X-ray and neutron 
diffraction data whereas computed site occupancies were obtained from the DFT calculations 
of enthalpies of formation of 243 ordered configurations of the Mo-Ni-Re σ phase. The site 
occupancy results showed preference of smaller (Ni) and larger (Mo) size atoms at the low 
and high coordination number sites respectively whereas a dual preference was observed for 
the intermediate (Re) size atoms. The comparison of the site occupancy data determined 
experimentally and by DFT calculations showed appreciably good agreement that confirmed 
the validity of both methods [4]. Moreover, by using the obtained phase equilibria data and 
DFT calculations results of the enthalpies of formation of the Mo-Ni-Re phases (σ, δ and 
ternary phase), thermodynamic modelling of the system was also carried out with help of the 
CALPHAD method. 
 
References: 
[1] A. A. Kodentsov, S. F. Dunaev, E. M. Slyusarenko, E. M. Sokolovskaya, A. N. Priimak, 

Vestnik Moskovskogo Universiteta Ser.2 Khimiya, 1987, 28, 153-158. 
[2] E. M. Slyusarenko, A. V. Peristyi, E. Y. Kerimov, M. V. Sofin, D. Y. Skorbov, Journal of 

Alloys and Compounds, 1998, 264, 180-189. 
[3] Y. Feng, R. Wang, K. Yu, D. Wen, Rare Metals, 2008, 27, 83-88. 
[4] K. Yaqoob, J.-C. Crivello, J.-M. Joubert, Inorg. Chem., in press, doi: 10.1021/ic202479y. 

 

Keywords:  Isothermal sections, ternary site occupancies, combined Rietveld refinement, 
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STABILITY OF CLOSE-PACKED STRUCTURES OF Fe-Ni 
UNDER PRESSURE: A FIRST-PRINCIPLES STUDY 

 
O.Yu. Vekilova1, S.I. Simak1, I.A. Abrikosov1 

1 Department of Physics, Chemistry and Biology (IFM), Linköping University, SE-581 83 
Linköping, Sweden 

 
 

The pressure-temperature conditions in Earth's core region are estimated to be in the 
range 300-400 GPa and 4000-6000 K, respectively. Until recently the hexagonal close-
packed (hcp) phase of iron was considered as the only candidate for Earth’s inner core. 
However, even relatively small amount of impurities can influence the stability of Fe phases 
with respect to each other as well as their thermodynamic properties.  

It has recently been predicted theoretically that the body-centered cubic (bcc) and 
face-centered cubic (fcc) phases of iron at Earth’s core conditions may be as stable as the hcp 
structure. Therefore the three different phases, namely hcp, bcc, and fcc could all be 
considered as possible candidates for the crystal structure of Earth’s core. There is no 
unambiguous experimental data indicating the stable iron phase because these extreme 
conditions are not yet reachable experimentally. However, there are experiments, which were 
carried out at slightly lower pressures and temperatures. An important contribution here is 
due to Dubrovinsky and co-workers who have reported stabilization of the bcc phase of iron 
alloyed with 10 at. % of Ni [1]. At first sight it may seem surprising because from the phase 
diagram of Fe-Ni it follows that the addition of Ni stabilizes the hcp and destabilizes the bcc 
phase.  

We elucidate the reasons of these controversial observations. We study the effect of 
Ni on the phase stability of the bcc, fcc and hcp phases of Fe. We show from first principles 
that the stabilization effect of Ni strongly depends on the magnetic state of the Fe-Ni system, 
which is in turn controlled by pressure and temperature. Therefore the effect turns out to be 
opposite at ambient conditions and conditions of Earth’s core. We provide a simple 
explanation of such behavior in terms of the canonical band theory. 
 

1. Dubrovinsky, L. et al. Body-centered cubic iron-nickel alloy in Earth’s core, Science 

316, 1880-1883 (2007) 

 
 
Keywords:  Fe-Ni alloys, Earth’s core, phase stability, canonical bands theory, first-principles 
calculations 
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ENERGIES OF FORMATION OF BINARY LAVES PHASES 
USING FIRST-PRINCIPLES 

Anirudh R. Natarajan and K.C. Hari Kumar 

Department of Metallurgical and Materials Engineering, Indian Institute of Technology 
Madras, Chennai-600 036, India 

 

Energies of formation of all known binary stable Laves phases are calculated using First-

Principles. First principle calculations based on DFT were performed on the Vienna Ab-Initio 

Simulation Package (VASP) using the projector augmented-wave (PAW) and the exchange 

and correlation energy are described with the supplied generalized gradient approximation 

(GGA) pseudopotentials. 

In a previous review by [1], the experimental and estimated enthalpies of formation were 

listed. In a subsequent comment by [2] it was noted that ab initio calculations based on 

density functional theory would provide a more accurate result. 

The calculations were performed on all three classes of Laves phases. Magnetism was 

accounted for in compounds containing Fe, Co or Ni by performing a spin polarized 

calculation. 

[1] Zhu, J. H., Liu, C. T., Pike, L. M., & Liaw, P. K. (2002). Enthalpies of formation of binary Laves phases. 

Intermetallics, 10, 579-595.  

[2] Chen, X. (2004). Comment on “Enthalpies of formation of binary Laves phases” [Intermetallics, 10 (2002) 

579–595]. Intermetallics, 12 (1), 59-62. 
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SYSTEMATIC DFT INVESTIGATION OF χ  AND σ  PHASES                            
IN TRANSITION METAL - Re BINARY SYSTEMS 

J.-C. Crivello, A. Breidi, J.-M. Joubert 

Chimie Métallurgique des Terres Rares, Institut de Chimie et des Matériaux Paris-Est, 
CNRS, 2-8 rue H. Dunant, F-94320, Thiais, France, e-mail: crivello@icmpe.cnrs.fr 

 
The Frank-Kasper phases, known as topologically close-packed (tcp) phases, present 

interesting examples of intermetallic compounds able to accommodate large homogeneity 

ranges by atom mixing on different sites. Among them, the χ and σ phases present two 

competing complex crystallographic structures, the stability of which is driven by geometric 

and electronic factors. 

Rhenium is the element forming the largest number of binary χ and σ phases. Its central 

place among the transition metals in the periodic table plays an important role on the element 

ordering in tcp phases. Indeed, it has been shown that Re shows an opposite site preference 

depending on which elements it is alloyed. 

In the present work, χ and σ phase stability in binary Re-X systems is systematically studied 

by a first principles investigation. The heat of formation of the complete set of ordered 

configurations (16 for χ, 32 for σ) has been calculated in 16 well-chosen systems (see the 

figure below) to identify stability criterion. They include not only the systems in which χ Re-

X (X=Ti, Mn, Zr, Nb, Mo, Hf, Ta, W) and σ Re-X (X=V, Cr, Mn, Fe, Nb, Mo, Ta, W) exist, 

but also systems in which both phases are not stable. A careful analysis is done of the 

energetic tendencies as a function of Re-composition, electron-concentration and size effect. 

Moreover, the site preference and other crystallographic properties are discussed. 

Conclusions are drawn concerning the relative stability of the two phases in comparison with 

the experimental knowledge on the systems. 

 
Fig. Studied binaries Re-X systems, with X elements in black 

 
Keywords:  DFT calculation, heat of formation, intermetallics, tcp phases, rhenium 
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ON THE FORMATION OF HIERARCHICAL L21-Ni2TiAl 
PRECIPITATES IN A FERRITIC ALLOY THROUGH 

DISORDER TRAPPING 

C.H. Liebscher1),2), V. Radmilovic2), U. Dahmen2), M. Asta1), G. Gosh3) 
1) Department of Materials Science and Engineering, University of California, Berkeley, CA 94720 

2) National Center for Electron Microscopy, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

3) Materials Science and Engineering, Northwestern University, Evanston, IL 60208 

The present study aims to characterize the formation of hierarchically structured L21-
Ni2TiAl precipitates through disorder trapping. To achieve conditions where disorder is 
trapped, a ferritic alloy with nominal composition Fe-15.4Al-12.1Cr-1.0Mo-16.0Ni-4.3Ti (in 
at.%) was prepared by melt spinning from 99.99 % pure elements.  

In the as quenched state L21-Ni2TiAl precipitates with an average width of 15 nm are 
coherently embedded in the bcc-Fe matrix. A fine network of curved antiphase boundaries 
(APB) with displacement vector  is observed within the precipitates. This 
microstructure is a typical feature in the Ni-Al-Ti system for complete disorder trapping [1].  

After annealing the sample at 700 ˚C for 10 h fine isotropic zones of B2-NiAl with a 
width of 3 to 7 nm are formed within the L21-Ni2TiAl precipitates. From TEM measurements 
it is found that the Ni2TiAl-phase is off-stoichiometric, implying a non-equilibrium 
constitution. Order-disorder transitions and the construction of the NiAl-NiTi phase diagram 
[2] play an important role in understanding the formation sequence of hierarchical structured 
precipitates.  

During melt spinning, B2-NiAl type precipitates form by nucleation and growth processes 
from the supersaturated matrix. Ti is segregating to the precipitate phases and the 
non-equilibrium B2-NiAl phase rapidly orders to the L21-Ni2TiAl phase during cooling to 
room temperature forming the dense APB network through disorder trapping. The planar 
defects act as nucleation sites for the formation of fine B2-NiAl zones during annealing, as 
the precipitate composition lies within the immiscibility gap of NiAl and Ni2TiAl.  

First-principles zero temperature calculations of APB energies are used to support the 
formation of  APBs. As a first step to account for temperature effects and compositional 
fluctuations at the boundaries a cluster expansion formalism is used to parameterize the 
energy in terms of effective cluster interactions. To prove the quality of the energy 
parameterization a Monte-Carlo method is used to determine the NiAl-Ni2TiAl phase 
boundaries as implemented in ATAT [3].  
 
[1]  W.J. Boettinger, L.A. Bendersky, J. Cline, J.A. West, M.J. Aziz, Mater. Sci. Eng. A 133 
(1991) 592. 
[2]  R. Kainuma, K. Urushiyama, K. Ishikawa, CC. Jia, I. Ohnuma, K. Ishida, Mater. Sci. 

Eng. A 239-240 (1997) 235. 
[3]  A. van de Walle, M. Asta, G. Ceder, Calphad 26 (2002), pp. 539-553. 
 
Keywords: Ferritic alloy, precipitation strengthening, hierarchical, Heusler, disorder trapping 
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PHASE DIAGRAM OF Cu-Ni AND Ag-Sn NANOALLOYS 
 

J.Vřešťál, J.Pinkas, J.Sopoušek, P.Brož,  D.Škoda, A.Stýskalík  
 

Department of Chemistry and CEITEC MU, Masaryk University, Brno, Czech Republic 
 

 

Phase diagram calculation procedure for nanoalloys was described recently [1] and it was 

used and extended in the present contribution. Cu-Ni system exhibits complete solubility of 

components in both solid and liquid phases, so the method described in [1] was successfully 

used for calculation. The Ag-Sn system with intermediate phases was subject of extension of 

calculation method by introducing approximation of surface energy value of intermediate 

phases leading to the successful description of phase diagram. The calculations were verified 

by experiments below:   

The CuNi nanoalloys were synthesized by the way of the one-pot thermolysis under inert 

nitrogen atmosphere using acetylacetonates of copper and nickel as precursors in 1-

octadecen/oleylamine mixed solvent [2].  

The AgSn nanoparticles were prepared by wet synthesis from silver nitrate and stannous 

ethylhexanoate by reduction with NaBH4 in a temperature range from 0 to -20 °C in methanol 

under a nitrogen atmosphere. All nano-products were characterized by means of SEM, TEM, 

DLS, DSC, and XRD methods. DSC calorimetry was used for the verification of calculated 

solid/liquid phase transformation temperatures. 

An agreement between calculations and experimental results is discussed. 

 

[1] Park, J., Lee, J.: CALPHAD 32 (2008) 135-141 

[2] Zhang,Y., Huang, W., Habas, S. E., Kuhn, J. N., Grass, M. E., Yamada, Y., Yang, P., 

Somorjai, G. A.: J. Phys. Chem. C 112 (2008) 12092-12095 
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DEVELOPMENT OF Au-Ge BASED LEAD-FREE SOLDERS 
VIA CALPHAD METHOD 

Shan Jin1, 2, Liliana I. Duarte1, Jiang Wang1, Christian Leinenbach1 

1 Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for 
Joining Technologies and Corrosion, Überlandstrasse 129, CH-8600 Dübendorf, Switzerland 

2 Computational Materials Laboratory, Ecole Polytechnique Fédérale de Lausanne, Station 
12, CH-1015 Lausanne, Switzerlnad 

 

Au-Ge based alloys (Au-Ge, Au-Ge-Sb, Au-Ge-Sn) show an interesting combination of 

low melting temperature, a good thermal and electrical conductivity and a good corrosion 

resistance. They have recently become of special interest as possible high temperature lead-

free solders for, e.g., power electronic devices or special sensors. Regarding the Au-Ge based 

solder materials, the reliability of the joints is largely dependent on the interactions between 

the solder and relevant substrates (e.g., Cu, Ni, Ti, Si). The cost can be reduced through the 

additions of the possible alloying elements to replace a part of Au. Understanding the 

interaction mechanism and finding out the possible alloying elements require the knowledge 

of the relevant phase diagrams and thermodynamic properties of the whole system including 

Au-Ge based alloys and substrate materials.  

In the present work, the phase diagrams of the Au-Ge-Cu, Au-Ge-Ni and Au-Ge-Ti, 

including liquidus projections, some interesting isothermal sections and vertical sections, are 

experimentally investigated by means of scanning electron microscopy (SEM), electron 

probe microanalysis (EPMA), differential scanning calorimetry (DSC) and x-ray diffraction 

(XRD). The Au-Ge-X (X = Cu, Ni, Ti) systems were then thermodynamically assessed based 

on the present experimental results and the available experimental data from literature. Good 

agreement between the calculations and the experiments support the reliability of the present 

thermodynamic modeling. The overall aim is to build up a thermodynamic database for the 

Au-Ge-Cu-Ni-Ti-Sb-Si-Sn multi-component systems. 

Two promising ternary solder compositions (Au71Ge15Sb17, Au68Ge14Sn15, atomic percent) 

were proposed based on the previous assessments. Good wetting behavior was observed for 

those AuGeSb and AuGeSn alloys on Cu and Ni substrates. Some applications of joining 

dissimilar (Cu-Ni, Cu-Ti, Ni-Ti) substrates by using Au-Ge eutectic alloy are presented as 

well. 

 

Keywords:  Au-Ge, CALPHAD, Phase diagram, Thermodynamics, Lead-free solders 
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PREDICTION OF THE THERMODYNAMIC PROPERTIES 

OF TERNARY Al-Ni-Zr ALLOYS 

Jolanta Romanowska 

Rzeszów	  University	  of	  Technology,	  Poland	  

 
Thermodynamic properties of ternary Al-Ni-Zr system, such as , , 

and were predicted on the basis of thermodynamic properties of binary systems 

included in the investigated ternary system.  

 The idea of predicting  values was regarded as calculation 

of values of a  function inside a certain area (a Gibbs triangle) unless all boundary 

conditions, that is values of  on all legs of the triangle are known ( , , ).  

This approach is contrary to finding a function value outside a certain area, if the function 

value inside this area is known.  and  ternary interaction parameters in the Muggianu 

extension of the Redlich – Kister formalism are calculated numerically by use of the Excel 

program and Solver. Results of such calculations agree with values obtained by the 

CALPHAD approach (for Cu-Sn-Zn, Bi-Cu-Ni,  and many other systems). The approach 

proposed in this paper is as follows: if we know all boundary conditions, that is  values 

on all legs of the Gibbs triangle, we find a function value inside the triangle. The 

concentration of the third component xx was accepted 0.02, 0.05 and 0.1 mole fraction. In 

other words, value for each point of the Gibbs triangle and for the corresponding point on 

the legs  of the  triangle  was assumed to be the same. . Values of L parameters in the Redlich 

– Kister formula are different for different xx values, but values of thermodynamic functions: 

, , and do not differ significantly for different xx values. 

The choice of xx value does not influence the accuracy of calculations. 

 

 
Keywords: ternary alloys, modeling, AlNiZr system, Gibbs energy 
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THERMODYNAMIC ASSESSMENTS OF THE LIQUID 
IMMISCIBILITIES IN THE BAOSIO2 AND TIO2-SIO2 

SYTEMS USING THE IONIC TWO SUBLATTICE MODEL 
Emilie Boulay(a), Jinichiro Nakano(b), Stéphane Godet(a) 

 (a) ULB, 4MAT Department, CP194/3, 87 Av. Buyl, 1050 Brussels, Belgium 
(b) URS Corp, P.O. Box 1959, Albany, OR 97321 USA 

 
Glass-ceramics in the BaO-SiO2-TiO2 system exhibit strong photoluminescence properties due to the 
fresnoite phase formation. This effect can be enhanced by controlling a prior amorphous phase 
separation, which promotes the formation of finer crystals. The thermodynamic stability and 
metastability of the liquid phase in this system are critical information in order to design optimal 
compositions and processes of the glass exhibiting the maximum photoluminescence effect. However, 
the liquid phase in the BaO-SiO2-TiO2 system has never been assessed in the past and there is a lack 
of experimental data. Corresponding sub-binary systems were evaluated in literature but using 
different thermodynamic models: the BaO-SiO2 system was performed on the basis of the structural 
model for silicate melts and glasses [1] and the TiO2-SiO2 binary system using a Margule type excess 
polynomial model [2]. The BaO-TiO2 system was already assessed by using the Ionic Two Sublattice 
model [3]. To construct a ternary description of the BaO-SiO2-TiO2 system, the Ionic Two Sublattice 
model was used in this work to first describe liquid phases in both BaO-SiO2 and TiO2 SiO2 systems. 
Available experimental data from literature were evaluated to assess the thermodynamic parameters 
of these liquid phases by the CALPHAD method. The assessments were conducted using a PARROT 
module of the Thermo-Calc software. A set of optimized parameters was obtained and calculated 
phase diagrams related to the stable and metastable liquid miscibility gaps in the BaO-SiO2 and TiO2-
SiO2 are consistent with experimental data as shown in Figure 1 and Figure 2. The validity of liquidus 
projection interpolations into the ternary system by Muggianu’s model is investigated. Discussion is 
further expanded to experiments and the parameter assessment required for the prediction of the 
resulting BaO-SiO2-TiO2 equilibrium diagrams. 
 

 
[1] A. Romero-Serrano et al., Thermodynamic modeling of the BaO-SiO2 binary melts. Glass Phys. and Chem., 
2010, Vol.36 n°2, pp.171-178. 
[2] M. Kirschen, C. DeCapitani, Immiscible silicate liquids in the system SiO2-TiO2-Al2O3. Eur.J.Mineral, 1999, 
Vol.11, pp.427-440. 
[3] X. Lu, Z. Jin, Thermodynamic assessment of the BaO-TiO2 quasibinary system. Calphad. Pergamon, 2000, 
Vol.24, 3, pp.319-338. 
[4] P. James, A. Ramsden, The effect of amorphous phase separation on crystal nucleation kinetics in BaO-SiO2 
glasses, Part I: General survey, Journal of Materials Science. 1984, Vol.19, pp.1406-1419. 
[5] R. DeVries, R. Roy,E. Osborn, The system TiO2-SiO2. Trans. Br. Ceram. Soc., 1954,Vol.53, pp.525-540 
 
Keywords: Liquid immiscibility – BaO-SiO2 system – TiO2-SiO2 system – Ionic Two Sublattice Model – 
Extension to BaO-TiO2-SiO2. 
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SIMULATION AND CHARACTERIZATION OF SIGMA 
PHASE FORMATION IN NIOBIUM-STABILIZED 

AUSTENITIC STAINLESS STEEL 

A. Perron1, F. Buy1, E. Suzon1, J. Farré1, F. Cortial2, Ph. Petit3 

1 CEA-Centre de Valduc, 21120 Is sur Tille 
2 DCNS Research - CESMAN, 44620 La Montagne 

3 AUBERT & DUVAL - Usine des Ancizes, 63770 Les Ancizes 

Stabilized austenitic stainless steels are widely used in components designed for high 
temperature and stress applications like in nuclear and oil industries. Indeed, an addition of 
stabilizing elements such as niobium (Nb), titanium or vanadium greatly improve the creep 
strength of this kind of alloys by precipitating fine carbides intragranularly. Niobium - which 
is known to be a strong carbide former Nb(C,N) - prevents the formation of chromium-rich 
carbide (M23C6) and so, the formation of grains chromium depleted area. This protection 
against corrosion is also increased by addition of chromium and molybdenum in steels. 
However, these lasts promote sigma phase precipitation on long term aging. Sigma phase can 
alter initial corrosion resistance and mechanical properties of austenitic stainless steels [1,2]. 
The purpose of this study is to characterize the formation of sigma phase in niobium-
stabilized austenitic stainless steel (316Nb) by both experimental and numerical 
investigations and to compare obtained results with literature. 
 
Based on first studies performed by Erneman, Schwind et al. on stabilized austenitic stainless 
steels [3,4], simulations are achieved by using Thermo-Calc and DICTRA software packages. 
The first part is dedicated to the delta ferrite phase that is not supposed to be 
thermodynamically stable below 1220°C for 316Nb. Calculated phase fraction and chemical 
composition are compared to the experimental ones. The second part is focused on the sigma 
phase precipitation through different mechanisms. Kinetic calculations highlight that 
precipitation of sigma phase is very low in austenite. On the contrary, sigma phase can 
appears quickly in ferrite by a direct diffusion controlled reaction if the initial amount of 
chromium and molybdenum is important in ferrite. If not, the slower eutectoid decomposition 
takes place: δ → σ + γ.  
 
Kinetic and thermodynamic simulations on sigma phase formation are compared to 
experimental results obtained with (Differential Scanning Calorimetry) DSC coupled to 
qualitative metallography. DSC permits to reach very quickly the desired temperature 
(heating rate up to 1000°C/min) and to quench the sample after thermal treatment (cooling 
rate down to 200°C/min). The accuracy of results between modeling and experimental 
investigations is very good. Finally, experimental time-temperature precipitation has been 
drawn for sigma phase in 316Nb and is compared to calculated values. 
 
Keywords: Austenitic stainless steel, Thermal treatment, Sigma phase, Delta ferrite, 
Modeling/Experimental coupling 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
[1] J. Barcik, Mater. Sci. Technol. 4 (1988) 5. 
[2] T. Sourmail, Mater. Sci. Technol. 17 (2001) 1. 
[3] M. Schwind, J. Källqvist, J.-O. Nilsson, et al., Acta Mater. 48 (2000) 2473. 
[4] J. Erneman, M. Schwind, L. Nylöf, et al., Metall. Mater. Trans. A 36 (2005) 2595. 
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STABILITY OF PHASES FOR THE Fe-O SYSTEM IN HUMID 
ATMOSPHERES 

Janina Struth, Mana Dadkhah, Torsten Markus 

Forschungszentrum Juelich GmbH, IEK-2, D-52425 Juelich, Germany  

 
Keywords:  Fe-O-H2O, Vapour Pressure, Experiments + Calculations 
 
In recent years the development and construction of power generation systems with increased 

steam parameters to pressures of 300 bar and temperatures of 600-650 °C has led to a revival 

of the research on water vapor effects in steel oxidation [1]. Various mechanisms have been 

proposed and difficulties in finding conclusive explanations are most probably related to the 

presence of water vapor during the different steps of the oxidation process. Ferritic steels 

with a high Cr content are commonly used as construction materials for live steam piping or 

blading materials in steam turbines at such high temperatures. However, it was found that 

those materials show a high corrosion rate [2] especially in presence of water vapor (typically 

7–15 vol%).  

The focus of the here presented work lies on the determination of key basic data on the 

stability of Fe and the Fe-oxide phases in the system Fe-O under atmospheres with different 

partial pressures of water.  

There are 3 oxide phases present in the system Fe-O: At low oxygen content wustite (FeO) 

with NaCl structure (B1). The spinel phase (magnetite, Fe3O4) has a more narrow 

stoichiometry range and is stabilized by its magnetic transformation at rather high 

temperature. The corundum phase (hematite, Fe2O3) is treated as a stoichiometric oxide.  

In the framework of our studies, vapor pressures of the Fe(OH)2 for varying oxygen and 

water partial pressures have been determined experimentally using Knudsen Effusion Mass 

Spectrometry and the vapor transpiration method on the one hand. Secondly numerous first 

principle calculations have been carried out and the results were combined with the 

experimental findings, which were compared to the quite few available literature data to get 

an inside into the system Fe-O-H2O. 

 
[1]  P.J. Ennis, in: R. Viswanathan, W.T. Bakker, L.D. Parker (Eds.), Advances in Material Technology for 

Fossil Power Plants, Institute of Materials, London, Book no. 0770, 2001, pp. 187–196, ISBN 1-86125-
145-9 

[2]  W.J. Quadakkers, M. Thiele, P.J. Ennis, H. Teichmann, W. Schwarz, in: EUROCORR 97, Trondheim, 
Norway, 22–25 September 1997, Proceedings, European Federation of Corrosion, vol. II, pp. 35–40 
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THERMODYNAMIC ANALYSIS OF THE CaO-SiO2-M2O 
(M=K, Na) SYSTEM 

Ligang Zhang1, Clemens Schmetterer1, Patrick J. Masset2 

 
1Freiberg University of Mining and Technology, Centre for Innovation Competence 
VIRTUHCON, Research Group “Multiphase Systems”, Fuchsmühlenweg 9, Reiche Zeche, 
09596 Freiberg, Germany 
2ATZ Entwicklungszentrum, An der Maxhütte 1, D-92237 Sulzbach-Rosenberg, Germany 

 

Silicates and silicate melts are important substances found in diverse fields such as 

geosciences and process engineering, where they are relevant for understanding natural 

magmatic processes or play a major role as slags in the process design, respectively. While 

CaO and SiO2 are usually the prime components, alkaline oxides also appear in minor 

quantities that can significantly alter the materials properties; e.g. they considerably modify 

the liquidus temperature, viscosity...  

As the phase diagram provides the basic information on materials thermochemical 

properties, the aims of the present study are a careful review of the available data – phase 

diagram and thermodynamics – in the system CaO-SiO2-M2O (M=K, Na) as well as 

CALPHAD modeling of this system accompanied by strategically planned key experiments. 

The heat capacities of three compounds, K2Ca2Si2O7 and K8CaSi10O25, in the CaO-SiO2-K2O 

system measured by drop calorimetry, and these results were considered in our optimization. 

Ab initio calculations have been performed to support the evaluation. The calculated 

formation enthalpies of each ternary compounds from first-principles calculations were taken 

into consideration in the present work. The calculated phase equilibria and thermodynamic 

properties are in agreement with available experimental data. In this contribution the first 

results of the modeling efforts will be presented. 

 

Keywords: Slag, Thermodynamics, Phase Diagram, CALPHAD 
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EXPERIMENTAL STUDIES OF THE QUASI-BINARY 
SYSTEM Na2SO4 – NiSO4 BY DIFFERENTIAL THERMAL 

ANALYSIS AND X-RAY DIFFRACTION 
D. Kobertz and M. Müller 

 
Forschungszentrum Jülich, IEK-2, D-52425 Jülich, Germany, email: d.kobertz@fz-juelich.de 

 
Limitation of fossil fuel resources requires an increase of the efficiency of power plants by using combined 

cycle power systems. Modern high temperature coal fired combined cycle concepts are able to achieve 
efficiencies in excess of >50%. Steam conditions of 700 - 750 °C and up to 350 bars require application of 
nickel base alloys with long term creep and hot corrosion resistance. The direct use of the hot flue gas for 
driving a gas turbine needs a hot gas cleanup in advanced to achieve corrosion reduction or prevention of the 
turbine blading.  

Hot corrosion on turbine blading is initiated by deposition or condensation of corrosive species like alkali 
sulfates and dependent on concentrations of alkalis in the hot flue gas. Type I hot corrosion is caused by the 
formation of liquid Na2SO4 above its melting point (884 °C). Type II hot corrosion is caused by the formation of 
an eutectic melt of NiSO4 and Na2SO4 above 671 °C. NiSO4 itself is formed by the reaction of the oxide scale of 
Ni base alloys in blading with SO3 in dependence of the SO3 partial pressure in the hot flue gas.  

The motivation of our studies is to understand the aforementioned alkali sulfate related processes under 
applied conditions and accrued phases. This work includes the experimental studies of the quasi-binary sub-
systems Na2SO4 - NiSO4 since there are variant and uncompleted contradictory results and interpretations in the 
literature. Differential Thermal Analysis (DTA) with simultaneous Thermo Gravimetry (TG) as well as X-ray 
Diffraction (XRD) measurements were done both to achieve the transition temperatures and the phase 
compositions in this sulfate system. A new phase diagram was determined. 
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THERMODYNAMICS OF THE FE-LU-O OXIDE SYSTEM: 
IMPLICATIONS FOR THE DEPOSITION OF LUFE2O4 THIN 

FILMS 

Lei A. Zhang and Zi-Kui Liu 

Pennsylvania State University 

 

We have studied the thermodynamics of the Fe-Lu-O oxide system with the modeling 

technique CALPHAD using a computerized optimization procedure with input from First-

Principles calculations.  Temperature-composition, pressure-composition, and pressure-

temperature phase diagrams under different conditions are obtained.  The results provide 

helpful insights into appropriate processing conditions for thin films of the multiferroic 

phase, LuFe2O4, including the identification of the pressure/temperature regime for 

adsorption-controlled growth. 

 
Keywords:  CALPHAD, First-principles, multiferroic thin film, stability window 
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EXPERIMENTAL AND THERMODYNAMIC INVESTIGATIONS OF 
COHERENT AND INCOHERENT PHASE EQUILIBRIA OF BCC 

MISCIBILITY GAP IN THE Fe-Al SYSTEM 
Ikuo Ohnuma, Shota Shimenouchi, Toshihiro Omori, Kiyohito Ishida, Ryosuke Kainuma 

Department of Materials Science, Tohoku University, Sendai, Japan 

Allen and Cahn [1] suggested that the coherency of bcc phases, α(A2), α’(B2) and α”(D03), appeared in 
the Fe-Al binary system considerably affect the equilibrium composition and that discrepancies in 
equilibrium compositions reported by Okamoto et al. [2] and by Swann et al. [3] were caused due to the 
incoherent and coherent conditions, respectively. Recently, it was reported that the converge milling 
method, by which severe deformation can be introduced in powder samples, has considerable effects to 
obtain equilibrium microstructures at low temperatures below 600°C [4]. Making use of this technique, 
both coherent and incoherent microstructures could be formed and direct evidence of the effect of the 
coherency on the equilibrium compositions could be confirmed. In this study, the coherent and incoherent 
equilibria of the bcc miscibility gap in the Fe-Al binary system were investigated experimentally and 
thermodynamically.  

Gas-atomized powders of Fe-Al alloys were prepared. Coherent two-phase microstructures of the αFe(A2) 
+ α’FeAl(B2) and the α(A2) + α”Fe3Al(D03) were obtained in the as-
atomized powder by long-term heat-treatment at 550°C and 500°C, 
respectively. Spinodal decomposition occurred to form fine modulated 
microstructures, two phases of which were coarsened up to 1µm in 
diameter due to the Ostwald ripening during the heat-treatment as 
shown in Fig.1 (a). To obtain incoherent microstructures, as-atomized 
powders were pre-heat-treated at 600°C, the condition of which are in 
α(A2) + α’(B2) two-phase region of the phase diagram in the Fe-Al 
system. After that, the powders were severely deformed by the converge 
milling method. Then, each powder sample was encapsulated in an 
evacuated quarts capsule and equilibrated at temperatures between 400 
and 600 °C for various durations up to 3 months. After that, each 
powder sample was molded in a conductive resin, mechanically 
polished, and finished by a vibratory polisher with 0.1µm diamond 
suspension. Microstructure of the powder samples was examined and 
equilibrium compositions were determined by the FE-EPMA with low 
accelerating voltage of 6 kV. Figure 1 (a) and (b) shows a coherent and 
an incoherent micro-structures, respectively. The recrystallization of the 
converge-milled powders resulted in the formation of equi-axed poly-
crystalline microstructure as shown in Fig.1 (b). Results of FE-EPMA 
analysis were summarized in Fig.1 (c), which confirms that the coherent 
equilibria shown with dashed curves appears inside of the incoherent 
equilibria shown with solid ones. According to the obtained phase 
diagram shown in Fig.1 (c), the A2/B2 boundary shown with a hatched 
curve distorted towards Al-rich compositions below the crossing point 
with the Curie temperature curve, which suggests that the interaction 
effect between the chemical and magnetic orderings causes the 
anomalous distortion of the miscibility gap among the α(A2), α’(B2) 
and α”(D03) phases. Thermodynamic analyses of the coherent / 
incoherent equilibria and the interaction effect will be discussed.  
[1] S.M.Allen and J.W.Cahn, Acta metall., 23 (1975), 1017. 
[2] H.Okamoto et al., Metall.Trans., 2 (1971), 569. 
[3] P.R.Swann et al., Metall.Trans.,3 (1972), 409. 
[4] I.Ohnuma et al., CALPHAD XL in Rio de Janeiro, (2011). 
 
Keywords:Microstructure,Fe-Al, spinodal decomposition, coherent and incoherent equiilibria 

	  
Fig.1	  Coherent	  and	  incoherent	  equilibria.	  
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THERMODYNAMIC MODELING OF METASTABLE 
PHASES FOR PRECIPITATION SIMULATION IN NiTi 

SHAPE MEMORY ALLOYS 
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Shape memory alloys (SMAs) are martensitic metals that can “remember” the original shapes 
of their parent modification. In classical Ni-(46-49) at% Ti shape memory alloy with B2-
structured parent matrix, metastable precipitates play an important role for the shape memory 
behavior, as they influence the martensitic phase transition [1,2]. Thermokinetic simulation of 
the precipitate evolution assists our knowledge of the influence of precipitates on materials 
properties after different heat treatments. This simulation requires thermodynamic and 
diffusion mobility databases. In this work, Gibbs energy functions of the metastable 
intermetallic phases Ni4Ti3 and Ni3Ti2 are optimized with experimental solvus data and 0K 
molar enthalpies from first principles analysis. Furthermore, diffusion coefficients of Ni-Ti 
B2 phase are used for the construction of a mobility diffusion database for thermokinetic 
precipitation simulations. As the metastability of Ni4Ti3 and Ni3Ti2 is related to the 
thermodynamics of other phases in the system, the available thermodynamic equilibrium 
assessments of the Ni-Ti system are also checked. We found inconsistency of calculated 
ΔGm(Ni3Ti) with new electromotive force experiments. Also, Hm(Ni3Ti) deviate considerably 
from most published calorimetric and first principles data. New first principles calculations 
confirm this inconsistency. Correct molar enthalpies data are of particular importance for 
thermokinetic precipitation simulations with MatCalc, since they occur in the generalized 
broken-bond model [3] for calculation of interfacial energies. Thus thermodynamic model 
parameters of D024-ordered Ni3Ti are modified, aiming on a better agreement with new 
thermodynamic data. In order to maintain the agreement with the experimental phase 
boundaries, also slight correction of the model parameters of the fcc alloy phase is required. 
Besides classical NiTi shape memory alloy, ternary Ni-Ti-based SMAs have been 
investigated due to their potential of improving the shape memory effect [4-6]. These are Ti-
Ni-Zr, Ti-Ni-Hf, and Ti-Ni-Cu alloys. The new parameters are thus included in an open-
source thermodynamic Ni-Ti-Zr-Hf-Cu database.  
 
[1] S. Miyazaki S, Y. Ohmi Y, K. Otsuka and Y. Suzuki, J.Phys., 43(C4) (1982) 255-260. 
[2] T. Saburi, T. Tatsumi and S. Nenno, J. Phys., 43(C4) (1982) 261-266. 
[3] B. Sonderegger and E. Kozeschnik, Metall. Mater. Trans., 40A (2009) 499-510. 
[4] P.J. McCluskey, C. Zhao, O. Kfir and J.J. Vlassak, Acta Mater., 59 (2011) 5116-5124. 
[5] Y. Motemani, P.J. McCluskey, C. Zhao, M.J. Tan, J.J. Vlassak, Acta Mater., 59 (2011) 
7602-7614. 
[6] T. Saburi, Shape Memory Materials, Cambridge University Press, Cambridge, 1998. 
 
Keywords: Ni4Ti3, Ni3Ti2, Ni3Ti, metastable, precipitation  
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COMPUTER SIMULATIONS AND EXPERIMENTAL STUDY 
ON THE GRADIENT LAYER FORMATION IN CEMENTED 

CARBIDES 

Wen Xie 
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The thermodynamic and kinetic databases for multi-component W-C-Co-Ti-Ta-Nb-N 

cemented carbides were established.  The Thermo-Calc software was used to describe the 

phase composition of alloys during gradient sintering. Based on the established 

thermodynamic and kinetic databases, the effects of sintering temperature, holding time, 

sintering atmosphere and the components of cemented carbide such as C, N, Ti, eta, on the 

thickness as well as components distribution in the gradient layer were studed. The effect of 

N2 pressure in sintering atmosphere on the thickness of gradient layer was study by 

experiment. Analysis was made to compare the experiment results with simulation results, 

and the simulation results show a good agreement with the experimental results. It is 

expected that the presently established thermodynamic and kinetics databases can be used to 

predict the gradient zone formation during the gradient sintering.  

 

 
 
 
Keywords:  cemented carbides, gradient sintering, sintering atmosphere 
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OPTIMIZATION OF THE FABRICATION PROCESS OF 6061 
ALUMINUM ALLOYS USING EXPERIMENTS AND 
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In 6xxx series aluminum alloy, Mg2Si phases are the stable phases resulting from the Al-Mg-

Si precipitation sequence. In these precipitation hardening alloys, two sizes of Mg2Si 

precipitates coexist: intragranular nanometric and rough intergranular (~1µm) ones. 

Moreover, chromium dispersoids and iron intermetallic phases are also present in this 

aluminum alloy. 

In this framework, two 6061 aluminum alloys are studied: the first one with a classical 

industrial composition (material A) and the second one containing reduced amounts of Mg 

and Si (material B). The fabrication process is investigated experimentally and reproduced by 

thermokinetic simulations using MatCalc software. It is divided into seven steps: casting, 

homogenization, forging, solutionizing plus quenching, release and tempering. In this work, 

we focused on the first steps of the process until forging. The calculations are compared with 

in-situ neutron diffraction experiments, phase fractions and mean radius measurements 

obtained by SEM.  

Reduced amounts of rough Mg2Si precipitates are obtained on material B compared to 

material A, after fabrication process –these results are observed both experimentally and by 

MatCalc simulations. 

Finally, the MatCalc script created within this work allows testing the influence of the 

variation of different parameters (chemical composition, time/temperature heat treatment, 

heating/cooling rate…) on the evolution of the rough Mg2Si precipitates at each step of the 

process. 

 

Keywords:  6061 aluminum alloys, fabrication process, thermokinetic precipitation, MatCalc  
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PRECIPITATION SIMULATIONS OF Zr/Sc CONTAINING 
Al-BASED ALLOY SYSTEMS 

 
Xiao-Gang Lu 
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The precipitation behaviours of some Zr/Sc containing Al-based alloy systems 

were studied adopting the classical nucleation theory and the Kampmann-

Wagner numerical method. The evolution of precipitate particles during 

nucleation, growth and coarsening stage was simulated under realistic 

conditions by means of the simulation tool TC-PRISMA. 

 

The major purpose of the present work is to find a set of thermodynamic, 

kinetic and property data in order to examine the numerous experimental data 

found in the literature, and explain the various phenomena exhibited in these 

alloy systems. 

 
Keywords:  Precipitation; Simulation; Al-based; TC-PRISMA 
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PRECIPITATION SIMULATION OF MULTI-COMPONENT 
ALUMINUM ALLOYS 

Chuan Zhang, Weisheng Cao, Fan Zhang, Shuanglin Chen 

CompuTherm LLC, 437 S. Yellowstone Dr., Madison WI 53719, U.S.A. 

 
 
PanPrecipitation, an integrated computational tool coupling reliable thermodynamic 

calculation, kinetic simulation and property prediction, is being developed for simulating 

precipitation kinetics during heat treatment processes of multi-component alloys. It is built as 

a shared library and integrated into PandatTM as a specific module that extends the capability 

of PandatTM for kinetic simulations, while taking full advantage of the automatic 

thermodynamic calculation engine (PanEngine) and the user-friendly PandatTM Graphical 

User Interface (PanGUI). In this work, the precipitation simulations of multi-component 

commercial aluminum alloys are carried out, such as AA2xxx, AA6xxx and AA7xxx series. 

Combining the thermodynamic/mobility and precipitation databases, one can carry out the 

simulation of precipitates evolution (such as volume fraction, average particle size and 

particle size distribution) using the built-in precipitation models, and the prediction of 

mechanical properties (micro-hardness, yield strength etc.) according to the developed age-

hardening models. The simulated results of the above wrought aluminum alloys show good 

agreement with the experimental data in the literature. The currently obtained kinetic 

parameters show rather good predictive capability within the assessed composition ranges in 

obtaining the necessary thermodynamic properties and diffusivity data. 

 

 
Keywords: Precipitation Simulation, Aluminium Alloys, Mechanical Properties, PandatTM, 
PanPrecipitation 
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APPLICATION OF THE CLUSTER VARIATION METHOD TO 
INTERSTITIAL SOLID SOLUTIONS OF IRON BASED 

ALLOYS 

Satoshi Iikubo1,2, Marcel H.F. Sluiter3, Hiroshi Ohtani2,4 

1 Graduate School of Life Science and Systems Engineering, Kyushu Institute of Technology, 
Kitakyushu, 808-0196, Japan 

2 JST, CREST, Tokyo, 102-0075, Japan 

3 Department of Materials Science & Engineering, Delft University of Technology Mekelweg 
2, 2628CD Delft, the Netherlands 

4 Department of Materials Science and Engineering, Kyushu Institute of Technology, 
Kitakyushu, 804-8550, Japan 

First principles calculations and Cluster Variation Method (CVM) has been 

recognized as one of the most reliable theoretical tools to investigate alloy phase equilibria 

including metastable phases [1-3]. Until now, the application of this method was mainly to 

substitutional solid solution systems, except for a few previous studies [4,5]. On the other 

hand, interstitially dissolved atoms, such as C, N, S, in ferrite and austenite are known for 

exhibiting interesting behaviour, for example the clustering or ordering. The detailed 

comprehension is in great demand due to a possibility to control the mechanical properties 

utilizing these interstitial elements. In this presentation, we show our recent development of 

the CVM calculations which can deal with the interstitially dissolved atoms in several iron 

based alloys. The subsequent Gibbs energy, phase equilibria, and ordering temperature are 

compared to the experimental data. This also shows how first principles and CVM 

calculations in these type of alloy can contribute to a refinement of CALPHAD derived phase 

diagrams. 

 
[1] M. Sluiter, D de Fontaine, X. Q. Guo, R. Podloucky, and A. J. Freeman, Physical Review 
B 42, (1990) 10460-10476. 
[2] T. Mohri, and Y. Chen, Journal of Alloys and Compounds 383, (2004) 23-31. 
[3] M. H. F. Sluiter, and A. Pasturel, Physical Review B 80, (2009) 134122. 
[4] S. Shang, and A. J. Böttger, Acta materialia 51, (2003) 3597-3606.  
[5] T. Mohri, Journal of Phase Equilibria and Diffusion 28, (2007) 72-78. 
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PHASE TRANSITIONS AND APPROXIMATIONS OF ISING 
CLASS MODELS 

 Jee Yong Lee, Won Seok Yun, In Gee Kim* 

Graduate Institute of Ferrous Technology, Pohang University of Science and Technology, 
Republic of Korea 

*e-mail: igkim@postech.ac.kr 
 

The study on order-disorder transition of alloy has been done for a long time. However, 
it mostly relies on only a few physical models, such as the Bragg-Williams model [1], which 
is similar to the Ising model of ferromagnetism, with the mean field approximation, and the 
Bethe model [2] which is a extension of the Bragg-Williams model. The CALPHAD method, 
which calculates and makes phase diagrams of alloys, basically relies on this Bragg-Williams 
model for the order-disorder transition problem, and uses the experimental data in forms of 
some thermodynamic variables, such as the specific heat [3]. Firstly, we intended the use of 
experimental data of alloy model to be replaced by the computational data from the density 
functional calculations, without experiments. Moreover, we have observed the alloy models 
with respect to the general Ising model, and have made various attempts to obtain 
characteristics of the models. Figure 1 shows the calculated results of the Bragg-Williams 
binary (A-B) model, for a (fraction of A atoms) = r (fraction of A atom sites in the lattice) = 
1/2 case, with interaction coefficient J = 20.83 meV, and the coordination number z = 6, 8, 12, 
respectively. The order parameter φ	  decreases as the temperature increases, until it becomes 
zero at the critical temperature Tc. 
 

 

Fig. 1. Calculated order parameter – temperature curve of the Bragg-Williams model 
 
[1] W. L. Bragg and E. J. Williams, Proc. R. Soc. Lond. A 151, 540-566 (1935). 
[2] H. A. Bethe, Proc. R. Soc. Lond. A 150, 552-575 (1935). 
[3] G. Inden. Acta. Metall. 22, 945-951(1974). 
 
Keywords:  Phase transition, Ising model, alloy, order-disorder, density functional  
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CATION MIXING THERMODYNAMICS IN THE (U,Ce)O2 
SYSTEM  

Benjamin Hanken1, Mark Asta2,1, Chris Stanek3, Niels Grønbech-Jensen4, Tatiana Shvareva5, 
Alexandra Navrotsky5 

1Chemical Eng. & Mat. Sci., University of California, Davis, 2Materials Science & Engineering, University of 
California, Berkeley, 3Materials Science Division, Los Alamos National Laboratory, 4Applied Science, 

University of California, Davis, 5Chemical Eng. & Mat. Sci, Peter A. Rock Thermochemistry Lab, UC Davis 

The thermophysical properties of mixed oxide (MOX) fuels, and how they are influenced by 

the incorporation of fission products and other actinides, must be well understood for their 

safe use in an advanced fuel cycle. Cerium is a common plutonium surrogate in experimental 

studies of MOX, as it closely matches plutonium's ionic radii in the 3+ and 4+ oxidation 

states, and is soluble in fluorite-structured UO2. As a fission product, cerium’s effects on 

properties of MOX are also of practical interest. To provide additional insights on structure-

dependent behavior, urania solid solutions can be studied via density functional theory 

(DFT), although approaches beyond standard DFT are needed to properly account for the 

localized nature of the f-electrons. Thus, the GGA+U functional has been used to determine 

mixing energetics of various ordering schemes of (U,Ce)O2. Results reveal that mixing 

energies depend strongly on both oxidation state and ordering of the cations. The results 

suggest that charge transfer between U4+ and Ce4+ to form U5+ and Ce3+ ions, is 

disfavored energetically but is entropically stabilized at high temperatures.  Thermochemistry 

experiments show ideal mixing thermodynamics at room temperature, offering supporting 

evidence to the picture described by the computational studies. 

 

 

Keywords:  mixing thermodynamics, DFT, calorimetry, charge-transfer, nuclear fuels 
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COUPLING THERMODYNAMIC COMPUTATIONS WITH 
MULTI-PHYSICS NUCLEAR FUEL CODES 

M.H.A. Piro1, S. Simunovic2, T.M. Besmann1, K.T. Clarno3  

1 Materials Science and Technology Division 
Oak Ridge National Laboratory 

Oak Ridge, TN, USA, 37831-6063 
 

2 Computer Science and Mathematics Division 
Oak Ridge National Laboratory 

Oak Ridge, TN, USA 37831-6164 
 

3 Nuclear Science and Engineering Division 
Oak Ridge National Laboratory 

Oak Ridge, TN, USA, 37831-6172  

 

A new equilibrium thermodynamic solver called Thermochimica has been developed with the 

primary purpose of direct integration into multi-physics codes.  In particular, the software is 

intended to provide various material properties and boundary conditions to the Advanced 

Multi-Physics (AMP) nuclear fuel performance code.  The development of Thermochimica in 

this research is aimed at addressing several concerns with using commercially available 

software, including: licensing entanglements associated with code distribution, access to the 

source code, convenient incorporation into other codes with quality assurance considerations, 

and computational performance.  In particular, significant research efforts have been 

dedicated to enhance computational performance through advanced algorithm development, 

such as improved estimation techniques and non-linear solvers.  The overall goal of this 

undertaking is to provide a computational tool to enhance the predictive capability of multi-

physics codes without significantly impeding computational performance. 

 

 

Keywords: thermodynamic software, multi-physics codes, nuclear materials  
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DIFFUSION IN Zr-BASED ALLOYS: LIBS MEASUREMENTS 
OF Sn DIFFUSION IN Zr-ALPHA AND DICTRA 

SIMULATIONS OF O DIFFUSION IN Zr-BASED ALLOYS 

C. Corvalán1,2,3, D. García4, M. Iribarren1,4  

1- CNEA, National Atomic Energy Commission -Materials Department - Av. Gral  Paz 1419, 
Buenos Aires, Argentina  
2- CONICET, National Scientific and Technical Research Council- Av. Rivadavia 1917, 
Buenos Aires, Argentina 
3- UNTREF, Tres de Febrero University - Valentín Gómez 4828, Buenos Aires, Argentina 
4- Institute of Technology "Prof. Jorge Sabato", Av. Gral Paz 1419, Buenos Aires, Argentina  
 
 
 
The Zr-based alloys are used  in the nuclear industry. Particularly in the cladding tubes for 

light (like PWR) and heavy (like CANDU) water reactors. These alloys have special features 

like: resistance to corrosion, appropriate mechanic proprieties, resistance to radiation damage 

and low capture effective cross section for thermal neutrons.  

 

LIBS (Laser-Induced Breakdown Spectroscopy) is a tool to evaluation, quantitative and 

qualitatively, the element compositions. Measurements can be performed directly on the 

sample surface and the analysis is possibly on a solid, liquid or gas surface.  

 

In the present work, for the experimental framework, the results of the calibration curves for 

LIBS measurements are showed for Sn in Zr alpha.  Then the diffusion of Sn in Zr-alpha was 

measured by LIBS technique in the temperature range [400-700]ºC. In the simulation 

framework, the possibility of taking into account a finite size system, more representative of 

the wall of the cladding tubes, has been evaluated with DICTRA software for O diffusion in 

Zr-based alloys. 

 
 
 
Keywords:  diffusion, Zr-based alloys, LIBS, nuclear, DICTRA 
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A FIRST-PRINCIPLES STUDY OF CONSTITUTIONAL AND 

THERMAL DEFECTS IN THE INTERMETALLIC 

COMPOUNDS OF THE Ga-Ti SYSTEM. 
 

Catherine Colineta and Jean-Claude Tedenac b 
 

a Science et Ingénierie des Matériaux et Procédés, Grenoble INP, UJF, CNRS, 38402 Saint 

Martin d’Hères Cedex, France 
b Institut de Chimie Moléculaire et des Matériaux I.C.G., UMR-CNRS 5253, Université 

Montpellier II, Place E. Bataillon , 34095 Montpellier Cedex 5, France 
 

The experimental Ga-Ti phase diagram presents eight intermetallic compounds D019-

GaTi3, B82-GaTi2, D8m-Ga3Ti5, fD88-Ga4Ti5 (prot Ga4Ti5), L10-GaTi, Ga3Ti2 (prot Ga3Ti2), 

Ga5Ti3 (tP10), Ga2Ti (prot Ga2Hf), and D022-Ga3Ti.  

In a previous work, the total energies of the intermetallic compounds of the Ga-Ti 

system were calculated employing electronic density-functional theory (DFT) using 

pseudopotentials constructed by the projector augmented waves (PAW) method in the 

generalized gradient (GGA) approximation for the exchange and correlation energy.  

In the present work, we performed first principles calculations of point-defect 

enthalpies of formation in all the compounds present in the system. We developed for each 

structure a defect statistical model in the canonical ensemble. Based on the values of the 

defect enthalpies of formation, we studied the type of constitutional defects as well as the 

statistics of the thermal defects in these compounds. These calculations allowed us to confirm 

that D019-GaTi3 presents a domain of off-stoichiometry in the Ti-rich side, fD88-Ga4Ti5 in the 

Ti-rich side and L10-GaTi in the Ga-rich side. We found also that D8m-Ga3Ti5 and D022-

Ga3Ti are near stoichiometric compounds. For the other compounds, we found small domains 

of off-stoichiometry: B82-GaTi2 in the Ga-rich domain, Ga3Ti2, Ga5Ti3 and Ga2Ti in the Ti-

rich domain. A tentative calculation of the phase diagram between the solid phases has been 

performed. 

 

Keywords: ab-initio, Ga-Ti, defect enthalpies of formation, defect site concentrations, phase 

diagram 
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FIRST-PRINCIPLES THERMODYNAMICS OF Fe-Si BINARY 
SYSTEMS 

Won Seok Yun, Jee Yong Lee, In Gee Kim* 

Graduate Institute of Ferrous Technology, Pohang University of Science and Technology, 
Republic of Korea 

*e-mail: igkim@postech.ac.kr 
 

Silicon steels, especially with 3 wt% Si, are widely used as an energy converting 

material, e.g., transformers, motors, etc. Subsequently, the steel with 6.5 wt% Si may be 

potential future electrical steel, due to its zero magnetostriction, reduced magnetocrystalline 

anisotropy, higher permeability, and lower coercivity [1,2]. However, with Si content higher 

than 4 wt% they become significantly brittle and consequently their rolling processes are very 

difficult to be achieved. Thus, a systematic first-principles study is strongly required on their 

fundamental thermodynamic, magnetic, and elastic properties with different concentration of 

Si. In this study, we investigated fundamental properties as modeled by ferrites with the 

various Si concentrations (Fe100-xSix, x = 3.7, 6.25, 12.5, 18.75, and 25 at%) and its D03 

structure using the highly precise all-electron full-potential linearized augmented plane wave 

(FLAPW) [3] method within the generalized gradient approximation [4]. As a result, the 

lattice constant shrinks as the concentration of Si increases. In all the considered systems, the 

ferromagnetic state is more stable than the nonmagnetic one. The formation enthalpies 

calculated to be −47, −71, −126, −223, −233, and −311 meV/atom for the Fe96.3Si3.7, 

Fe93.75Si6.25, Fe87.5Si12.5, Fe81.25Si18.75, Fe75Si25, and the D03 structured Fe75Si25, respectively. 

As Si concentration x increases, the calculated formation enthalpies decreases gradually. In 

particular, it is interesting that the D03 structured Fe75Si25 is more stable than Fe75Si25 binary 

system, which is considered as the result of the ordering. On the other hand, the calculated 

magnetic moments of the Fe atoms nearest neighboring to the Si atoms decreases 

monotonically from 2.092 µB for Fe96.3Si3.7 to 1.312 µB for the D03 structured Fe75Si25. This 

feature is considered as the result of the stronger p-d hybridization for higher Si 

concentration. Detailed discussion on the fundamental thermodynamic, magnetic, and elastic 

properties of Fe100-xSix alloys will be given. 
 [1] Y. Takada et al., J. Appl. Phys. 64, 5367 (1988). 
[2] Y. Tanaka et al., J. Magn. Magn. Mater. 83, 375 (1990). 
[3] E. Wimmer et al., Phys. Rev. B 24, 864 (1981); M. Weinert, et al., ibid. 26, 4571 (1982). 
[4] J. P. Perdew et al., Phys. Rev. Lett. 77, 3865 (1996); ibid. 78, 1396 (E) (1997). 
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FIRST-PRINCIPLES SCREENING OF RHENIUM-BASED 
TRANSITION-METAL ALLOYS FOR DUCTILITY AND 

COST-EFFECTIVENESS 

Maarten de Jong1, David Olmsted1, Mark Asta1, Axel van de Walle2 

1 University of California, Berkeley, USA  
2 Brown University, USA 

 
Among the refractory metals, rhenium (Re) exhibits a unique combination of a high 

melting point, good ablation resistance, good high temperature strength, creep resistance, a 
high ductility at room temperature and the absence of a measured brittle-ductile transition. 
Unfortunately, Re is also exceptionally expensive (~ $10,000 / kg) and its worldwide reserves 
are limited. This has inhibited the widespread use of Re and Re-based alloys as structural 
materials. Clearly, viable and cost-effective replacement strategies have a clear relevance.    

This work deals with identifying combinations of cost-effective alloying elements that 
can be substituted for Re to form Re-based alloys, such that the attractive mechanical 
properties of elemental Re are maintained. More specifically, the ductility is taken as a design 
criterion, while also incorporating melting temperature. An extensive screening, based on 
first principles density functional theory-total energy calculations of the energetics of 
alloying Re with all 3d, 4d and 5d metals is performed. The screening is guided by principles 
from canonical d band theory. First, the variation of the single crystal elastic constants with 
different alloying elements is used to estimate the relative ductility of different alloys. 
Second, twin boundary energetics in Re and the effect of alloying are investigated. 

Transition-metal alloys often show strong structural trends with band filling (e.g., [1]). It 
is shown in this work that these trends with band filling can be carried over to the HCP-
ductility parameter for multicomponent alloys and that the periodic table can be separated in 
two blocks with potential ductilizing and embrittling solute elements in Re. A strong 
correlation between the binary HCP alloy-axial ratio with band filling and its relation to the 
ductility parameter is also established in this work and these trends are explained on the 
electronic level by studying the density of states, charge density and electron localization 
function of elemental Re.  

In this work, trends in the solute expansion coefficients also have been calculated as a 
function of band filling. An approximately parabolic relationship appears, with the minimum 
close to the half filled d band. Calculations of the mixing and formation enthalpies indicate 
that solutes with higher band filling than Re yield the energetically most stable binary alloys.       
 
References: 
[1] Sutton, A.P. and Finnis, M.W. and Pettifor, D.G. and Ohta, Y, Journal of Physics C: Solid 
State Physics, 21, 35 (1988). 
Acknowledgements: This research was supported by ONR under grant N00014-11-1-0886 
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ENTHALPY OF FORMATION OF BLi (B48Li52) AND B3Li BY 
DIRECT REACTION CALORIMETRIC METHOD 

A. Dębski, W. Gąsior, Ł. Major, R. Major 

Institute of Metallurgy and Materials Science, Polish Academy of Sciences, 30-059 Kraków, 
25, Reymonta Street, POLAND 

The formation enthalpy of BLi and B3Li intermetallic compounds were measured using a 

direct reaction calorimetric method. For the measurement of the formation enthalpy of BLi 

compound by the direct synthesis, the same calorimeter, which was applied in our earlier 

studies, was used [1, 2]. The only difference concerned the construction of crucible in which 

the dissolution of metals or compounds was conducted. Directly before the measurement, the 

calorimeter was tested using boron samples and the proper calorimetric constant was 

determined. The lithium samples in the form of sticks were introduced from room 

temperature into the reaction zone by the calorimeter delivery device that was ended with a 

valve cutting off the calorimeter from the air (environment). The experiments were carried 

out using a direct reaction calorimeter at 850 °C in high purity argon. Directly before the 

experiment the samples of Li were transferred into calorimeter in a closed little container. 

The formation enthalpy value obtained for the BLi and B3Li compounds were equal to -

29.4±0.6 and -29.1±0.4 kJ/mole of atoms, respectively. Both measured values of formation 

enthalpy were compared with value obtained by the solution calorimetric method. 

Investigations have been conducted in the program of ZAMAT project POIG.01.01.02-00-

015/09-00. 

 
[1] A. Debski, W.Gasior, Z. Moser, L. Major, R. Major, Formation enthalpy of the BLi and 
B3Li intermetallic compounds by solution calorimetric method, CALPHAD XL, 2011 May 
22th - 27th, Rio de Janeiro, Brazil. 
[2] W. Gąsior, A. Dębski, R. Major, Ł. Major, A. Góral, Enthalpy of formation of B13Li, 
B14Li3 and B3Li (B6Li2) compounds measured with reaction calorimetric method, 
Intermetallics, 24 (2012) 120-127. 
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THERMODYNAMIC REASSESSMENT OF THE Cr-Nb AND 
Cr-Al-Nb SYSTEMS 

Cuiyun He1, Frank Stein2 

1 College of Material Science and Engineering, Guangxi University, Nanning, China 
2 Max-Planck-Institut für Eisenforschung, Düsseldorf, Germany 

 

Recent experimental investigations of the NbCr2 Laves phase by Aufrecht et al. [1] have 

shown that the C15 structure type is the only stable Laves phase variant in the system and 

that no polytypic phase transformation C15 ↔ C14 occurs at high temperatures as reported 

until then. Because of this new finding, we prepared several binary alloys to reinvestigate the 

Cr-Nb phase diagram. Based on the results of Aufrecht et al. [1], our own experimental data 

and previous reliable literature data, we re-assessed the Cr-Nb system obtaining good 

agreement between the selected data and the modelled phase diagram.   

This new description of the binary system then was used as a basis for a re-assessment of the 

ternary Cr-Al-Nb system. Isothermal sections of the Cr-Al-Nb system were studied by 

Prymak and Stein [2] before, and more recently we have performed a detailed experimental 

investigation of the liquidus surface, which will be shown in another presentation at this 

conference. With these new experimental results and other reliable literature data, we have 

re-assessed the Cr-Al-Nb system. Comparisons between the calculated and experimental data 

show that the measured isothermal sections, liquidus projection and reaction scheme are well 

described by the present thermodynamic assessment.  

 
[1] J.Aufrecht, A.Leineweber, A. Senyshyn and E.J. Mittemeijer: “The absence of a stable hexagonal 
Laves phase modification (NbCr2) in the Nb-Cr system”, Scr. Mater. 62 (2010) 227-230 

[2] O. Prymak and F. Stein: “The ternary Cr–Al–Nb phase diagram: Experimental investigations of 
isothermal sections at 1150, 1300 and 1450 °C”, J. Alloys Compd. 513 (2012) 378-386. 
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EXPERIMENTAL STUDY OF PHASE EQUILIBRIA OF Cu-Fe-
Si-Ca-S-O SYSTEM AT CONTROLLED OXYGEN AND 

SULPHUR PARTIAL PRESSURES 

Hector M. Henao and Evgueni Jak 

Pyrometallurgy Research Centre (PYROSEARCH), The University of Queensland,   
Brisbane, QLD 4072, Australia; h.henaozapata@uq.edu.au 

 
Optimal control of the slag chemistry in the copper smelting is essential for high recovery 

and productivity, and requires detailed knowledge of the slag phase equilibria. Limited data, 

however, are available on phase equilibria of the multi-component slag system at the oxygen 

partial pressures used in the copper smelting, converting and slag cleaning processes. The 

lack of data still exists due to experimental difficulties.  The experimental methodologies have 

been developed that enabled to overcome a number of those difficulties; the procedure involves 

high temperature equilibration at controlled temperatures and gas atmospheres of oxygen and 

sulphur followed by quenching and direct measurements of phase compositions using Electron 

Probe X-ray microanalysis (EPMA) with Wave-length Dispersive Detectors. This technique has 

been used in the present study to construct the phase equilibrium diagrams in the multi-

component Cu-Fe-Si-Ca-O-S system in the range of controlled oxygen and sulphur partial 

pressures and temperatures directly relevant to the copper smelting operation as part of a 

large combined experimental and modelling research program on gas/slag/matte/metal 

system in support of development of sustainable copper smelting and converting 

technologies. The new experimental data on copper and sulphur solubility in slag at different 

temperatures have been analysed using a regular solution model and sulphide capacities, 

respectively. The experimental results of dissolution of copper in slag and sulphur capacities 

are correlated with slag composition using the optical basicity and IRSID models. The results 

are compared to the predictions by the FactSage computer package with modified 

thermodynamic database. The correlation between dissolutions of sulphur and copper in slag 

is discussed based on the interaction parameters of those components. 

 
Keywords:  Copper smelting, thermodynamics database, phase diagrams, slag chemistry 
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THERMODYNAMIC MODELING OF THE Fe-RE SYSTEMS 
FOR THE APPLICATION OF RE IN FeNdB PERMANENT 

MAGNET 

Bikram Konar, Junghwan Kim, In-Ho Jung* 
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*Corresponding author:  in-ho.jung@mcgill.ca) 

 
The usage of FeNdB permanent magnet is steeply increasing with its demand for wind-

turbine and electrical vehicle. The improvement of the permanent magnet and recycling of 

Rare Earth elements (REEs) in the permanent magnet require the good understanding of 

chemistry of all elements in the magnet. Typical FeNdB magnet contains Nd, Dy and Pr. 

Thus, the chemical interactions between these REEs and Fe are important to understand the 

chemical process of the magnets. To this end, all Fe-RE binary systems have been critically 

assessed and optimized based on the available experimental data and theoretical calculation 

data. Optimized model parameters of the Gibbs energies are obtained for all the phases which 

satisfactorily reproduced the reliable experimental data. The Modified-Quasichemical Model, 

which takes into account the short range ordering, is employed to model the liquid phase and 

Compound energy formalism is employed for the solid solution present in the binary systems. 

The enthalpy of the liquid and that of the intermetallic phases showed a systematic change 

along atomic number of REEs. This periodic trend in the rare-earth group helps to mitigate 

the discrepancies in literature data and also to predict the binary interactions between Fe and 

RE in less well investigated binary system such as Fe-Lu and Fe-Tm system. 

 
 
Keywords:  Thermodynamic modeling, Phase diagrams, Thermodynamic properties, 
Modified Quasi-chemical Model, Compound Energy Formalism 
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Christian Leinenbach1  

1Empa-Swiss Federal Laboratories for Materials Science and Technology, Laboratory for 
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2Empa-Swiss Federal Laboratories for Materials Science and Technology, 
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3School of Materials Science and Engineering, Guilin University of Electronic Technology, 
Guilin, P.R. China 

 

Actively-brazed diamonds are frequently used as superabrasives for various stock removal 

processes in industry, like grinding. Usually, Ag-Cu-Ti or Cu-Sn-Ti filler metals are applied 

for brazing the diamonds to steel substrates. The microstructural evolution in the vicinity of 

the involved interfaces during the brazing process is essential to achieve excellent 

performance and high service life times of the brazed components. In our previous work, the 

interfacial microstructures in the vicinity of the braze alloy-diamond and braze alloy steel 

interfaces were studied in detail [1,2]. In addition, a thermodynamic and kinetic database 

involving the most important elements Cu-Sn-Ti-Fe-Ni-C is currently being developed and 

preliminary simulations of the interfacial reaction layer growth were made [3]. 

The present work gives insights into more recent results concerning the microstructure at the 

filler alloy-diamond interface. Depending on the diamond orientation, the formation of a thin 

(30 nm) Cu interlayer between the diamond and the TiC reaction layer could be observed. To 

better understand the formation of this Cu layer, ab-initio simulations of the interfaces 

Cu/diamond, Cu/TiC and TiC/diamond were performed and compared. 

In addition, simulations of interface reaction between Cu-Sn-Ti active brazing alloys and 

diamond kinetic simulations were performed based on the sharp interface and local 

equilibrium hypothesis using the DICTRA® software package V.26. The growth of the TiC 

interface layer as a function of different brazing parameters (e.g. brazing temperature and 

time, alloys composition) was studied. 

 [1] S. Buhl, C. Leinenbach, R. Spolenak, K. Wegener, J. Mater Sci 45(16) (2010) 4358 
[2] S. Buhl, C. Leinenbach, R. Spolenak, K. Wegener, J. Refr. Met. Hard Mater. 30 (2012) 16 
[3] C. Leinenbach, J. Wang, S. Buhl, C. Liu, CALPHAD 2010, Jeju, Korea 
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PHYSICOCHEMICAL PROPERTIES OF Zn-Al-Cu ALLOYS.  
	  

S.  Mosinska, J. Pstrus, T. Gancarz, P. Fima 
 

Wroclaw University of Technology, Wroclaw, Poland 
Institute of Metallurgy and Materials Science, Polish Academy of Sciences, Krakow, Poland 
	  
 

The continuous development of the industry entails the creation of new structural materials 

and new materials for joining intricate constructions. The aim of this study was to determine 

the physico-chemical properties of new high temperature lead free solder based on eutectic 

Zn-Al alloy with additions of 0.5, 1.0, 1.5 wt% Cu. DSC, electrical resistivity (30 to 250 °C) 

and thermal linear expansion measurements (-50 to 250°C) were employed to characterize the 

Zn-Al-Cu solder. Wettability on copper substrates was studied in order to assess solder-

substrate compatibility (temperature: 500°C, flux al700, time: 1, 5, 10, 15, 30, 60 min.). It 

was found that the electrical resistivity of Zn-Al-Cu alloys slightly higher than that of Zn-Al 

eutectic alloy. Present results are discussed with the available literature data for Zn-Al and 

Zn-Al-Cu alloys. 
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EXPERIMENTAL INVESTIGATION OF PHASE EQUILIBRIA 
IN THE Er-Co-Al TERNARY SYSTEM 

J. L. Yan, C. Liu, Z. W. Wei, Y. H. Zhuang  

College of Materials Science and Engineering, Guangxi University, Nanning, Guangxi 
530004, PR China  

 

Phase equilibria in the RE (rare earth)-Co-Al system are of importance in helping to 

develop new functional materials for potential industrial applications. In addition, the RE-Co-

Al system has been the subject of recent intensive studies on the rare earth based bulk 

metallic glasses (BMGs) due to its excellent glass forming ability, good mechanical and 

magnetic properties. Our experimental investigations in Dy-Co-Al and Er-Co-Al systems 

show the similarity in phase relations of these systems. Here results of the Er-Co-Al system 

are presented. Phase constitution, microstructure, phase composition and structure were 

studied using X-ray powder diffraction, scanning electron microscopy and energy dispersive 

X-ray spectroscopy on equilibrated alloys, and the isothermal section at 500°C was 

established. The existences of three previously reported ternary compounds, i.e. ErCoAl, 

Er2Co2Al, Er2Co3Al9, were confirmed. Four new ternary compounds Er2Co6Al19, Er3Co4Al12, 

ErCo2Al and Er6Co2Al were found and their crystal structures were determined. One new 

compound with tentative composition of Er54Co19Al27 (in atomic fraction), which falls in 

the composition region where many BMGs with high glass forming ability have been 

reported, was proposal. Along the 33.3 at.% Er iso-concentration line, three solid solutions 

are formed: ErCo1.22-0.65Al0.78-1.35 phase with a homogeneity range of 26-45 at.% Al,  ErAl2-x 

Cox phase with maximun solid solubility of 13 at.% Co and ErCo2-xAlx phase with maximun 

solid solubility of 17 at.% Al. 

 
 
Keywords:  Er-Co-Al phase diagram; isothermal section; intermetallic compounds; crystal 
structure 
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EXPERIMENTAL INVESTIGATION AND 
THERMODYNAMIC MODELLING OF THE Mg-Zn-Ce 

SYSTEM 

Zhijun Zhu1,2 , Soo Yeol Lee2,3, Michael Gharghouri2, Arthur Pelton1 
1Center for Research in Computational Thermochemistry (CRCT), Dép. de Génie Chimique, Ecole 

Polytechnique de Montréal, Montreal, QC, Canada 

2NRC CANADIAN Neutron Beam Center, Chalk River Laboratories, Chalk River, ON, Canada 

3Department of Materials Engineering, The University of British Columbia, Vancouver, B.C., Canada 

 

Based on optimized model parameters for the Mg-Zn, Mg-Ce, and Ce-Zn binary systems, a 

preliminary thermodynamic description of the ternary Mg-Zn-Ce system was initially 

developed using the CALPHAD method. All ternary phases reported in the literature were 

taken into account and the liquid phase was modeled for the first time using the Modified 

Quasichemical Model.  

Several ternary alloys were subsequently prepared and studied via DSC to obtain transition 

temperatures. These samples were then subjected to slow cooling from the melt in a furnace 

mounted in a powder diffractometer, yielding time-resolved diffraction patterns at a series of 

key temperatures selected with reference to the DSC measurements and the preliminary 

thermodynamic calculations. The neutron powder diffraction patterns were used for crystal 

structure analysis and for quantitative phase analysis. Details on phase transition behaviour 

were obtained by combining the DSC and neutron powder diffraction results. The 

experimental data were then used to verify and refine the thermodynamic model.  The model 

can be used with the FactSage software to calculate thermodynamic properties and phase 

equilibria for the liquid and solid phases of the Mg-Zn-Ce system.  
 

 
Keywords:  Mg-Zn-Ce system; Neutron Powder Diffraction; Thermodynamic modelling; 
Modified Quasi-chemical Model 
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PHASE EQUILIBRIA AND COMPOSITION DEPENDENCE 

OF MARTENSITIC TRANSFORMATION IN Ni-Mn-Ga 

TERNARY SYSTEM 
Shuiyuan Yang, Cuiping Wang, Xingjun Liu* 

Department of Materials Science and Engineering, College of Materials, Xiamen University, Xiamen, 361005, 

China 

* Corresponding author. E-mail: lxj@xmu.edu.cn 
Tel: +86-592-2187888; Fax: +86-592-2187966 

 
Phase equilibria of Ni-Mn-Ga ternary system at 800 °C, 900 °C and 1000 °C were 

experimentally investigated by the diffusion couples (DCs) and equilibrated alloys. The 

results show that the bcc phase possesses a wide composition range at high temperature. And 

the liquid and bcc phases extend to the Ni-Mn side and the region of bcc phase becomes 

longer and narrower with increasing temperature. A new ternary intermetallic compound (Ni, 

Mn)2Ga with the Mn2Ge-type hexagonal structure is present at 800 °C, but it disappears at 

900 °C and 1000 °C. Based on the obtained information of phase equilibria, the composition 

dependence of martensitic transformation on the composition region of Ni2MnGa alloys was 

discussed. The critical compositions with the starting temperatures of martensitic 

transformation around room temperature were confirmed to be fixed at e/a ratio of 7.6 in the 

region near the stoichiometric Ni2MnGa. The present study may be useful for structural 

analysis and phase identification, as well as estimation of martensitic transformation 

temperatures of Ni-Mn-Ga alloys. 
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ENTHALPIES OF FORMATION AND LATTICE 

PARAMETERS OF HEUSLER ALLOYS GaNi2X (X=Zr, Hf, V, 

Nb, Ta, Fe) 
 

Ming Yin, Phililp Zoe, Philip Nash 
 

Thermal Processing Technology Center, Illinois Institute of Technology (IIT), 

10 West 32nd Street, Chicago, IL 60616, USA 

 

 

The enthalpies of formation of ternary Heusler alloys GaNi2X (X=Zr, Hf, V, Nb, Ta, Fe) 

were measured by high temperature reaction calorimetry. The lattice parameter of the 

compounds with L21 structure were determined and impurity phases were analyzed by optical 

microscope and Energy Dispersive Spectrum, as well as CrystalMaker Software. 
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APPLICATION OF COMPUTATIONAL MODELING TO THE 
KINETICS OF PRECIPITATION OF ALUMINUM NITRIDE IN 

STEELS  

A. Costa e Silva*, L.N.A. Vieira**, F. Rizzo*** 

 
* EEIMVR-UFF, 27260-740 Volta Redonda, RJ – Brasil 

**Aperam (ArcelorMittal), Timóteo, MG, Brasil 
***DCMM-PUC RJ, 22453-900 Rio de Janeiro, RJ – Brasil  

In previous works [1,2] the possibilities and limitations of the application of calculations in 
the Al-Fe-N system to describe the precipitation of AlN in the solid state and during 
solidification were discussed and some difficulties related to the extension of these 
calculations to more complex steel systems, due to limitations in the thermodynamic data 
were also presented. 

Presently, the precipitation kinetics of AlN in ferrite (BCC) and austenite (FCC) is discussed.  
The correct description of the precipitation of AlN in both phases is relevant to: (a) the 
precipitation at higher temperatures, in the austenite field, that occurs in some steels, (b) the 
concurrent precipitation of this nitride with the annealing treatment, when the steel is mostly 
ferritic, used in the processing some classes of deep drawing steels and (c) the precipitation of 
this nitride in some silicon alloyed electric steels at relatively high temperatures, when these 
steels can have significant fractions of both BCC and FCC in their microstructure.  The 
precise knowledge of the precipitation-dissolution behavior of AlN in these classes of steels 
is of great importance to their correct processing.  In this work, a computational tool for 
simulating multi-particle precipitation kinetics of diffusion-controlled processes in multi-
component and multi-phase alloy systems is employed in an attempt to describe these 
precipitation processes. The results are compared both with experimental data and with the 
excellent modeling work of Radis and Kozeschnik [3].  The assumptions necessary for the 
application of the multi-particle modeling tool [4] are discussed, agreements and 
discrepancies are identified and some possible reasons for these are indicated.  Furthermore, 
the impact of the use of different sources of data on steel processing development is 
discussed and the need for further studies highlighted. 

 

[1] A. Costa e Silva, F. Rizzo and J. G. Speer, A Study of the Thermodynamics of 
Aluminum Nitride Precipitation in Steels and Ferrous Alloys,  XXXI CALPHAD, 
Stockholm, Sweden, May 2002. 
[2] A. Costa e Silva, M..A. da Cunha, L.N.A. Vieira and F. Rizzo, The Thermodynamics of 
Aluminum Nitride Precipitation in Steels Revisited, XL CALPHAD, Rio de Janeiro, Brazil, 
May 2011. 
[3] R Radis and E Kozeschnik, Kinetics of AlN precipitation in microalloyed steel, 
Modelling Simul. Mater. Sci. Eng. 18 (2010), 055003 (16pp). 
[4] TC-PRISMA, Manual and user’s guide, version 1.0, TCAB, Stockholm, Sweden, 2011. 
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GROWTH BEHAVIOR OF FERRITE LAYER DURING 
DECARBURIZATION OF LOW CARBON STEELS AT 

VARIOUS ANNEALING TEMPERATURES 

Koutarou Hayashi 1, Toshinobu Nishibata 1, Takayuki Saitou 1, Masanori Kajihara 2 

1 Sumitomo Metal Industries, Ltd. Corporate Ressearch and Development Laboratories         
2 Department of Materials Science and Engineering, Tokyo Institute of Technology 

In order to examine the rate-controlling process for growth of the ferrite (α) layer 
during decarburization, the microstructure evolution at various annealing temperatures was 
experimentally observed using a Fe−0.19 mass% C steel.  The steel was isothermally 
annealed in the temperature range of T = 953−1193 K for various times of t = 100−1600 s in a 
mixed gas consisting of 98 vol.% nitrogen and 2 vol.% hydrogen.  The steel indicates the α + 
cementite (θ) two-phase microstructure at T = 953−993 K, the α + austenite (γ) two-phase 
microstructure at T = 1033−1073 K, and the γ single-phase microstructure at T = 1113−1193 
K.  During annealing at T = 953−1153 K, the α single-phase layer with a uniform thickness is 
formed at the surface of the steel and grows into the inside.  However, such an α layer was 
not recognized at T = 1193 K.  At T = 1033 K, the mean thickness l of the α layer 
monotonically increases with increasing annealing time t according to the equation l = k(t/t0)n.  
Here, k is the proportionality coefficient, n is the exponent, and t0 is unit time, 1 s.  From the 
experimental values of l and t, k = 5.2 × 10-6 m and n = 0.52 were evaluated by the least-
squares method.  Hence, n is close to 0.5.  If the layer growth of the α layer is controlled by 
the volume diffusion of C, n is equal to 0.5.  On the other hand, the boundary diffusion of C 
may govern the layer growth at low temperatures where the volume diffusion is much more 
sluggish than the boundary diffusion.  When the layer growth is controlled by the boundary 
diffusion across the α layer and grain growth occurs in the α layer, n becomes smaller than 
0.5.[1, 2]  However, n is equal to 0.5 even for the layer growth controlled by the boundary 
diffusion unless the grain growth takes place.[1, 2]  Consequently, in the case of n = 0.5, there 
are two possibilities for the rate-controlling process.  In such a case, the rate-controlling 
process cannot be conclusively determined only from the value of n.  According to the 
observation, the mean grain size d of the α layer is expressed as a power function of the 
annealing time t as follows: d = kd(t/t0)m.  The proportionality coefficient kd and the exponent 
m were determined to be 2.8 × 10-6 m and 0.28, respectively, at T = 1033 K.  The value m = 
0.28 means that the grain growth surely occurs at T = 1033 K.  For the layer growth purely 
controlled by the boundary diffusion, n is related with m by the equation n = (1 − m)/2.[1, 2]  
Inserting m = 0.28 into this equation, we obtain n = 0.36.  As mentioned earlier, however, the 
experimental value of n is close to 0.5.  Therefore, the growth of the α layer is controlled by 
the volume diffusion of C across the α layer. 
 
[1]  Y. L. Corcoran, A. H. King, N de Lanerolle and B. Kim: J. Electron. Mater. Vol. 19 

(1990), p. 1177. 
[2]  A. Furuto and M. Kajihara: Mater. Trans. Vol. 49 (2008), p. 294. 
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MICROSTRUCTURE DEVELOPMENT DURING 
INTERCRITICAL RE-HEATING OF LOW ALLOYED 

LINEPIPE STEELS 

Philippe Schaffnit, Charles Stallybrass, Joachim Konrad 

Salzgitter Mannesmann Forschung GmbH 

Pipelines are an economic solution for transporting oil and gas over long distances. The 
demanding requirements for material withstanding higher pressures, aggressive media and 
harsh environments drive the development of new line pipe steel grades. Sufficient toughness 
under arctic conditions can be reached using thermomechanically treated microalloyed steels. 
During pipeline production, these steels undergo a complex temperature-time sequence. 
Especially during welding operations, high heat inputs lead to fast heating and cooling cycles 
in the heat affected zone (HAZ). Parts of the HAZ are re-heated in the two-phase region of 
austenite and ferrite. Investigations of the microstructure revealed the existence of the so 
called M/A-phase (martensite/austenite-phase). The quantitative analysis of the M/A-phase 
distribution allowed for a correlation with the impact toughness of the material. The aim of 
this study was to understand the mechanisms and influencing factors of chemical composition 
and welding parameters involved in the generation of the M/A-phase. The microstructure 
evolution and subsequent element re-distribution upon re-heating were simulated by 
combining thermodynamic calculations and phase field modeling with the commercial code 
MICRESS. Experimental data provided the initial element distribution and microstructure. 
The temperature-time sequences at several positions in the HAZ were calculated by a process 
model of the welding operation. Thermodynamic data was calculated on the basis of TCFE6 
and MOB2 via Thermo-Calc’s programming interface. Further input data for the phase-field 
simulations were taken from [1]. The microstructure evolution was validated with regards to 
the phase fractions of austenite and ferrite via dilatometry. The calculated resulting element 
distribution was the basis of the approximation of the local martensite start temperature 
(according to [2]), which was used to estimate the spatial distribution of martensite and 
residual austenite in the ferritic matrix. The model revealed the mechanisms of M/A-phase 
generation and is now used to optimize the microstructure by a modification of the chemical 
composition and process parameters. 
 
References 
[1] “Austenite to Ferrite Transformation in Steels”, M.G. Mecozzi, Ph.D. TU Delft 2007. 
[2] “Calculating the effect of alloying elements on the Ms temperature in steels”, K. Ishida, 

Journal of Alloys and Compound 220 (1995) 126-131. 
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EXPERIMENTAL INVESTIGATION AND 
THERMODYNAMIC ASSESSMENT OF THE GE-X(X=HF, TI 

AND V) BINARY SYSTEMS  

Ying Tanga, Dandan Liua, Xiaoming Yuana, Yong Du a,*, Honghui Xua, Shuhong Liua,  

S. V. Meschelb, Philip Nashb 
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  bThermal Processing Technology Center, Illinois Institute of Technology, 10 West 32nd St., 
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*E-mail: yongducalphad@gmail.com  
Sixteen alloys in the Ge-Hf system, 7 alloys in the Ge-Ti system and 14 alloys in the Ge-V 
systems  were prepared by arc-melting the pure elements and annealing at 500, 700, 800,  850, 
900, 950, 1000, 1100 oC. The annealed samples were then subjected to X-ray diffraction 
(XRD), scanning electron microscope with energy dispersive X-ray analysis (SEM/EDX), 
differential thermal analysis (DTA) and drop calorimeter measurement. The major 
experimental results are as follows. (I) The enthalpies of formation for Ti5Ge3, the heat 
content of Hf3Ge, HfGe2, V3Ge and V5G3 were measured by drop calorimeter. (II) The phase 
transformation temperatures of these three binary systems were measured by DTA. (III) The 
phase stabilities of compounds were detected, and the previously reported phases HfGe and 
Hf3Ge2 were not found below 1100 oC. Besides, the enthalpies of formation of Hf2Ge, 
Hf5Ge3, Hf5Ge4, Hf3Ge2 and HfGe2 were computed via first-principles calculations. Based on 
the experimental results and first-principles calculations in the present work and from the 
literature, the Ge-Hf, Ge-Ti and Ge-V systems were critically assessed by means of 
CALPHAD approach. The calculated phase diagram and thermodynamic properties agree 
reasonably with the literature data and present experimental results. 
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MULTIPHASE-FIELD SIMULATIONS OF EVOLUTION OF 
INTERMETALLIC COMPOUND IN SOLDERING SYSTEMS 
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Cu/Sn soldering alloys have emerged as a viable alternative to Pb-based solders, and thus 

have been extensively explored in the past decade, although the fine scale behavior of the 

resulting intermetallic compounds (IMC), particularly during the early stages of interface 

formation, is still a source of debate. 

 
In this study, we investigate the concurrent nucleation, formation and growth of two 

intermetallic compounds (IMCs), Cu6Sn5 and Cu3Sn, during the early stages of soldering in 

the Cu-Sn system. The nucleation, formation and growth of the IMC layers is simulated 

through a multiphase-field model in which the concurrent nucleation of both IMC phases is 

considered to be a stochastic Poisson process with nucleation rates calculated from classical 

nucleation theory. CALPHAD thermodynamic models are used to calculate the local 

contributions to the free energy functional of the system as well as to calculate the driving 

forces for precipitation of the IMC phases. The nucleation parameters are estimated from 

experimental results.  

 
A parametric investigation of the effects of model parameters (grain boundary diffusion rates, 

interfacial and GB energies) on morphological evolution and IMC layer growth rate is 

presented. In addition, the resulting growth rates are compared with the available literature 

and it is found that in general, for a certain range in the model parameters, the agreement is 

quite satisfactory. In order to verify the models, we also propose novel experimental 

techniques that enable us to capture the evolution of the IMC layers with time. This is 

realized by dipping a single Cu sample into molten Sn at a near constant speed, yielding a 

continuous set of time evolution samples. Some preliminary results of the experimental work 

are presented and compared with simulations. 

 
This work provides valuable insight into the dominant mechanisms for mass transport as well 

as morphological evolution and growth of IMC layers during early stages of Pb-free 

soldering. 
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The ω-phase typically appears as a metastable phase in the group IVB elements (e.g. Ti, Zr, 
Hf) and their alloys under such conditions as high static pressure, quenching, isothermal 
aging, and shock shear. The ω phase transformation has been a subject of intense interest 
because it significantly influences the mechanical and physical properties of the materials and 
constitutes an important class of phase transformations. Based on the transformation 
mechanism, displacement wave theory and microelasticity theory, a phase field model of the 
athermal β → ω phase transformations and its pre-transition effect was developed by 
incorporating the CALPHAD technique for obtaining the quantitative description of chemical 
driving force during the transformation in the Zr-Nb binary alloys. While reflecting the 
essential physics of collapse mechanism, the simulations appropriately predicted the 
microstructure evolution and kinetics of the athermal β → ω transformation and the pre-
transition structure preceding the transformation upon different quenching processes in the 
concentrated Zr-Nb alloys, which represent well with the experimental observations.   
 
The main conclusions of this work are as follows: 
For the athermal β → ω phase transformation,   

• the ω particles present a shape of fine ellipsoid and the four variants of the ω 
precipitates grow and align along the four <111> direction;  
• The applied stress strongly affects the morphology and growth of the ω 
precipitates. The responses differ between normal and shear stresses, specifically, 
the former equally promotes/suppresses the growth of all the four variants 
whereas the latter leads to selective growth of only two of the variants; 

For the pre-transition effect,   
• a 3D modulated incommensurate (IC) structure of the ω phase composed of 
alternate ω "frame" and β "gaps" was predicted to present in the moderately 
concentrated Zr-Nb alloys in terms of the introduction of a composition-dependent 
oscillating defect field arising from the Kanzaki force near the solute atoms; 
• The composition and temperature dependence of the predicted IC structure 
closely resembles the variation of diffuse and shift features in electron diffraction 
pattern; 
• The Kanzaki force was found to act as a resistance that generates and retains 
the IC structure of the ω phase. 

 
 
Keywords:  Phase Field; β → ω phase transformation; athermal; pre-transition effect; 
microstructure 
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Ultra High Temperature Ceramics (UHTCs) include materials characterised by melting 

temperatures often in excess of 3000 °C such as borides, carbides and nitrides of the Group 4 

as well as Group 5 transition metals. Among them Ti, Zr and Hf diborides have structural, 

physical, transport, and thermodynamic properties which make them promising materials for 

use in extreme environments. In particular, the unique combination of high melting 

temperature, thermal conductivity, resistance to erosion, corrosion and thermal shock, makes 

them suitable for use in high performance applications, where high temperatures, high 

thermal fluxes and severe surface stresses are involved. However, much work has still to be 

done to optimize the joining of these materials to themselves or to other high-temperature 

materials. 

To this end it has been developed a CALPHAD thermodynamic database for the calculation 

of phase equilibria and thermodynamic properties in the quinary system B–Ni–Ti–Zr–Hf. The 

database contains thermodynamic parameters for all the phases included in the 10 binary and 

10 ternary sub-systems of B–Ni–Ti–Zr–Hf. A few binary systems (B–Hf, B–Ti, B–Zr, Hf–Ni, 

Ni–Zr) have been slightly modified with respect to the previous assessments and several 

ternary systems (B–Hf–Ni, B–Ni–Ti, B–Ni–Zr, B–Hf–Zr, B–Ti–Zr, Hf–Ni–Ti, Hf–Ni–Zr, 

Hf–Ti–Zr, Ni–Ti–Zr) have been completely assessed or re-assessed in this work with 

particular attention to the self-consistency of the models adopted.  

With the aim to produce tough and durable joints, the database has been used in the search for 

proper Ni-base brazing alloys; in particular, this study allowed to better interpret the results 

of wetting experiments, to predict the behaviour of systems not yet investigated 

experimentally, and as a consequence, to determine the best operating conditions in terms of 

temperature and alloy composition.  

 
Keywords:  Thermodynamic Database, Ultra-high Temperature Ceramics, Wetting 
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THERMODYNAMIC DATABASE DEVELOPMENT AND 
APPLICATIONS IN MATERIALS DESIGN AT QUESTEK 

INNOVATIONS  

Weiming Huang 

QuesTek Innovations LLC, 1820 Ridge Avenue, Evanston, IL 60201, USA 

 
Thermodynamic databases are essential in materials design and development. Over the years, 

QuesTek has developed many thermodynamic databases for a variety of materials such as Al 

alloys, shape memory alloys, soft magnetic materials, Cu alloys, Fe-based amorphous, H-

storage materials and H-membrane materials. 

 

The development of an Al alloy database is presented as an example. 

 
A multicomponent thermodynamic database for stable and metastable phases was 

successfully developed for Sc-modified 7xxxx Al alloys. The database was based on the 

COST507 database, which was the best choice out of many considerations including the need 

to add new elements and phases. However, there were some large discrepancies of the base 

system Al-Cu-Mg-Zn between the COST507 database calculations and experimental data. 

The technical discussion focuses on following areas. 

 
• The Al-Cu-Mg-Zn description (including the lower order systems) from the COST507 

database was reviewed and revised when necessary. 

• The Sc was added to the revised database, including all relevant binary and ternary 

compounds, especially the L12 Al3(Sc,Zr) and  D023 Al3(Zr,Sc). Solubilities of other 

elements were incorporated into these compounds. 

• Thermodynamic descriptions were added for the metastable GP zones and ηʹ′ phase. 

• The impurity elements of Fe, Mn, Cr were also incorporated.  

The database was successful used in supporting the development of sand casting process 

development of Al 7XXX Sc and Zr modified alloys for turbo machinery components and 

other Al alloys. 

 
Keywords:  Al alloys, thermodynamic database 
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THE IMPORTANCE OF MODEL AND END-MEMBER 
PARAMETER CHOICES 

Ursula R. Kattner, Carelyn E. Campbell, Eric A. Lass 

Metallurgy Division, National Institute of Standards and Technology, 
Gaithersburg, MD, USA 

The importance of appropriate models for phase descriptions in thermodynamic modeling of 
systems employing the CALPHAD method is well known.  The need for choosing the 
appropriate model is amplified by the extension of the CALPHAD method to model diffusion 
mobilities, molar volumes and other phase based properties since only a model that properly 
reflects the phase will be able to correctly describe all these phase properties and permit 
meaningful extrapolation of the phase properties to a multicomponent system.  Frequently 
simplifications are introduced to reduce the number of adjustable parameters in a model 
description.  These simplifications need to be implemented in a sensitive manner not to cause 
conflicts with the different properties being described and also be suitable for the 
extrapolation to multicomponent systems.  A strategy for the development of model 
descriptions will be presented. 
 
Equally important for the extrapolation of the phase properties to a multicomponent system is 
a sensible choice of parameters for the end-member phases in a model description.  Although 
the publication of SGTE the lattice stabilities of the pure elements by Dinsdale laid the 
foundation for the development of multicomponent thermodynamic databases such 
recommendations are still lacking for most of the intermetallic phases or for the properties 
being modeled with the extended CALPHAD method.  Although the SGTE lattice stabilities 
are mainly limited to the fcc, bcc, hcp and liquid structures the impact on the application of 
the CALPHAD method was significant and clearly demonstrates the importance of such 
reference quantities.  For a period of time a quick fix, the magic 5 kJ/mol, was used by the 
CALPHAD community to derive the end-member quantities for many intermetallic phases 
from the stable form of the pure elements.  With the advances of DFT calculations the use of 
such an approach is no longer justified but simultaneously it is unfeasible to use results from 
individual calculations rather than from a clearly defined set of reference data.  It is important 
to apply the lessons learned from the lattice stabilities of the pure elements for the 
development of reference property descriptions of the pure elements to allow fast progress in 
extending the CALPHAD method.  Recommendations for these reference property quantities 
will be presented. 
 
References: 
A.T. Dinsdale, CALPHAD, 15 (1991) 317-425 
 
Keywords:  Models, end-member phases, multicomponent systems, phase properties 
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DATA REPOSITORIES FOR NEXT GENERATION PHASE 
PROPERTIES MODELING 

Carelyn E. Campbell, Ursula R. Kattner, Benjamin P. Burton, Eric A. Lass 

Metallurgy Division, National Institute of Standards and Technology, 
Gaithersburg, MD, USA 

Laura M. Bartolo 

Center for Materials Informatics, Kent State University, Kent, OH, USA 

The next generation of CALPHAD requires the availability of data repositories for efficient 

development of new descriptions and updates of existing descriptions to utilize advanced 

models and new data.  This need is amplified by the extension of the CALPHAD method to 

model diffusion mobilities, molar volumes, other phase based properties and even two-phase 

properties, such as interfacial energies. 

Modeled after the NIST Interatomic Potentials Repository 

<http://www.ctcms.nist.gov/potentials/> two repositories are being built, one for first 

principles files and one for CALPHAD files.  The first repository will contain a collection of 

files used in first principles calculations.  The second file repository includes files used with 

the CALPHAD method, i.e. files with functional descriptions (e.g. TDB), data files with 

experimental and calculated data used for refinement of the functional descriptions (e.g. POP) 

and auxiliary files (e.g. EXP, TCM).  The files in both repositories are organized according to 

system and the original work.  Links to other entries in the repository are also provided.  

These files are software specific and the files with experimental and calculated data usually 

do not contain the metadata information that is needed for a critical evaluation of these data.  

Therefore, collection of these data and their metadata in a general data repository is needed.  

Such a data repository needs to be flexible enough to accommodate evolving data needs 

while also being self-consistent in providing unique identifiers for phases and materials and 

to offer valuable information for application outside the CALPHAD method.  Protocols for 

the collection of these data and their storage are being established and the current state and 

future development will be discussed. 

 
 
Keywords:  CALPHAD file repository, first principles file repository, data repository 
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THERMODYNAMICS OF HYDROGEN SORPTION IN 
2LiNH2+MgH2 SYSTEM 

	  
Eugenio Riccardo Pinatela, Dhanesh Chandrab, Marcello Bariccoa 

	  
aDipartimento di Chimica and NIS, Università di Torino, Torino (Italy) 

bUniversity of Nevada, Reno(USA) 
	  
 
After the pioneering work of Chen [1], amides-imides systems have been widely investigated as 
candidate materials for hydrogen storage applications. At present, the demand for high capacity 
storage systems releasing hydrogen at low temperatures and pressures has driven the interest from 
simple amides-imides systems to novel multi-component mixtures. In such systems, the challenge 
is to identify the thermodynamically stable phases and preferred reaction pathways as functions 
of composition, temperature and hydrogen pressure. 
 
The aim of the present work is to use the Calphad approach to give a better understanding on the 
thermodynamics of the hydrogen uptake and release for the 2LiNH2+MgH2 system. After milling 
and annealing, it converts into Mg(NH2)2+2LiH via metathesis reaction. These products can be 
dehydrogenated and rehydrogenated according to the following reaction: 

2LiH + Mg(NH2)2 ↔ Li2Mg(NH)2 + 2H2 

This system exhibits a hydrogen capacity of 5.6 wt%, moderate operating temperatures and good 
reversibility [2,3]. 
 
In this work, an assessment of the Gibbs free energy of several compounds has been carried out, 
coupling experimental and calculated thermodynamic data available in the literature [3-8]. As a 
first approximation, all the compounds have been considered as stoichiometric. On the other 
hand, according to the experimental PCI curves, possible composition variations have been 
considered for Li2Mg(NH)2 phase. On the basis of the assessed thermodynamic functions, various 
hydrogen sorption mechanisms have been considered in order to describe possible reaction 
pathways and thermodynamically stable phases at different pressure and temperature conditions. 
 
References 
1. P. Chen, Z. T. Xiong, J. Z. Luo, J. Y. Lin and K. L. Tan, Nature, 420 6913(2002) 302 
2. C. Liang, Y. F. Liu, H. L. Fu, Y. F. Ding, M. X. Gao and H. G. Pan, Journal of Alloys and 
Compounds, 509 30(2011) 7844 
3. W. F. Luo, Journal of Alloys and Compounds, 381 1-2(2004) 284 
4. H. Y. Leng, T. Ichikawa, S. Hino, N. Hanada, S. Isobe and H. Fujii, Journal of Physical Chemistry 
B, 108 26(2004) 8763 
5. W. F. Luo and S. Sickafoose, Journal of Alloys and Compounds, 407 1-2(2006) 274 
6. E. Weidner, F. Dolci, J. J. Hu, W. Lohstroh, T. Hansen, D. J. Bull and M. Fichtner, Journal of 
Physical Chemistry C, 113 35(2009) 15772 
7. Y. F. Liu, B. Li, F. F. Tu, C. Liang, M. X. Gao, H. G. Pan and Q. D. Wang, Dalton Transactions, 40 
32(2011) 8179 
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ATOMIC FORCES AT FINITE MAGNETIC 
TEMPERATURES: PHONONS IN PARAMAGNETIC IRON 

F. Körmann1, A. Dick1, B. Grabowski2, T. Hickel1,  J. Neugebauer1 

1Max-Planck-Institut für Eisenforschung GmbH, D-40237 Düsseldorf, Germany  
2Lawrence Livermore National Laboratory (L-280), P.O. Box 808, Livermore, California 

94550, USA 

Atomic forces are fundamental for using modern ab initio techniques in materials science. 

We propose a new methodological approach that allows one to obtain atomic forces at finite 

magnetic temperatures solely from ab initio calculations. The approach is based on a coarse 

graining procedure in the magnetic configuration space. To test the reliability and 

performance of the proposed approach, phonon spectra of paramagnetic beta (bcc) and 

gamma (fcc) iron are computed. Our results clearly demonstrate that magnetic disorder alone, 

i.e., without having to invoke high-temperature anharmonic contributions, guarantees 

dynamic stability of the iron fcc phase. In the absence of a realistic paramagnetic description, 

i.e., considering fcc Fe in a ferro- or nonmagnetic state, unphysical imaginary phonon modes 

arise. This clearly demonstrates the strong interplay of atomic and magnetic degrees of 

freedom involved in the stability mechanisms in iron and the importance to perform phonon 

calculations based on the actual (realistic) magnetic phases. The approach can be easily 

extended to structures with reduced symmetries (e.g., point or extended defects) or to perform 

MD calculations including finite temperature magnetism. 

F. Körmann, A. Dick, B. Grabowski, T. Hickel, and J. Neugebauer, Phys. Rev. B 85, 125104 

(2012). 
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LAVES PHASE IN THE V-Zr SYSTEM BELOW ROOM 
TEMPERATURE: STABILITY ANALYSIS USING  

AB INITIO RESULTS AND PHASE DIAGRAM  

Jana Pavlů a,c, Jan Vřešťál a,c, Jan Štrof b, Urszula D. Wdowik d, Mojmír Šob a,b,c, Jiří Buršík c 
a Central European Institute of Technology, CEITEC MU, Masaryk University, Brno, Czech Republic 

b Department of Chemistry, Faculty of Science, Masaryk University, Brno,  
Czech Republic 

c Institute of Physics of Materials, Academy of Sciences of the Czech Republic, Brno, Czech Republic 
d Institute of Technology, Pedagogical University, Cracow, Poland 

 

The V-Zr system exhibits a low temperature transformation from non-Laves phase to Laves 

phase when the temperature is increased [1]. This transformation from the rhombohedral 

ZrV2 structure to the cubic C15 Laves phase occurs at about 110-115 K and its experimental 

data were described in details in [2,3]. 

 
A new analysis of this anomaly with the help of ab initio calculated total energies and phonon 

spectra is presented and its consequences for the phase diagram of the V-Zr system are 

discussed. For a proper description of the transformation from non-Laves phase to Laves 

phase, the extension of SGTE unary data to zero Kelvin temperature [4] was employed. 

 
References: 
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FIRST-PRINCIPLES CALCULATIONS OF SiC POLYTYPES 
INCLUDING FINITE TEMPERATURE EFFECTS 

Yosuke Yamamoto1, S. R. Nishitani1, T. Kaneko2 
1 Department of Informatics, Kwansei Gakuin University, Gakuen 2-1, Sanda, 669-1337 Japan. 

2 Department of Physics, Kwansei Gakuin University, Gakuen 2-1, Sanda, 669-1337 Japan. 

SiC has been expected to be a next generation material for the power devices due to its 
superior physical properties. Among the many polytypes of SiC, 4H-SiC shows the widest 
band-gap, and the most expected candidate for the devices. The problem is its high cost of 
making single crystals of 4H-SiC. Very recently, Nishitani and Kaneko have reported a novel 
growth method, named Metastable Solvent Epitaxy (MSE) [1]. 
In MSE, the feed of polycrystalline 3C-SiC dissolves and crystalizes at the seed of single 
crystalline 4H-SiC at 1800 oC. The driving force of the MSE should be the difference of the 
solubilities between the coexisting phases of metastable 3C-SiC and stable 4H-SiC, which is 
speculated from the similar growth mechanism of the high pressure diamond synthesis.  
A reported Si-C phase diagram, however, show that the stable phase should be 3C-SiC at the 
whole temperatures below the evaporation temperature. Experimental confirmations are very 
difficult due to i) small energy differences of these SiC polytypes, ii) contaminations 
especially nitrogen, and iii) high temperature-long time holdings for thermal equilibrium [2]. 
Therefore, we have performed the first principles calculations using Vienna ab initio package 
(VASP) and PHONON package for including finite temperature effects. 
Small black spheres plotted in Fig. 1 show the calculated free energies of 4H-SiC at 1500 K 
for different a/a0 and c/c0 lattice parameters, where a0 and c0 are lattice parameters at the 
ground state. The energy surface was obtained by least square fit from all of 169 calculated 
values, and showed the minimum free energy (Emin) of -1.050 eV/SiC pair indicated by the 
gray sphere near [a/a0, c/c0]=[1.01, 1.01] due to the thermal expansion. We have also 
performed the same method for the other temperatures to obtain the temperature dependency 
of the free energies of 3C and 4H-SiC phases at totally 71 points from 0 K to 3000 K. Fig. 2 
shows the temperature dependency of the calculated free energy difference of the 3C-SiC 
phase against the 4H-SiC phase. The energy difference is quite small, but the result indicates 
the 4H-SiC phase is more stable than the 3C-SiC phase below 1000 K. The phase transition 
occurs at 1000K, and the 3C-SiC phase becomes stable above the critical temperature. These 
results are not consistent with the phase diagrams, but are consistent with the experimental 
results of MSE, the co-existence of stable and metastable phases of SiC. 

 
 

Fig.	   1.	   The	   lattice	   parameter	   dependency	   of	   the	  
free	   energy	   of	   4H-‐SiC	   at	   1500	   K.	   The	   a0	   and	   c0	  
mean	   lattice	   parameters	   of	   4H-‐SiC	   at	   the	   ground	  
state.	  

Fig.	   2.	   The	   temperature	   dependency	   of	   the	  
calculated	  free	  energy	  of	  3C	  phase	  against	  4H-‐SiC	  
phase.	  

[1]	  S.	  R.	  Nishitani	  and	  T.	  Kaneko,	  J.	  Crystal	  Growth,	  Vol.	  310/7-‐9	  (2008),	  pp.	  1815-‐1818.	  
[2]	  S.	  R.	  Nishitani,	  K.	  Togase,	  Y.	  Yamamoto,	  H.	  Fujiwara,	  and	  T.	  Kaneko,	  "Silicon	  Carbide",edited	  
by	  M.	  Mukherjee,	  (InTech,	  2011),	  ISBN	  978-‐953-‐307-‐348-‐4,	  pp.53-‐68.	  
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EXPERIMENTAL EVALUATION AND THERMODYNAMIC 
ASSESSMENT OF THE LiF−GdF3−LuF3 SYSTEM 

I.A. dos Santosa, D. Klimmb, S.L. Baldochia, I.M. Ranieria 

a Instituto de Pesquisas Energéticas e Nucleares, CP11049, Butantã 05422-970, São Paulo, 
SP, Brazil 

b Leibniz Institute for Crystal Growth, Max-Born-Straße 2, 12489 Berlin, Germany 

The phase diagram of binary systems LiF–LnF3, where Ln is one of lanthanides elements 
or Y, were described by Thoma [1]. For the smaller rare earth ions, starting from Ln = Eu, the 
systems contain one intermediate phase LiLnF4 that crystallizes in the scheelite structure,	  
with I41/a space symmetry group. Among these systems, LiF–GdF3 has been experimentally 
re-evaluated by Ranieri et al. [2] resulting in the following data: a eutectic reaction at 25 
mol% GdF3 and 698°C and a peritectic reaction at 34 mol% GdF3 and 755°C. The LiF–LuF3 
system was corrected by Harris et al. [3], it was proposed a eutectic reaction at 20 mol% 
LuF3 and 700°C, a congruent melting point at 50 mol% LuF3 and 850°C, and another eutectic 
reaction at 58 mol% LuF3 and 832°C. 

Since crystals of LiGd1−xLuxF4 solid solutions are interesting to be doped with other rare 
earths to develop new laser media, efforts were undertaken to study the phase relations on the 
ternary system LiF–GdF3–LuF3. Therefore, the experimental phase diagram of trifluorides 
compounds GdF3–LuF3 has been investigated and unlimited mutual miscibility was observed 
only for low temperatures, where the GdF3 and LuF3 present orthorhombic structure, and for 
the melt, whereas limited mutual solubility was found for the high temperature phase of both 
components [4]. The pseudo-binary section between the two scheelites LiGdF4–LiLuF4 was 
also investigated by thermal analysis, and it was shown that scheelite mixed crystals under 
equilibrium conditions are crystallizing first only from Lu-rich LiGd1−xLuxF4 melts x ≥ 0.6 
[5]. 

In this work thermodynamic simulation of binary sections belonging to LiF–GdF3–LuF3 
ternary phase diagram has been performed. For calculation of the LiF–GdF3 section, T-X 
experimental points were taken from [2]. Specific heat capacity and other calorimetric data 
were experimentally determined or were taken from Barin [6]. LiF–LuF3 system was 
completely re-evaluated and both experimental and theoretical binary phase diagram has been 
set. Finally, the experimental points of trifluoride section GdF3–LuF3 was considered from 
[4]. Gibbs excess energy terms for the liquid phase, which describe the effects of interaction 
between the two fluorides in the liquid solution, were expressed by the Redlich-Kister 
polynomial function [7]. The same model was used to describe the solid solutions phases 
belonging to GdF3–LuF3 system. Afterwards, the solidification path at LiF–GdF3–LuF3 
ternary phase diagram could be extrapolated according to the formalism of Kohler-Toop. 
References 
[1] R. E. Thoma, “Prog. Sci. Technol. Rare Earths”, Vol. 2, p. 90–122, Pergamon Press, New York, 1966. 
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[3] I. R. Harris, H. Safi, N. A. Smith, M. Altunbas, B. Cockayne, and J. G. Plant, J. Mater. Sci. 18, 1235 (1983). 
[4] I. M. Ranieri, S. L. Baldochi, and D. Klimm, J. Solid State Chem. 181, 1070 (2008). 
[5] I. A. dos Santos, I. M. Ranieri, D. Klimm, R. Fornari, S. L. Baldochi, Cryst. Res. Technol. 43 (2008).  
[6] I. Barin, Thermodynamic Data of Pure Substances, VCH,Weinheim, 1993. 
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THERMODYNAMIC CALCULATIONS FOR Li/Cu-Li-Mg-H 
BASED ELECTRODES  

M. H. Braga1,a, V. Stockhausen1,a, J. Ferreira2, J.C.R.E. Oliveira1,b 

1Engineering Physics Department, Engineering Faculty, Universidade do Porto, R. Dr. 
Roberto Frias, s/n, 4200-465 Porto, Portugal and  aCEMUC or bCFP 

2Laboratório Nacional de Energia e Geologia, Rua da Amieira, Apartado 1089 
4466-901 S. Mamede de Infesta, Portugal 

Li-ion batteries are appealing for a prolific variety of applications as they provide higher 

energy density compared to other rechargeable batteries. The use of Li-metal as negative 

electrode improves the energy density but rises safety issues. 

In a Nat. Mater. paper, Oumellal et al. [1] investigated the use of MgH2, TiH2 and NiMg2H4 

as enhanced negative electrodes in Li batteries. These authors addressed a type of reaction 

with implications for both Li-ion batteries and fuel cells. It was shown that MgH2 reacts with 

Li according to the equation MgH2+2Li++2e-<->Mg+2LiH. MgH2 electrodes lead to a 

discharge capacity of 1500 mAhg-1 for a reversible capacity of 1125 mAhg-1 in comparison 

with 372 mAhg-1 for graphite (currently used in commercial Li-ion batteries). Although 

Oumellal et al. succeeded in reducing cell polarization, metal hydride electrodes remain 

plagued by a large initial irreversible capacity (~30%) and poor capacity retention limited to 

less than 20-50 cycles regardless of the cycling rate or voltage window.  

We have studied CuLi0.08Mg1.92 and determined that the compound reacts with hydrogen to 

form CuLi0.08Mg1.92H5 [2]. Moreover, we have observed that the latter compound acts as a 

catalyst in the formation/hydrogen desorption of/from MgH2, LiH and TiH2 [3].  

We have performed first principles and phonon calculations to establish the reactions 

occuring at the negative electrode in presence of CuLi0.08Mg1.92H5 and (Li) – solid solution of 

Mg in Li. Furthermore, we have used a finite element method to simulate a Li/Cu-Li-Mg-H 

negative electrode in operation for later use in Li-batteries. 

[1] Y. Oumellal, A. Rougier, G.A. Nazri, J.-M. Tarascon, L. Aymard, Nat. Mater., 7 (2008). 
“Metal hydrides for lithium-ion batteries”. 
[2] M.H. Braga, J.A. Ferreira, M. Wolverton, J. Therm. Anal. Calorim. (2012) 108:733–739 
“Study of the Cu-Li-Mg-H System by Thermal Analysis”.  
[3] M.H. Braga, M.J. Wolverton, A. Llobet, L.L. Daemen, Mater. Res. Soc. Symp. Proc., 
1262, 1262-W03-05 (2010). “Neutron Scattering to Characterize Cu/Mg(Li) Destabilized 
Hydrogen Storage Materials”. 
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ADDING SULPHUR TO A STEEL PROCESSING 

DATABASE – A FIRST STEP 

D. Dilner and M. Selleby 

KTH Royal Institute of Technology, Stockholm, Sweden 

There is a need from industry as well as from process metallurgical researchers to be 

able to perform thermodynamic calculations related to the steel making process as well as 

high temperature corrosion processes. For this purpose the database TCOX has been 

developed, currently describing important oxide systems. The ionic two-sublattice model is 

used to describe both the liquid steel and the liquid slag. Additionally the database has non-

stoichiometric descriptions of solid oxide phases. There is a need to extend this description 

with systems including other elements of interests for the steel making process, such as 

sulphur systems. A good description of the Fe-Mn-S system is of importance for 

thermodynamic calculations regarding the desulphurization process as well as inclusion 

control. Thus a thermodynamic assessment of the Fe-Mn-S system that is consistent with the 

TCOX database will be the first step in order to add sulphur to the database. A 

thermodynamic assessment of the Mn-S system has been performed, which is combined with 

descriptions of the Fe-S system[1] and Fe-Mn system[2]. Ternary interaction parameters for the 

Fe-Mn-S system are optimized. The ionic two-sublattice model is used to describe the liquid 

over all composition ranges. The solid sulphide phases included are Fe1-xS (pyrrhotite), MnS 

(halite) and FeS2 (pyrite). Sulphur is assumed to be substitutionally dissolved in the metallic 

phases, BCC and FCC.  

The work has been performed within the Compass project which is funded by KTH 

Royal Institute of Technology, Outokumpu Stainless, Ovako, SSAB EMEA and Thermo-

Calc Software. 

 

[1] B.-J. Lee, B. Sundman, S. I. Kim, K.-G. Chin, ISIJ International 47 (2007) 163-171 

[2] W. Huang, CALPHAD 13 (1989) 243-252 
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THERMODYNAMIC PROPERTIES OF LIQUID PHASE 
FROM AIMD SIMULATIONS: APPLICATION TO Al-Cu 

W. Y. Wang,a,c J. J. Han,a,b S. L. Shang,a Y. Wang,a S. N. Mathaudhu,d X. J. Liu,b X. D. Huic 
and Z. K. Liua 

 
a Department of Materials Science and Engineering, The Pennsylvania State University, 

University Park, PA 16802, USA 
b Department of Materials Science and Engineering, College of Materials, Xiamen 

University, Xiamen 361005, China 
c State Key Laboratory for Advanced Metals and Materials, University of Science and 

Technology Beijing, Beijing 100083, China  
d Materials Science Division, U.S. Army Research Office, Research Triangle Park, NC 

27709, USA 
 
 

The vibrational entropy of the liquid Al-Cu phases has been studied using ab initio molecular 

dynamic (AIMD) simulations integrated with a two-phase thermodynamic model, where the 

the liquid phase is treated as a combination of gas-like and solid-like components. The 

phonon density of state used to estimate the thermodyanic properties of the liquid phase is 

obtained from the Fourier transform of the velocity correlation function according to AIMD 

results.  It has been observed that the predicted tracer diffusion coefficient of liquid Cu from 

the velocity correlation function via the Green-Kubo relation agrees with reported 

quasielastic neutron scanning data. Additionally, the predicted entropy of liquid Al matches 

within 2% with reported experimental data.  It is found that the thermodynamic properties of 

liquid Al-Cu, such as entropy, enthalpy, heat capacity and Helmholtz energy, can be obtained 

with the present approach. 

 
 
 
Keywords:  Entropy, Diffusivity, Metal melts, Two-phase model, AIMD 
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HYDROGEN ABSORPTION IN BLi INTERMEDIATE PHASE 

Władysław Gąsior* and Marek Polański** 

*Aleksander Krupkowski Institute of Metallurgy and Materials Science Polish Academy of 
Sciences, 30-059 Kraków, 25 Reymonta Street, Poland  

**Jarosław Dąbrowski Military Academy of Technology, 00-908 Warszawa 49, 2 Kaliskiego 
Street, Poland 

The absorption/desorption of the hydrogen in the BLi intermediate phase was investigated 

using the sorption analyzer HTP1-S, Hiden Isochemia. Tests were conducted at elevated 

temperatures from 100°C (373K) to 450°C (723K) and under pressure from atmospheric one 

to 100 bars. The sample of BLi phase was prepared from lithium and boron by the reaction at 

1000°C (1273K) for 1 hour and next annealing at 850°C (1123K) by four days. The reaction 

of elements was conducted in the glove-box with the high purity argon atmosphere. The 

obtained BiLi phase was next analyzed by the X-ray diffraction which confirmed mainly 

assumed intermediate phase with the small amount of boron. The sorption tests were 

performed starting from 100°C (373K) and 1 bar overpressure of hydrogen. The highest test 

temperature and pressure of hydrogen was 450°C (723K) and 100 bars, respectively. It was 

found that the BLi phase absorbed only about 1.5 % mass. of hydrogen at 400°C (673K). The 

DSC test of the BLi sample after the hydrogen absorption process showed between 600°C 

and 700°C two endothermic reactions. The chemical analysis of gas phase from the 

desorption process of hydrogen saturated sample showed beside the hydrogen also very small 

amounts of water and B2Li6 and its X-ray diffraction analysis showed the existence of lithium 

hydride and BLi phase in the sample. The observed additional diffractions were not assigned 

to any compound consist of boron, lithium and hydrogen. Investigations on the 

absorption/desorption of hydrogen in B-Li intermediate phases have been continued in 

ZAMAT project POIG.01.01.02-00-015/09-00.  
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EFFECT OF ALLOYING ELEMENTS (Al, Co, Fe, Ni) ON THE 
SOLUBILITY OF HYDROGEN IN VANADIUM : A 

THERMODYNAMIC STUDY 
Ki-Hyun Kima, Jae-Hyeok Shimc, Byeong-Joo Leea,c 

a Dept. of Material Science and Engineering, b Div. of Advanced Nuclear Engineering, 
Pohang University of Science and Technology (POSTECH), Pohang 790-784, Korea 

c High Temperature Energy Materials Research Center, 
Korea Institute of Science and Technology (KIST), Seoul 139-791, Korea 

With the application of hydrogen-based energy, the development of the hydrogen 
separation technology has become increasingly important [1]. Recently, vanadium has been 
noticed as a replacement for palladium, which has been commercially used for hydrogen 
separation membrane, because vanadium has low cost and high hydrogen permeable 
characteristic [2]. However, high hydrogen solubility of vanadium causes a hydrogen 
embrittlement problem that reportedly comes from the formation of hydrides or change of 
lattice parameter, etc., especially at low temperatures [3]. Therefore, reducing the hydrogen 
solubility for a given thermodynamic condition could be thought as a way to maintain 
mechanical properties of membranes. Alloying can be an effective way to control the 
hydrogen solubility without changing other thermodynamic conditions. Although many 
experiments at various thermodynamic conditions have been done, the information is still 
limited and not enough to be used for a design of membrane alloys. By using a 
thermodynamic calculation technique known as a CALPHAD method [4], the shortage of 
experimental information can be supplemented. 

In present work, the thermodynamic assessments for the V-M-H (M = Al, Co, Fe, Ni) 
hydrogen membrane systems have been carried out on the basis of a newly assessed Co-H 
binary description, a partly modified Fe-H description and existing thermodynamic 
descriptions for the other M-H (V-H, Al-H, Ni-H) and V-M (V-Al, V-Co, V-Fe, V-Ni) binary 
systems. A special attention was paid to estimate the thermodynamic descriptions for the non-
existing bcc Al-H, Co-H and Ni-H alloys. Thermodynamic parameters for those binary alloys 
were estimated by using a theoretical approach (atomistic computation) and fitting limited 
amount of experimental data for the hydrogen solubility in V-rich bcc ternary alloys. The 
proposed thermodynamic descriptions predict phase equilibria, especially the effect of 
alloying elements on the hydrogen solubility in the V-rich bcc alloys, in good agreement with 
available experimental data. The present thermodynamic descriptions can be easily extended 
to higher order alloy systems and can provide useful information for alloy design of metallic 
hydrogen membranes with well-balanced hydrogen permeability and mechanical properties. 
References 
[1] S. Tosti, et al., Int. J. Hydrogen Energy 28 (2003) 105-112. 
[2] C. Nishimura, M. Komaki and M. Amano, Mater. Trans., JIM 32 (1991) 501-507. 
[3] O. V. Owen and T. E. Scott, Metall. Trans. 3 (1972) 1715-1726. 
[4] L. Kaufman and H. Bernstein, Computer calculation of phase diagrams with special 

reference to refractory metals, Academic press, New York (1970) 
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THE Al-Fe-Mn SYSTEM REVISITED 

Bonnie Brusewitz Lindahl and Malin Selleby 

KTH, Royal Institute of Technology 

 

In the automotive industry, TWIP steels are currently attracting a lot of attention. The TWIP 

steels show an exciting combination of strength and ductility which cannot be found 

elsewhere. The common addition of Aluminum also makes it a relatively light weigh material 

which is very attractive from an environmental point of view. There are however some 

drawbacks with TWIP steels. Although they exhibit excellent Ultimate Tensile Strength 

(UTS), the Yield Strength (YS) is too low for many applications. In order to improve this 

property several different routes are being investigated. One of the routes showing much 

promise is the addition of alloying elements. To predict the properties of materials with such 

additions, it is important to use accurate thermodynamic databases. The Al-Fe-Mn system is 

the core of TWIP steel alloys. In an attempt to improve the existing databases this ternary 

system has here been reassessed using the most recent descriptions of the binary subsystems, 

Al-Fe by B. Sundman et al.[1], Al-Mn by Y. Du et al.[2] and Fe-Mn by D. Djurovic et al.[3]. 

Two different alloys were produced and annealed to reach equilibrium in the FCC/BCC two-

phase region in order to validate the position of this important two-phase field. The samples 

were examined with Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy 

(EDS) and X-ray Diffraction (XRD). 

 
References 
[1] B. Sundman, I. Ohnuma, N. Dupin, U. R. Kattner, and S. G. Fries, “An assessment of the entire Al–Fe 

system including D03 ordering,” Acta Materialia, vol. 57, no. 10, pp. 2896-2908, Jun. 2009. 
[2] Y. Du, “Reassessment of the Al-Mn system and a thermodynamic description of the Al-Mg-Mn 

system,” International Journal of Materials Research (formerly Zeitschrift für Metallkunde), vol. 98, pp. 
855-871, 2007. 

[3] D. Djurovic, B. Hallstedt, J. von Appen, and R. Dronskowski, “Thermodynamic assessment of the Fe–
Mn–C system,” Calphad, vol. 35, no. 4, pp. 479-491, Dec. 2011.  
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EFFECT OF LOW NITROGEN PRESSURE ON THE 
THICKNESS OF GRADIENT ZONES IN WC–Ti(C,N)–CO 

CEMENTED CARBIDES 

Weibin Zhanga, Yong Dua,b*, Yingbiao Penga, Weiming Chena, Shequan Wangb, Guanghua 
Wenb  

aState Key Lab of Powder Metallurgy, Central South University, Changsha, Hunan, 410083, 
China 

b Zhuzhou Cemented Carbide Cutting Tools Limited Company, Zhuzhou, China 
*E-mail: yongducalphad@gmail.com  

According to the actual manufacturing technology, the plentiful N-containing cemented 
carbides sintered under the denitriding conditions in the sinter can release nitrogen, which 
influences the gradient-sintering progress. This work investigates the effect of low nitrogen 
pressure on the thickness of gradient zones in WC-Ti(C,N)-Co cemented carbides via 
experimental study and computer simulations. The cemented carbides with the same 
composition are gradiently sintered at 1450 ℃ for 1 h under different nitrogen pressures from 
0 to 40 mbar. The microstructure of the gradient zone is investigated via scanning electron 
microscopy (SEM), and the concentration profile is determined by electron probe 
microanalysis (EPMA). It is found that the gradient zones are enriched in binder phase and 
depleted in cubic phase[1] under low nitrogen pressures, but the thickness of gradient zones 
decrease with the increase of nitrogen pressure. The higher nitrogen pressure can decrease the 
driving force for outward diffusion of nitrogen and inward diffusion of titanium. Besides, 
when the alloy is sintered under higher nitrogen pressure, there is not only a higher cobalt 
composition at the surface, but also a smoother curve for the cobalt concentration profile. The 
theoretical prediction of gradient zone formation using the DICTRA software is based on the 
critical assessment of thermodynamic and kinetics databases[2]. The simulated concentration 
profiles are in good agreement with the experimental data. According to the present 
sumulations, the non-linear relationship between the nitrogen pressure and the thickness of 
gradient zone could be established.  
 
Acknowledgments 
This work is supported by Zhuzhou Cemented Carbide Cutting Tools Co., LTD of China  and 
National Natural Science Foundation of China (Grant Nos. 51021063 and 50831007). 
 
References 
[1] M. Ekroth, R. Frykholm, M. Lindholm, H.O. Andrén, J. Ågren, Acta Mater, 48 (2000) 
2177-2185. 
[2] W.B. Zhang, C.S. Sha, Y. Du, G.H. Wen, W. Xie, S.Q. Wang, Acta. Metall. Sin, 47 
(2011) 1307-1314. 
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THERMODYNAMIC ANALYSIS OF THE PHASE 
EQUILIBRIA IN THE Fe−Ti−S TERNARY SYSTEM 

Tatsuya Tokunaga1,4, Hirokazu Fujimoto2, Satoshi Iikubo3,4, Hiroshi Ohtani2,4 

1Department of Mechanical Engineering, Kagoshima University                                    
2Department of Materials Science and Engineering, Kyushu Institute of Technology               

3Department of Biological Functions and Engineering, Kyushu Institute of Technology 
4CREST, Japan Science and Technology Agency 

A thermodynamic analysis of the phase equilibria in the Fe−Ti−S ternary system has been 

carried out using the CALPHAD method. Among the three binary systems present in this 

ternary phase diagram, the thermodynamic description of the Fe−Ti system was taken from a 

previous study [1]. The thermodynamic parameters of the Fe−S and Ti−S binary systems 

were evaluated in this study. To compensate for the lack of available experimental data on the 

thermodynamic properties of various sulfides, the enthalpy of formation obtained from first-

principles calculations and molar heat capacity based on Debye and Grüneisen models were 

utilized in these analyses. The ternary thermodynamic parameters were optimized using the 

available experimental data on the phase boundaries. In addition, the thermodynamic 

properties of the ternary sulfides obtained from our first-principles calculations were utilized 

together with the experimental information. The calculated Fe–Ti–S ternary phase diagrams 

have nicely reproduced the experimental results. 

 

[1] K. C. H. Kumar, P. Wollants, L. Delaey, CALPHAD 18 (1994), 223−234. 
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INVESTIGATION ON THERMODYNAMIC STABILITY OF 
LSCF CATHODE MATERIALS BY CALPHAD METHOD 

 
Wei-Wei Zhang and Ming Chen 

 
Department of Energy Conversion and Storage, Technical University of Denmark, P.O. Box 

49, DK-4000 Roskilde, Denmark 
 
 

LSCF (La1-xSrxCo1-yFeyO3-δ), is recognized as a promising cathode material for low 

temperature SOFCs (Solid Oxide Fuel Cells). However, the LSCF cathode degrades over 

extended periods of time. The origin of the degradation is unclear at the moment [1, 2]. In 

order to identify chemical and structural degradation mechanisms of LSCF, thermodynamic 

modeling of the La-Sr-Co-Fe-O system combined with model experiments was carried out in 

the present project.  

We started with building a self-consistent thermodynamic database of relevant components 

(La Sr-Co-Fe-O) using the CALPHAD (CALculation of PHAse Diagrams) methodology. 

Published thermodynamic databases and experimental data for subsystems in La-Sr-Co-Fe-O 

were reviewed. The Fe-Co-O, La-Co-Fe-O, and Sr-Co-Fe-O systems were remodeled, and a 

self-consistent thermodynamic database of La-Sr-Co-Fe-O was obtained in the present work. 

Thermodynamic calculations on phase stability of LSCF as functions of composition, 

temperature, oxygen partial pressure were carried out. The calculation results indicate that the 

LSC perovskite is stable at high temperature in air and it starts decomposing, and forming 

secondary phases when decreasing temperature or oxygen partial pressure. On the other hand, 

the LSCF perovskite is more stable than LSC. The calculation results were validated using 

experimental data from literature and from model experiments carried out in the present 

work. General agreement was achieved between calculations and experimental results. Beside 

phase stability, other properties of the LSCF perovskite, such as oxygen nonstoichiometry 

and cation distribution, can also be calculated and predicted based on the developed La-Sr-

Co-Fe-O database. The calculations help understand various related industrial and 

technological processes.  

 

References  
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INTEGRATED TEACHING OF BASIC SCIENCE, 
MODELLING AND EXPERIMENTAL METHODS IN THE 

CONTEXT OF CALPHAD 

V.A.Yardley1, S. G. Fries2, A. Hartmaier2 

1Institut für Werkstoffe, Ruhr-Universität Bochum, Germany; 

 2ICAMS, Ruhr-Universität Bochum, Germany 

The new Materials Science and Simulation (MSS) Master course organised by ICAMS, 

Ruhr-Universität Bochum [1], takes students from a variety of educational backgrounds 

including materials science, computer science, physics, chemistry and mathematics. The 

challenge in teaching the basis modules of this course is that they must convey the 

fundamental concepts of materials science to those with non-materials backgrounds while 

simultaneously stimulating the interest of those who are already familiar with these 

principles. In more advanced modules, in which materials simulation approaches such as the 

CALPHAD method, or experimental techniques, are introduced, familiarity with these 

fundamentals is required. 

Through interaction between the instructors of the various modules and through the use of 

“hands-on” computer-based exercises, we aim to reinforce knowledge of the fundamental 

concepts and show how they apply to different modelling and experimental disciplines. The 

teaching of the CALPHAD method illustrates this approach. In a basis module, concepts in 

crystallography are taught with the aid of hands-on examples using free software including 

VESTA [2] and the principles underlying phase equilibria are reinforced by an exercise in 

which students try out basic calculations using an Gibbs energy minimiser code. The lectures 

focusing on the CALPHAD method include a revision of the crystallographic fundamentals 

as they apply to the construction of CALPHAD type of databases (sublattices, order-disorder, 

point defects, interpretation of experimental diffraction data, etc.). Using this integrated and 

interactive approach, it is hoped that students will appreciate the interconnectedness of, and 

the applicability of fundamental principles to, the different disciplines involved in materials 

science, and also that the built-in repetition and hands-on practice of these principles will 

help to reinforce the learning process. 

[1] http://www.icams.de/content/teaching/masters-course-mss/mss_index.html 
[2] http://jp-minerals.org/vesta/en/ 
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T-X PHASE DIAGRAMS OF SYSTEMS INVOLVING BINARY 

CHALCOGENIDES AND PROPERTIES OF ALLOYS 

M.M. Asadov, F.M. Mammadov, A.C. Mirzoyev 

Institute of Chemical Problems, NASA, G. Javid Pr. 29, AZ 1143 Baku, Azerbaijan 

 

We construct the T-x phase diagrams of the following systems. It is established, that phase 

equilibriums in the quasibinary GeSe2–CdTe, GeSe2–HgTe, GeSe2–HgS, GeSe2–CdS systems 

are characterized by formation of the limited solid solutions on basis of basic components and 

fourfold intermediate phases such as А2GeSe2Те2 and A4GeS4Se2: Cd2GeSe2Те2 (hexagonal 

system; a = 5.69; c = 11.32 Å), Cd4GeS4Se2, Hg2GeSe2Те2 (tetragonal system; а = 7.50; c = 

36.48 Å), Hg2GeS2Sе2   (hexagonal system; а = 7.20; c = 36.64 Å),  Hg4GeS4Se2   

(monoclinic system;  а = 12.38; b = 7.14; c = 12.40 Å). New dependences of the important 

physicochemical properties of solid solutions on basis of the GeSe2 crosscuts of GeSe2–А2В6 

(А2 = Hg; Cd; В6 = S, Te) on composition are obtained. Thermodynamic characteristics of 

Cd2GeSe2Те2 and Hg2GeSe2Те2 phases were determined.  

Liquidus curve diagram of the system FeSe–GeTe has a maximum, which corresponds to the 

compound GeFeSeTe. This compound melts congruently at 1148 K. The compound 

GeFeSeTe has a cubic structure (a = 10.73 ±0.01 Å). The state diagram has two eutectic 

points (25 mol. % FeSe, 913 K and 75 mol. % FeSe, 873 K). Limited solid solutions are 

formed on the basis of the original components. Boundaries of the existence of 

solid solutions below the solidus line were determined by means of physical and chemical 

analysis. 

In these systems the mutual solubility of the compounds. Modes of synthesis of systems were 

defined. In the studied systems, structural phase transitions are detected. The effect of partial 

replacement of components on the physical, thermodynamic and magnetic properties of 

obtained crystals was studied. 
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EFFECT OF Ag ADDITION TO Zn-12Al ALLOY ON 

KINETICS OF GROWTH OF INTERMEDIATE PHASES ON 

Cu SUBSTRATE 
T. Gancarz, J. Pstrus, P. Fima 

Institute of Metallurgy and Materials Science, Polish Academy of Sciences, Krakow, Poland 

 

The aim of this work is to study the effect of Ag on thermodynamic and physicochemical 

properties of three Zn-Al-Ag alloys of varying Ag content. Zn-Al-Ag solders based on 

eutectic Zn-12Al containing 0.5-1.5 at.% Ag are developed for ultra high temperature 

applications. Wettability tests carried out Zn-Al alloys with the addition of Ag on Cu 

substrates showed the formation of Cu-Zn phases. Wettability study of solder on the Cu pad 

was performed for the times: 3, 8, 15, 30 and 60 minutes, in the temperature 500°C, with the 

use of flux. Experiment was designed this way in order to demonstrate the effect of Ag 

addition on the kinetics of formation and growth of phases CuZn, Cu5Zn8, CuZn4. The Ag 

content improves electrical resistivity, increases melting temperature and improves the 

spreadability. 
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THERMODYNAMIC AND DIFFUSION MODELING OF 

TIME-TEMPERATURE SENSITIZATION DIAGRAMS FOR 

AUSTENITIC STAINLESS STEELS 
 

R.R. de Avillez*, A. Costa e Silva** 

*DEMa-PUC_Rio, 22451-900 Rio de Janeiro, RJ – Brasil 

 **EEIMVR-UFF, 27260-740   Volta Redonda, RJ – Brasil 

 

Austenitic stainless steels are prone to a sensitization process due to the precipitation of 

M23C6 carbides near the grain boundaries when slowly cooled through the temperature range 

from 800° to 500°C. The sensitization may also occur when the steel is kept at relatively high 

temperatures for a very long time, like, for instance, during the life-time of a thermal or 

thermonuclear power plant. This sensitization is attributed to the formation of a chromium 

depleted layer in the matrix close to the precipitates which favors localized corrosion and 

may lead to material failure.  Sensitized material is also prone to stress corrosion cracking in 

some media, and the knowledge of the occurrence of a sensitized condition is of paramount 

importance in several important applications. 

 

In this work, diffusion and computational thermodynamic models are used to calculated time-

temperature sensitization diagrams for austenitic stainless steels. The results of these models 

are compared to published isothermal sensitization diagrams. Furthermore, an attempt to gain 

insights on the thickness of the chromium depleted layer is also made, in order to try to 

couple the simulation results with current sensitization models. The results show that it is 

possible to evaluate the cooling rates to avoid the carbide precipitation and that, in some 

situations, it might be possible to derive conditions to prevent sensitization using this 

modeling approach. 

 

Keywords: austenitic stainless steel, isothermal sensitization diagram, carbide precipitation 
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A COMPUTATIONAL STUDY OF 5d TRANSITION-METAL 
SOLUTE DIFFUSIVITIES IN α-Fe  
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Due to the importance of diffusion kinetics for a variety of processes underlying materials 

properties, significant effort is being devoted to the development of computational models 

and associated databases for predicting diffusion constants in multicomponent alloys. For 

such efforts, the magnitudes of impurity diffusion constants are critically important for 

defining the values of the end-member mobilities. 

Recently, we introduced a semi-empirical methodology for computing the impurity 

diffusion constants in α-Fe [1].  The approach makes use of Le Claire’s nine-frequency 

model, density-functional-theory calculations of the relevant hopping frequencies for the 

zero-temperature ferromagnetic state, and a semi-empirical treatment of the effects of 

magnetic disorder on the diffusion activation energy [2].  In this work, this framework is 

applied to calculate the impurity diffusion constants of 5d transition-metal solutes in α-Fe.  

Our calculations show that the diffusion prefactors and activation energies display a non-

monotonic dependence on band filling with maximum near center of 5d transition-metal 

series. An analysis of the individual contributions to the diffusion constant shows that the 

trend in the magnitudes of impurity diffusion coefficients are dominated by the values of the 

activation energy, with contributions from both the impurity migration energy and impurity-

vacancy binding energies. 

Also, for some solutes considered in this work, the calculated impurity diffusion 

coefficients is lower than that for self-diffusion at temperatures near 1000 K. These solute 

species may thus be of interest as potential additions to precipitation-strengthened ferritic 

alloys for slowing high-temperature coarsening rates. 

Reference: 
[1] S. Huang, D.L. Worthington, M. Asta, V. Ozolins, G. Ghosh, and P. K. Liaw. Acta Mater. 
58, 1982 (2010). 
[2] S. Takemoto, H. Nitta, Y. Iijima, and Y. Yamazaki, Phil Mag., 87, 1619 (2007) 

Keywords: Impurity	   diffusion,	   density	   functional	   theory,	   Harmonic	   transition	   state	  

theory	  
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AN IMPROVED MAGNETIC MODEL FOR 
THERMODYNAMIC MODELING 

Wei	  Xiong1,	  Qing	  Chen2,	  Pavel	  Korzhavy1,	  Malin	  Selleby1	  

1. Department of Materials Science and Engineering, KTH Royal Institute of Technology, 
SE-100 44 Stockholm, Sweden 

2. Thermo-Calc software AB, Norra Stationsgatan 93, SE-113 64 Stockholm, Sweden 
 

The	  standard	  magnetic	  model	  in	  the	  current	  CALPHAD	  approach	  is	  based	  on	  the	  Inden-‐Hillert-‐
Jarl	   model	   and	   an	   empirical	   constraint	   due	   to	  Weiss	   and	   Tauer	   that	   can	   be	   used	   to	   connect	  
ferromagnetism	  and	  antiferromagnetism.	  In	  this	  work,	  we	  demonstrate	  that	  many	  artifacts	  can	  
be	   produced	   by	   using	   the	   current	   approach	   when	   modeling	   systems	   with	   elements	   with	  
different	   forms	  of	  magnetism	  [1-‐3].	  We	  then	  propose	  several	  simple	  measures	   to	   improve	  the	  
standard	   magnetic	   model	   so	   that	   a	   physically	   and	   numerically	   correct	   and	   more	   accurate	  
description	   for	   the	   Gibbs	   energy	   of	   magnetic	   ordering	   can	   be	   obtained.	   Especially,	   we	   have	  
assumed	  that	  each	  magnetic	  phase	  always	  possesses	  both	  ferromagnetic	  and	  antiferromagnetic	  
states,	  with	   one	   of	   them	  being	   stable	   and	   the	   other	   unstable.	   The	   concept	   'effective	  magnetic	  
moment'	  is	  introduced	  as	  a	  measure	  of	  the	  maximum	  magnetic	  entropy.	  Case	  studies	  on	  the	  Cr-‐
Ni	   and	   Al-‐Cr-‐Fe	   systems	   are	   performed	   at	   0	   K	   assisted	   by	   ab	   initio	  Monte	   Carlo	   simulations	  
showing	   the	   importance	   of	   reasonable	   description	   of	  magnetic	   phase	   diagrams.	   It	   is	   stressed	  
that	  the	  extended	  magnetic	  model	  in	  this	  work	  can	  be	  further	  employed	  for	  bridging	  atomistic	  
and	  phenomenological	  modeling	  for	  multi-‐scale	  simulation.	  
This	  work	  was	  performed	  within	  the	  VINN	  Excellence	  Center	  Hero-‐m,	  supported	  by	  VINNOVA	  
(Swedish	   Governmental	   Agency	   for	   Innovation	   Systems),	   Swedish	   Industry	   and	   KTH.	   The	  
authors	  are	  grateful	  for	  discussions	  with	  Profs.	  Emeritus	  Mats	  Hillert	  (KTH)	  and	  Gerhard	  Inden	  
(MPI).	   W.X.	   thanks	   Mr.	   Moshiour	   Rahaman	   and	   Prof.	   Andrei	   Ruban	   for	   providing	   their	  
unpublished	  data.	  
	  

	  
References:	  
[1]	   Wei	   Xiong,	   et	   al.,	   "Magnetic	   phase	   diagram	   of	   the	   Fe-‐Ni	   system",	   Acta	   Materialia,	   59(2)	  

(2011)	  521-‐530.	  
[2]	  Wei	  Xiong,	  et	  al.,	  "An	  Improved	  Thermodynamic	  Modeling	  of	  the	  Fe-‐Cr	  System	  Down	  to	  Zero	  

Kelvin	  Coupled	  with	  Key	  Experiments."	  CALPHAD	  35	  (2011)	  355-‐366.	  
[3]	  Wei	   Xiong,	   et	   al.,	   "Phase	   Equilibria	   and	   Thermodynamic	   Properties	   in	   the	   Fe-‐Cr	   System",	  

Critical	  Reviews	  in	  Solid	  State	  and	  Materials	  Sciences,	  35	  (2010)	  125-‐152.	  
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DICTRA SIMULATION OF FERRITE/AUSTENITE 
DIFFUSION COUPLES OF STAINLESS STEELS 

Akira Seki and Kazuhiro Ogawa 

Sumitomo Metal Industries, LTD. Corporate Research and Development Laboratories 

The interdiffusion across the interfaces between ferritic and austenitic phases plays 

important roles on the microstructure change in the manufacturing and welding processes of 

the duplex stainless steels, which are used in the broad range of industries because of their 

good mechanical properties and high corrosion resistance.  Diffusion couples of ferritic and 

austenitic stainless steels may serve as simple physical models for the interfaces in the duplex 

stainless steels.  One of the present authors reported previously on the bonding experiment of 

the diffusion couple using ferritic stainless steel SUS444 and austenitic stainless steel 

SUS316L in a temperature range between 1373K and 1523K [1].  In this experiment the 

austenite-phase was transformed to the ferrite-phase at the interface by Ni diffusion from the 

austenite-phase into the ferrite-phase and consequently the interface migrated to the 

austenite-phase side.  In the present study the simulations of multi-component diffusion in the 

diffusion couples of SUS444/SUS316L have been carried out using the DICTRA software.  

The purpose of the present study is to show that the combination of the diffusion couple 

experiments and the computer simulation methods can be a useful tool to analyze the 

diffusion-controlled phenomena occurred at the interfaces in materials.  The Ni diffusion 

distance into ferrite-phase and the distance of interface migration were calculated and 

compared with the experimental results.  The calculated results agree very well with the 

experimental results.  An analytical model based on Ni diffusion has been also proposed.  In 

the model super saturation Ω’s of Ni are defined both for the ferrite-phase and the austenite-

phase.  The values of the Ω’s were calculated from the DICTRA simulation results.  

According to the model it is shown that the temperature dependency of the Ni diffusion 

distance and the interface migration distance can be quantitatively evaluated by the Ni 

diffusion and the super saturation Ω’s. 

 

 [1] Y. Komizo and K. Ogawa: Quarterly Journal of Japan Welding Society, 15(1997), 425. 

 

Keywords:  diffusion couple, DICTRA simulation, duplex stainless steel, SUS444, SUS316 
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THERMODYNAMIC ASSESSMENTS OF THE  
Al2O3–Al4C3–AlN AND Al4C3–AlN–SiC SYSTEMS 

D. Pavlyuchkov1, O. Fabrichnaya1, M. Herrmann2, H. J. Seifert3 

1Technical University of Freiberg, Institute of Materials Science, Freiberg, Germany 
2Fraunhofer Institute for Ceramic Technologies and Systems, 01277 Dresden, Germany 

3Institute for Applied Materials , Karlsruhe Institute of Technology, Hermann-von-
Helmholtz-Platz 1, D-76344, Eggenstein-Leopoldshafen, Germany 

Thermodynamic modelling of phase equilibria between  silicon carbide (SiC) and the 

oxide/nitride additives Al2O3, Y2O3 and AlN is important for understanding of reactions 

occuring during liquid phase sintering of SiC. The thermodynnamic description of the Si–C–

Al–Y–O–N system is necessary for modelling of this process. In present study 

thermodynamic databases for two subsystems Al2O3–Al4C3–AlN and Al4C3–AlN–SiC has 

been developed. 

Thermodynamic parameters for the Al2O3–Al4C3–AlN system were reassessed based 

on two-sublattice partially ionic liquid model. The thermodynamic description of the Al4C3–

AlN–SiC system was derived by CALPHAD approach based on experimental data available 

in literature. The compound energy formalism was used for the modeling of the solid solution 

phases. In the Al2O3–Al4C3–AlN system and its subsystems, the liquid was described as 

single phase using model (Al+3)P(Va,AlC3/4,AlO3/2,AlN,O-2,N,C)Q, which covers 

compositions from the metallic liquid to the oxide, carbide and nitride liquids. The 

corresponding thermodynamic parameters of liquid in the Al–C, Al2O3–Al4C3, Al–N, AlN–

Al4C3 and AlN–Al4C3–Al2O3 system were optimized to reproduce literature data. The 

isothermal sections at 1600, 2273 and 2373 K for the Al2O3–Al4C3–AlN system were 

calculated. In order to develop a data set for the SiC–AlN–Al4C3 system, the thermodynamic 

description of quasibinary SiC–Al4C3 subsystem, available in literature, was revised using a 

new model for solid solubility of Si in Al4C3 phase. The isothermal section of the SiC–AlN–

Al4C3 system was calculated at 2133K and compared with experimental data. 

 
 
Keywords: LPS-SiC; Phase diagram; Two-sublattice ionic liquid model; Compound energy 

formalism; Thermodynamic optimization 
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