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Outline

• Introduction of NSF ITR Project (MatCASE)
• Data for thermodynamic modeling

– First-principles calculations
– Experimental data

• High throughput of thermodynamic modeling
– A new algorithm for automation of phase 

equilibrium calculations
– Automation of thermodynamic modeling

• Summary
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MATCASE Project
NSF ITR (Materials Computation and Simulation Environment)

PI: Zi-Kui Liu, Long-Qing Chen, Padma Raghavan, Qiang Du, (Penn State), Stephen Langer 
(NIST), Christopher Wolverton (Ford)

Postdoctoral Fellows
– Edwin Garcia, , Keita Teranishi, Yi Wang, Peng Yu, Wenxiang Zhu

Graduate Students
– Maria Emelianenko, Weiming Feng, Qiujiang Li, Manjeera Mantina, Dongwon Shin, Anusha Srirama, 

Tao Wang, Hui Zhang, Jingxian Zhang
Project Alumni

– PhD awarded: Shenyang Hu, Chao Jiang, Keita Teranishi
– MS awarded: William Stevenson, Jianwei Wang
– Postdoc: Shenyang Hu, Chinnappan Ravi , Shihuai Zhou, Jingzhi Zhu
– Senior Personnel: Jorge Sofo

Web site: http://www.matcase.psu.edu
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MatCASE: Forward Simulation

Experimental data

Mechanical responses of 
simulated microstructures

Interfacial energies, lattice parameters and 
elastic constants Kinetic dataBulk thermodynamic 

data

Database for lattice parameters, elastic 
constants and interfacial energies Kinetic databaseBulk thermodynamic 

database

Plasticity of phases Microstructure in 2D and 3D Elasticity of phases

First-principles 
calculations

CALPHAD

OOF: Object-oriented 
finite element analysis

Phase-field simulation
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MatCASE Software Architecture



7

Thermodynamic Modeling

Thermochemical 
measurements: enthalpy, 
entropy, heat capacity, activity

Phase equilibria: 
liquidus, solidus, 
phase boundary, 

Gibbs Energy of 
Individual Phases

Applications

Accurate experimental
measurements

Less accurate experimental
measurements

http://www.calphad.org

G = H - TS

Pure elements Binary Ternary Multicomponent
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First-Principles Approach
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Many-body Schrodinger’s equation

Born-Oppenheimer 
approximation

Many-electron Schrodinger’s equation
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Density Functional Theory
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Set of one-electron Schrodinger’s equation
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Pure Elements
• 78 pure elements in bcc, fcc and hcp structures 

– Y. Wang, S. Curtarolo, C. Jiang, R. Arroyave, T. 
Wang, G. Ceder, L.-Q. Chen and Z.-K. Liu, "Ab 
initio lattice stability in comparison with CALPHAD 
lattice stability," CALPHAD, Vol.28, 2004, 79-90.
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Total Energy in bcc structure
Li 

3.442 
-1.8976 

bcc 

Be 
2.505 

-3.6046 
hcp 

          
B 

2.313 
-4.9213 
rhomb 

C 
2.381 

-4.8349 
diamond

N 
 
 
- 

O 
 
 
- 

F 
 
 
- 

Na 
4.197 

-1.3165 
bcc 

Mg 
3.571 

-1.4528 
hcp 

 
bcc lattice constant in Å 
total energy in eV/atom 

room temperature structure 

Al 
3.244 

-3.6012 
fcc 

Si 
3.112 

-4.8468 
diamond

P 
3.076 

-4.6498 
complex

S 
3.168 

-3.0245 
complex

Cl 
 
 
 

K 
5.271 

-1.0384 
bcc 

Ca 
4.362 

-1.8997 
fcc 

Sc 
3.666 

-6.1185 
hcp 

Ti 
3.241 

-7.7002 
hcp 

V 
2.992 

-8.9632 
bcc 

Cr 
2.847 

-9.4655 
bcc 

Mn 
2.792 

-8.8117 
complex

Fe 
2.822 

-8.2748 
bcc 

Co 
2.809 

-6.8834 
hcp 

Ni 
2.799 

-5.2954 
fcc 

Cu 
2.886 

-3.6082 
fcc 

Zn 
3.137 

-1.0269 
hcp 

Ga 
3.378 

-2.8504 
complex

Ge 
3.389 

-4.1302 
diamond

As 
3.368 

-4.2373 
rhomb 

Se 
3.443 

-2.9450 
hex. 

Br 
3.758 

-1.0369 
- 

Rb 
5.661 

-0.9292 
bcc 

Sr 
4.736 

-1.6197 
fcc 

Y 
4.029 

-6.2577 
hcp 

Zr 
3.574 

-8.3598 
hcp 

Nb 
3.322 

-10.0466 
bcc 

Mo 
3.178 

-10.7799 
bcc 

Tc 
3.094 

-9.9384 
hcp 

Ru 
3.068 

-8.4677 
hcp 

Rh 
3.082 

-6.8033 
fcc 

Pd 
3.145 

-5.1001 
fcc 

Ag 
3.306 

-2.7032 
fcc 

Cd 
3.623 

-0.7060 
hcp 

In 
3.814 

-2.5503 
tetr 

Sn 
3.840 

-3.7409 
diamond

Sb 
3.789 

-3.9182 
rhomb 

Te 
3.852 

-2.8581 
hex 

I 
4.149 

-1.0833 
complex 

Cs 
6.122 

-0.8573 
bcc 

Ba 
5.006 

-1.9233 
bcc 

 
Hf 

3.538 
-9.6562 

hcp 

Ta 
3.320 

-11.7358 
bcc 

W 
3.190 

-12.7781 
bcc 

Re 
3.125 

-11.9107 
hcp 

Os 
3.099 

-10.2440 
hcp 

Ir 
3.120 

-8.1765 
fcc 

Pt 
3.175 

-5.9637 
fcc 

Au 
3.319 

-3.1829 
fcc 

Hg 
3.883 

-0.1957 
- 

Tl 
3.970 

-2.2301 
hcp 

Pb 
4.009 

-3.5042 
fcc 

Bi 
4.005 

-3.7182 
rhomb 

Po 
 
  

 Sc 

At 
 
  

 - 

  
La 

4.219 
-4.7823 

hex 

Ce 
3.772 

-5.7318 
fcc 

Pr 
4.161 

-4.6262 
hex 

Nd 
4.122 

-4.5791 
hex 

Pm 
4.096 

-4.5436 
- 

Sm 
4.066 

-4.4984 
complex

Eu 
4.429 

-1.8587 
bcc 

Gd 
4.027 

-4.4549 
hcp 

Tb 
4.006 

-4.4213 
hcp 

Dy 
3.987 

-4.3882 
hcp 

Ho 
3.969 

-4.3574 
hcp 

Er 
3.947 

-4.3384 
hcp 

Tm 
3.933 

-4.3158 
 hcp 

Yb 
 
  

 fcc 

Lu 
3.896 

-4.2813 
hcp 

Fr 
 

 - 

Ra 
 
  

 - 

Ac 
4.494 

-3.9339 
fcc 

Th 
4.018 

-7.2039 
fcc 

Pa 
3.677 

-9.2207 
tetr 

U 
3.437 

-10.8731 
complex

Np 
3.294 

-12.3007 
complex

Pu 
3.207 

-13.4703 
complex

Am 
 
  

 hex 

Cm 
 
  

 - 

Bk 
 
  

 - 

Cf 
 
  

 - 

Es 
 
  

 - 

Fm 
 
  

 - 

Md 
 
  

 - 

No 
 
  

 - 

Lr 
 
  

 - 
 

Y. Wang et al., CALPHAD, Vol.28, 2004, 79-90.
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Binary: Energy of Formation
)()()1()()( 11 BxEAExBAEBAH xxxx −−−=∆ −−

• Stefano Curtarolo, Dane Morgan, and Gerd Ceder, “Accuracy of
ab-initio methods in predicting the crystal structures of metals: 
review of 80 binary alloys”, CALPHAD (2005), in press
– 15000+ calculations with statistical analysis.
– Data mining to predict new structures.

• Phases Research Lab at Penn State
– Y. Zhong, C. Wolverton, Y. A. Chang and Z. K. Liu, Acta Mater., 52, 

(2004) 2739-2754.
– R. Arroyave, D. Shin and Z.-K. Liu, Acta Mater., 53, (2005) 1809-

1819.
– K. Ozturk, Y. Zhong, L. Q. Chen, C. Wolverton, J. O. Sofo and Z. K. 

Liu, Metall. Mater. Trans. A, 36A, (2005) 5-13.
– Y. Wang, C. Woodward, S. H. Zhou, Z. K. Liu and L. Q. Chen, Scr. 

Mater., 52, (2005) 17-20.
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Solution Phases
• Special Quasirandom Structures (SQS)

– Small supercells that mimic the local pair and multibody correlations 
of random alloys

– Full advantage of first-principle calculations
– Applicable to more complex structures

• Created SQS for BCC, HCP, B2, Laves phases, halite, and 
perovskite

SQS-16 for bcc A0.5B0.5

A

B

SQS-16 for bcc A0.25B0.75
C. Jiang, C. Wolverton, J. Sofo, L. Q. Chen and 
Z. K. Liu, Phys. Rev. B, 69, (2004) 214202.
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SQS for B2

SQS-4 for (A0.5 B0.5)C

SQS-16 for (A0.75 B0.25)C

Chao Jiang, Long-Qing Chen and Zi-Kui Liu: Acta Mater. in press
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B2 NiAl: (Al,Ni,Va)(Al,Ni,Va)
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Vibrational Entropy
),(),()(),( TVFTVFVETVF elphc ++=

• Linear response theory
– Evaluate the force constants by calculating the second derivatives of 

the energy with respect to atomic displacements.
– Y. Wang, Z. K. Liu and L. Q. Chen, "Thermodynamic properties of 

Al, Ni, NiAl, and Ni3Al from first-principles calculations," Acta
Mater., Vol.52, 2004, 2665-2671.

• Frozen phonon method
– Perturb the positions of the atoms from their equilibrium positions 

and calculating the resulting forces.
– Use ATAT
– R. Arroyave, D. Shin and Z. K. Liu, "Ab initio thermodynamic 

properties of stoichiometric phases in the Ni-Al system", Acta Mater., 
Vol.53, 2005, pp. 1809-1819.
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Phonon: NiAl
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Enthalpy
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Experimental Data
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New AlgorithmNew Algorithm
Iterative software drawbacks

(user-dependent) Use of prior knowledge of the system to generate a 
suitable starting point
(unstable) Possible divergence or convergence to metastable equilibria

Correct diagram  
Miscibility gap is specified

Miscibility gap is not specified
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New algorithm: binary caseNew algorithm: binary case
Schematic view of the adaptive refinementSchematic view of the adaptive refinement
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Sample N points after each refinementSample N points after each refinement

and locate lowest derivative valueand locate lowest derivative value
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Ca-Na and Li-Na Systems
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New algorithm: ternary caseNew algorithm: ternary case
SobolSobol sampling vs. uniform samplingsampling vs. uniform sampling
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N=50 sampling pointsN=50 sampling points
used in both casesused in both cases

New concavity region=>miscibility gapNew concavity region=>miscibility gap
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Numerical examplesNumerical examples
Ternary Ca-Li-Na system at T=900K

Gibbs energy profile with the miscibility Gibbs energy profile with the miscibility 
gap and a corresponding common tangent gap and a corresponding common tangent 
planeplane

M.G. Emelianenko, Z.K. Liu, Q. Du, 
Computational Materials Science, 2005, in press
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Modeling Automation

Unary
Database Thermocalc

UserMatCASE
software

Binary
Database

Ternary
Database

Quaternary
Database

Link the unary, 
binary, and 
ternary databases
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XML: Unary System
AL VA

MG VA

.    .    .    .     

Phases

Parameters

Experimental 
data  
(Equilibrium)

optimization

Phase name

Sublattice model

Model equation

System

Temperature range

Phase 
conditions

experiments 
Tables

WeightsSI VA

Graph

Datasets (calculated results)

Model 1

Model 4

.    .    .    .     Initial values
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Screen Shot of Unary System
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Screen Shot of Unary System
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Screen Shot of Unary System
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XML: Binary Systems
System AL MG

MG SI

.    .    .    .     

Phases

Parameters

Thermodynamic   
data

Phase diagram 
data

Phase name

Sublattice model

Model equation

Temperature range

Phase 
conditions

Tables

Phases 
conditions
experiments 

Tables

AL SI

Model 1

Model 2

Model 3

.    .    Experimental 
Data
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Summary
• First-principles calculations efficiently provide 

enthalpy of formation of stable stoichiometric 
compounds. 

• Entropy of formation and entropy of mixing can be 
calculated with various approximations.

• New algorithm for robust phase equilibrium 
calculations is developed.

• The automation of thermodynamic modeling is being 
constructed.

• The automation will be extended to modeling of 
mobility and other properties.
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http://www.ccmd.psu.edu
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