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Disclaimer

This report is intended as a record of the presentations and discussions that took place at a
NIST Metallurgy Division and NIST Center for Theoretical and Computational Materials
Science sponsored workshop.  The opinions, conclusions, or recommendations that are expressed
herein are those of the organizers or individual presenters and do not necessarily reflect the
views of NIST.  All references to commercial products in this report are for identification
purposes only and do not constitute any endorsement by NIST.  The policy of NIST is to use the
International System of Units (SI, metric units) in all its publications.  In this document however,
works of authors outside NIST are sited which describe properties in certain non-SI units.
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Abstract

Databases for computational thermodynamics and diffusion modeling can be applied to
predict phase diagrams for alloy design and alloy behavior during processing and service.
Databases that are currently available to scientists, engineers and students need to be expanded
and improved.  The approach of the workshop was to first identify the database and information
delivery tool needs of industry and education.  Improved modeling capabilities result in
decreased new alloy and process development time and ultimately in cost savings.  A roadmap
will be developed for how these needs can be met during the next decade in a cost effective way
through expanded collaborative efforts in education, basic research and database development.

The workshop format was a series of invited talks given to the group as a whole followed
by general discussions of needs and benefits to provide a roadmap of future activities.
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Program

Thursday, March 21

8:00 Opening Remarks
Ursula R. Kattner, NIST, Gaithersburg, MD
John E. Morral, University of Connecticut, Storrs, CT

8:10 Air Force Programs in Materials Engineering and Design
Craig S. Hartley, Air Force Office of Scientific Research (AFOSR), Arlington, VA

8:40 Application and Needs Assessment of Thermodynamic Databases at Howmet Castings
Ty W. Hansen , Howmet Research Corporation, Whitehall, MI

9:10 Computer Simulations and Database Needs for Energy Savings, Zero Environmental
Impact and Quality Improvements For the Heat Treating Industry
Rick Sisson, Worcester Polytechnic Institute (WPI), Worcester, MA

9:40 Materials Programs at NSF
K.L. Murty, National Science Foundation (NSF), Arlington, VA

9:50 Break

10:00 Microstructure - Process - Property Models for the Aluminum Industry
Joanne L. Murray, Alcoa Technical Center, Alcoa Center, PA

10:30 Applications of Computational Thermodynamics to Virtual Aluminum Castings
Ravi Vijayaraghavan, Ford Motor Company, Dearborn, MI

11:00 Use of Quasi-Thermodynamical Models for Simulation of Epitaxy of III-V Compound
Semiconductors in Electronic Industry
Yuri Makarov, Semiconductor Technology Research Inc., Richmond, VA

11:30 Lunch

12:30 NSF Supported Computational Education Program at Penn State
Zi-Kui Liu, Penn State University, University Park, PA

1:00 Thermodynamic Measurements
Philip Nash, Illinois Institute of Technology, Chicago, IL

1:30 Configurational Entropies in Real Alloy Phase Diagram Calculations
Fan Zhang, CompuTherm LLC, Madison, WI
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2:00 Current Capabilities in First-Principles Modeling of Alloy Thermodynamics
Patrice E.A. Turchi, LLNL, Livermore, CA

2:30 Break

2:45 Database Development and Industrial Applications
Arthur D. Pelton, Centre de Recherche en Calcul Thermochimique (CRTC), Montreal,
Quebec

3:15 Development of Thermodynamic Databases
Philip J. Spencer, The Spencer Group, Ithaca, NY

3:45 Application of Thermodynamics to Alloy Design and Development
Charles J. Kuehmann, QuesTek Innovations LLC, Evanston, IL

4:15 Construction and Application of a Diffusion Mobility Database for Ni-Base
Superalloys
Carelyn E. Campbell, NIST, Gaithersburg, MD

4:45 Incorporation of CALPHAD Calculations into Phase Field Modeling
William J. Boettinger, NIST, Gaithersburg, MD

6:00 Dinner

7:00 Current and Future Applications of CALPHAD Technology
Larry Kaufman, Brookline, MA

Friday, March 22

8:00 Thoughts on the Acceleration of Phase Equilibria Research
J.-C. Zhao, General Electric Company, Schenectady, NY

8:30 Discussion and Roadmap Oversight

10:30 Summary and Conclusion

11:30 Lunch

12:30 Adjourn
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Presentation Summary

The workshop program consisted of three parts.  The program on Thursday morning was
devoted to the identification of national needs and benefits featuring speakers from industry,
funding agencies and academia.  The program on Thursday afternoon featured speakers from
academia, national laboratories and consulting firms presenting current capabilities and
software.  The program on Friday morning was dedicated to roadmap plan development.

The workshop began with opening remarks by J.E. Morral (University of Connecticut)
and U.R. Kattner (NIST Metallurgy Division) in which the objectives and the planned outcome
for the workshop were presented.  The first two presentations focused on the data need of the
aerospace industry.  C.S. Hartley (Air Force Office of Scientific Research (AFOSR))
emphasized the immediate need for improved performance of engineered materials.  He
presented the MEANS (Materials Engineering for Affordable New Systems) program at AFOSR
that fosters the development of scientific principles and understanding which are the basis for
computational materials engineering, data needs and necessary experimental validation.
T.W. Hansen (Howmet Research Corporation) described the products and product requirements
at Howmet.  He discussed the application of current phase equilibria modeling capabilities and
their limitations.  He then presented future data and software needs to improve and expand the
modeling efforts.  The presentation of R.D. Sisson (Worcester Polytechnic Institute (WPI),
Center for Heat Treating Excellence) showed how computer simulations can be employed for
energy savings, environmental and quality improvements for the heat treating industry.  He
pointed out that heat-treating modeling is limited by the available databases, i.e., look-up tables
and that computational thermodynamics could solve part of the data problem.

K.L. Murty (National Science Foundation (NSF)) gave an overview of funding provided
by the Division of Materials, Metal Program.  He stated that the majority of the 2001/2002
funding increase went to bio-, nano- and information technology programs.

The next two presentations focused on data needs for aluminum and other light metal
alloys.  J.L. Murray (Alcoa) gave an overview of commercial aluminum alloys and properties
which are important for the manufacturing process.  She pointed out that, although many of the
binary phase diagrams with aluminum are known, not all phase boundaries are known with
sufficient accuracy and identified the systems that need further refinement.  R. Vijayaraghavan
(Ford Motor Company) presented the modeling efforts in the design and processing of cast
aluminum-alloy engine parts.  For this modeling, a suite of software codes is employed.  The
codes include property calculations, as well as structural analysis.  The data needs for the
modeling tools were highlighted.

In last talk of the Thursday morning session, Yu.N. Makarov (Semiconductor
Technology Research, Inc.) talked about the modeling requirements for the manufacturing of
III−V compound semiconductors.  He presented quasi-thermodynamical models that also take
into account kinetic processes during the epitaxial growth of the semiconductors.

The presentations of the Thursday morning session clearly demonstrated the power of
modeling approaches, but also underscored the urgent need for reliable databases, such as
thermodynamic, kinetic and physical property data.  Although the construction of databases has
made significant progress in recent years, faster progress is needed.
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In the afternoon the focus was on current capabilities and programs in data generation
and assessment.  Z.-K. Liu (Penn State University) gave an overview of the redesigned
Materials Science and Engineering program at Penn State University.  This program integrates
traditional education in thermodynamics and kinetics of materials with new courses that employ
computational models.  The goal was not only to include modern material development tools into
the curriculum, but also to stimulate student interest.

Although thermodynamic modeling can reduce the amount of experimental data needed,
measured data are crucial for the development of databases and verification of the predictions
obtained by these databases.  P. Nash (Illinois Institute of Technology (IIT)) presented an
overview of the experimental methods that are available for thermodynamic measurements at
IIT.  At the end of the presentation an overview of centers in the U.S.A. and worldwide carrying
out experimental research activities in this field was given.  There are so few such centers that a
critical mass barely exists to ensure continued competence in the U.S.A. in the measurement of
thermodynamic data in the future.

The following two presentations focussed on the contribution that ab initio modeling can
make to the modeling of real materials.  F. Zhang (CompuTherm, LLC) showed how results
from first principles (ab initio) calculations can be used to improve the model descriptions that
are used in phenomenological modeling approaches, such as the Calphad method.
P.E.A. Turchi (Lawrence Livermore National Laboratory (LLNL)) gave an overview of the
available ab initio methods, software packages and property data that can be obtained from these
calculations.  (See also “Some Notes on First-Principles Electronic Structure Methods and
Calculations,” page 17.)  He also gave examples on how the results from ab initio calculations
can provide data for other computational modeling approaches, i.e., the Calphad method.

These presentations were followed by two talks on database development.  A.D. Pelton
(Centre de Recherche en Calcul Thermochimique (CRTC)) presented an overview of the steps in
developing databases and a description of the decision-making process in selecting models.  He
presented the databases that were obtained from this strategy and gave examples of their
application to industrial processes.  P.J. Spencer (The Spencer Group) gave an overview of
available thermodynamic databases for pure inorganic substances and alloy systems.  He pointed
out the needs and benefits of database construction and emphasized that self-consistent databases
require careful construction.

The remaining presentations of Thursday afternoon were dedicated to the application and
coupling of thermodynamic calculations with kinetic modeling.  C.J. Kuehmann (QuesTek
Innovations, LLC) gave examples for the incorporation of thermodynamic calculations into a
larger scheme of materials design.  Different software suites are used depending on the
dimensionality of the material (atomic, nano, micro, …).  Results from the software package
PrecipiCalc were demonstrated.  C.E. Campbell (NIST Metallurgy Division) reported the results
of the construction of a mulicomponent diffusion database for superalloys.  This database was
constructed using the same principles as for CALPHAD type thermodynamic databases and it
was shown that it has the same predictive power.  W.J. Boettinger (NIST Metallurgy Division)
discussed a few approaches to phase field modeling.  Examples were shown for solidification
and precipitation simulations.  He showed how thermodynamic and mobility data fit naturally
into the phase field modeling approach.  Although phase field modeling is a powerful tool for the
simulation of growth processes its application is still limited by computational power.
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The final presentation of the first day was given by L. Kaufman.  He presented a series
of examples of analysis of multicomponent materials to illustrate the wide variety of applications
for computational thermodynamics and diffusion modeling.

The discussions on Friday morning began with a short talk by J.-C. Zhao (General
Electric Company) in which he presented his thoughts on the acceleration of phase equilibria
research using concepts of high throughput or combinatorial methods.  He discussed the use of
samples constructed of diffusion multiples to accelerate experimental phase diagram
investigations.  He also showed how the results were used to verify the databases.  The
remaining time of Friday morning was dedicated to the discussion of what was learned from the
presentations and to the development of a draft of a roadmap.  The discussion was lead by W.J.
Boettinger (NIST Metallurgy Division).  The results of the discussion and roadmap oversight
are summarized in the following chapter.
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Computational Thermodynamics and Diffusion Modeling Roadmap

The roadmap is the result of the discussions following the presentations at the workshop and has
been agreed on by the majority of the workshop participants.

Vision 2010

By the year 2010 all Materials Science and Engineering students will learn to solve real
world materials problems using thermodynamic and diffusion modeling software, while
materials engineers in industry will have the computational tools and the background needed to
lead the world in the design and optimization of both materials and materials processing.

Benefits

The benefits of providing materials engineers with the knowledge, software and
databases to model materials and processing are savings in costs, energy and natural resources
via optimization studies. Also, properties can be improved, new materials can be discovered and
development time can be reduced. Specific benefits are:

•  Computational thermodynamics has already been successfully used in the development of
new alloys and the understanding of microstructures.

•  Reduced product cycle time via Federal programs, such as MEANS (Materials Engineering
for Affordable New Systems) and AIM (Accelerated Insertion of Materials), will reduce
costs sharply and make USA industry more competitive;  e.g., savings to the auto industry on
engine blocks and cylinder heads could top $ 100 M.

•  Reduction in energy use by the heat treating industry alone is estimated as 7×1015 J (7×1012

BTU) over a ten-year period due to improved efficiency.

Approach

•  Organize a series of “work groups” consisting of representatives from Academia, Industry
and Federal Agencies that will oversee and expand plans to create new teaching tools for
Universities and Technical Colleges.

•  Build an experimental infrastructure that can make ultra-high precision thermodynamic and
diffusion measurements.

•  Build an educational infrastructure for the teaching and application of computational
thermodynamics and diffusion modeling.

•  Prepare a comprehensive public library of thermodynamic and diffusion property databases
that apply to common and emerging alloy systems.

•  Increase processing-structure-property modeling efforts, i.e., improve application modeling.
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Objectives, Strategies and Action Items

Coordinators are suggested for each of the action items.

I. Education

1. Interest faculty in teaching applied thermodynamics and kinetics with:
a. New course materials (traditional and web based).
b. Industrial contacts.
c. Research opportunities (e.g., via joint projects).

2. Interest students in applied thermodynamics and kinetics with:
a. Real world problems.
b. Hands on experience doing computational thermodynamics and diffusion

modeling.
c. Job opportunities in computational materials design.

3. Increase the technical ability of students with more emphasis on:
a. Better appreciation of the underlying physics as well as classical concepts.
b. The understanding of the behavior of multicomponent alloys, not just binary alloys.

4. Encourage institutions to support teaching initiatives:
a. Provide funding.
b. Support outside funding initiatives.

5. Provide training for those already in industry.

Action Items

1. Prepare a collection of useful applied problems.
– Karl Spear (Penn State)

2. Publish an article about the NSF program at Penn State on computational
thermodynamics and kinetics.
– Zi-Kiu Liu (Penn State)

3. Prepare a catalog of currently available course materials.
– TBD

4. Explore the possibility of a course on computational methods.
– Bill Scott (ASM)

II. Thermodynamic and Diffusion Data

1. Experimental data:
a. Promote a national initiative to rebuild the thermodynamic and diffusivity

measurement infrastructure.
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b. Establish goals for improving the accuracy of phase diagram measurements by an
order of magnitude.

c. Establish “best practice guide” for using assessed data.
d. Make assessment software more user friendly, more robust, and with less

complexity (i.e., make it run faster).
2. Virtual data:

a. Encourage First Principles calculations of interaction energies and defect formation
energies.

b. Encourage Molecular Dynamics calculations of atomic mobilities.
c. Develop estimation software for unknown thermodynamic parameters (empirical,

semi-empirical, first principles), for example Miedema's model for the estimation
of enthalpies of formation.

d. Develop estimation methods/software for atomic mobilities/diffusion data.

Action Items

1. Review the status of estimating molar volume.
– Phil Nash (IIT).

2. Expand the scope of the CALPHAD community to include diffusion modeling.
– Bill Boettinger (NIST), Zi-Kiu Liu (Penn State).

3. Capture the diffusion data in NIST archives.
– TBD

4. Organize diffusion assessments and modeling sessions at the 2003 CALPHAD meeting.
– John Morral (UConn), Afina Lupulescu (RPI), Arthur Pelton (CRTC)

5. Organize diffusion modeling and assessment sessions at ASM meetings through the
Atomic Transport Committee.
– Rick Sisson (WPI), John Morral (UConn).

6. Prepare a “wish list” of needed thermodynamic and kinetic information for physicists to
model.
– TBD

7. Prepare a list of physicists doing First Principles and Molecular Dynamics studies and
distribute the “wish list” to them.
– Patrice Turchi (LLNL)

8. Develop standard problems for establishing “best practices”.
– Ray Thompson (UAB), Charlie Kuehmann (QuesTek).

III. Public  Databases

1. Encourage the publishing of a full set of parameters used in phase diagram and
diffusivity assessments that appear in the open literature.

2. Develop public databases that are comprehensive for common commercial alloys
systems and emerging alloy systems.

3. Develop databases for other data: molar volume, viscosity, etc.
4. Encourage a standard format be used in public databases.
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5. Develop methods of delivering public databases into macrocodes; encourage
standardized interfaces.

Action Items

1. Write letters to journal editors encouraging policies that require authors to list
parameters used in assessment articles.
– Everyone

2. Encourage authors of proprietary databases to publish descriptions of constituent
subsystems.
– Everyone

3. Recommend and publish the SGTE format for data (CALPHAD web site and journal).
– Zi-Kiu Liu (Penn State).

4. Encourage North American participation/membership in SGTE, which is now open to
non-European members.
– Phil Spencer (The Spencer Group).

5. Compile database and software needs for practical applications.
– Charlie Kuehmann (QuesTek).

6. Devote an issue of the CALPHAD Journal to data delivery, coupling of micro and
macro computer codes.
– Zi-Kiu Liu (Penn State).

7. Encourage links to CALPHAD web site (http://www.calphad.org).
– Everyone

IV. Funding

1. Make use of NSF undergraduate initiatives to obtain funding for education programs.
2. Obtain public funding for experimental measurement of data.
3. Promote the value of thermodynamic and diffusion modeling.

Action Items

1. Distribute present roadmap to contract monitors, industrial research laboratories,
funding agencies.
– Everyone

2. Create a list of materials that have been certified to meet specified criteria with the aid
of computational thermodynamics and diffusion modeling.
– TDB

3. Obtain a grant to study the effect of thermodynamic and diffusion modeling on the
economy.
– TDB

4. Approach researchers in industry to supply data on financial benefits of using
computational thermodynamics.
– Everyone
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V. Work Groups

1. Educational Programs and Instructional Materials.
– Zi-Kiu Liu (Penn State).

2. Experimental Measurement of Thermodynamic Data.
– Phil Nash (IIT)

3. Diffusivity Assessments and Modeling.
– Bill Boettinger (NIST), Carrie Campbell (NIST), John Morral (UConn)

4. Thermodynamic Assessments.
– Ursula Kattner (NIST)
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Complementary Contribution

The following section was contributed for the report after the workshop.

Some Notes on First-Principles Electronic Structure Methods and Calculations

by Patrice E. A. Turchi
LLNL (L-353), P.O. Box 808, Livermore CA 94551

E-mail Turchi1@llnl.gov

I. When performing so-called first-principles (or ab initio) electronic structure calculations, it is
always wise to keep in mind the following constraints:

A. Constraints within Density Functional Theory (DFT)

1. Local Density Approximation (LDA) (or LSDA: Local Spin Density Approximation)
Exchange Potential, e.g.:

- von Barth & Hedin
- Vosko
- Ceperley & Alder (Perdew & Zunger)

The selection of an exchange potential will impact the results, e.g., the total energy.

2. Beyond LDA
LDA+U
LDA++
GGA (Generalized Gradient Approximation)
SIC (Self-Interaction Correction)
GWM (Gutzwiller Wave Method)
DMFT (Dynamical Mean-Field Theory)

Going beyond the LDA may be necessary in some instances when electron correlation play an
important role, e.g., to reproduce the bandgap in semiconductors, the electronic behavior of
oxides such as NiO or MnO or of strongly correlated systems such as those based on Ce and Pu,
or when magnetism is involved.

B. Other Constraints

1. Shape of the Potential Function:
- Muffin-Tin
- ASA (Atomic Sphere Approximation; with equal or non equal sphere radii)
- Full Potential
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2. Core versus Valence Electrons (This selection is usually not talked much about but may
be important if calculations are carried out as functions of pressure).

3. Scalar Relativistic versus Fully Relativistic (For magnetic systems and heavy elements,
including the 5d transition metals and beyond, a fully relativistic treatment of the electrons is
recommended).

4. Magnetism: Co-linear (Ising-like), Non Co-linear (Heisenberg-like) (In the case of
magnetic systems, it may be necessary in some instances to carry out large supercell calculations
to predict the proper type of magnetism,  such as in the case of chromium).

5. Atomic Positions and Site Occupancy (A calculation for an ordered compound requires
the knowledge of the atomic positions; in the case of an off-stoichiometric or chemically random
alloys, additional approximations are necessary).

6. Born-Oppenheimer approximation (electron-phonon coupling) (This approximation
may be severe when performing molecular dynamics-type calculations).

II. Two main categories of methodologies are defined depending on the desired type of
calculations:

A. Methods Limited to Ordered Structures (Wave Methods)

- Pseudo-Potential
- LAPW or FP-LAPW (Full Potential Linear Augmented Plane-Wave)
- LMTO or FP-LMTO (Full Potential Linear Muffin-Tin Orbital)
- ASW (Augmented Spherical Wave)
- LASTO (Linearized Augmented Slater-Type Orbital)

B. Methods that can also handle Disordered Structures (Green’s function Methods)

- KKR (Korringa-Kohn-Rostoker)
- TB-LMTO (Tight-Binding Linear Muffin-Tin Orbital)
These two methods can be used within the mean-field CPA (Coherent Potential Approximation),
or beyond, to treat in an approximate way chemical disorder.

III. Based on electronic structure calculations the following properties can be obtained:

• Equilibrium Properties
- lattice parameter(s)

- structural energy differences
- crystal structure minimization
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• Elastic Properties
- bulk modulus
- elastic constants
- phonon spectrum

• Electronic Properties
- densities of states (γ of heat capacity data)
- spectroscopic data (ARPES, UPS, XPS, PAS)

• Transport
- conductivity (DC and AC)
- reflectivity

• Magnetic Properties
- magnetic moments and magnetic ordering

and Alloying Effects on Properties, in particular:
- Heat of formation (heat of mixing)
- Heat of transformation
- Ordering energy

IV. A series of software is now available to perform electronic structure-based calculations of
materials properties, e.g.:

Pseudo-potential-based Methods:
VASP (http://cms.mpi.univie.ac.at/vasp)
Pseudo-potentials and plane-wave basis set
Siesta (http://www.uam.es/depatamentos/ciencias/fismateriac/siesta)
Pseudo-potentials and LCAO basis set
ABINIT (http://www.abinit.org)
Pseudo-potentials and plane-wave basis set

Full-potential Methods:
Wien97(http://www.tuwien.ac.at/theochem/wien97), replaced now by:

Wien2k (http://www.wien2k.at)
Linear Augmented Plane Wave (LAPW) and local orbital method
LmtART (http://www.mpi-stuttgart.mpg.de/andersen/LMTOMAN/lmtman.pdf)

Full-Potential Linear Muffin-Tin Orbital (PLMTO)

TB-LMTO-ASA (http://www.mpi-stuttgart.mpg.de/andersen/LMTODOC/LMTODOC.html)
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V. Limitations and Challenges for Ab Initio Approaches:

There is still a number of challenges that ab initio approaches have to face.  Notable examples
include a full ab initio description of:
– The liquid phase of multi-component alloys and the amorphous state of matter for which the

interaction between the fluctuations of alloy composition with topological disorder has to be
properly accounted for.

– Some systems such as hydrides, carbides and nitrides for which large lattice distortions have
to be accounted for.

– Charge transfer effect in alloys and compounds (e.g., oxides).
– The un-bias description of magnetic order in alloys.
– Correlated electron systems for which the current approximations based on the local-density

approximation (LDA) and beyond are not applicable.  Recent progress made in this field
based on the dynamical mean-field theory (DMFT) is worth noting although the
implementation has not been carried out in “user friendly” codes.
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Presentations

View graphs, additional remarks from the speakers and comments/questions of the workshop attendees
are given.

Opening Remarks
Ursula R. Kattner, NIST, Gaithersburg, MD
John E. Morral, University of Connecticut, Storrs, CT

Excerpts from a recent editorial by J. Ågren, Physical Metallurgy, Department of Materials Science and
Engineering, Royal Institute of Technology, Stockholm, Sweden (J. Phase Equilibria 22 (2002) 2-3)
where he describes his views of the CALPHAD future were shown:

“…  Today, Calphad assessments usually come as spin-offs from other projects.

Nevertheless, calculation of phase equilibria and phase diagrams by means of the Calphad technique has
been tremendously successful from all points of view over the last two decades. …

…  But, what are the future needs? What are the challenges?

All experts in the field realize that good databases are needed, but it does not seem likely that the
funding agencies will change their mind about databases  …  Of course some databases, covering
limited subsystems, are of industrial interest and can be developed on a commercial basis.  In general
these databases will not be available to the general public.

The only way to demonstrate the importance of thermodynamic databases is to apply thermodynamic
calculations to other areas of science and technology.  And perhaps, that is the best way to get the
inspiration and stimulus to develop the field further and avoid getting old-fashioned.

…

Thus the challenge of the next decade is to demonstrate that Calphad has the strength to solve various
problems, problems that would be very difficult to solve otherwise.  The existence of new software
interfaces that allow the user to include advanced thermodynamic calculations in her or his software will
make this possible.”

Ågren also emphasized the future of applied thermodynamics in such as Scheil solidification,
paraequilibrium calculations, and DICTRA simulations.

The objectives of Workshop were identified as:

•  Needs (most important)

•  Benefits (savings in cost, energy, environment)

•  Abilities (current abilities)

with the goal to develop a roadmap for obtaining databases with improved accuracy for practical
applications.
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Air Force Programs in Materials Engineering and Design

Craig S. Hartley, AFOSR (Air Force Office of Scientific Research), Arlington, VA



Workshop Presentations 23



Workshop Presentations24



Workshop Presentations 25



Workshop Presentations26



Workshop Presentations 27

Additional points made by speaker:

•  To include computational materials as a design component the ability to compute design properties
is needed

•  Materials computational power is not up to speed to use to replace existing materials
•  Engineering part of materials science has fallen behind; need to make connection to performance

(strength, toughness, fatigue resistance, etc.)
•  MEANS: Materials Engineering for Affordable New Systems

� Tied to experimental validation
� Need models (robust)
� Need methods to link models
� Need methods to optimize models
� Interoperability is key
� Focus on basic science on knowledge base
� Make materials science an integral part of global design process

Questions/comments from workshop attendees:

•  Is OOF related to the OSU program?  —  No, not formally, yes philosophically.
•  Performance - structure relationship not well correlated yet
•  Need to get manufacturers involved in model development or they will not trust design process and

use the new materials.
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Application and Needs Assessment of Thermodynamic Databases at Howmet Castings

Ty W. Hansen , Howmet Research Corporation, Whitehall, MI
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Summary from workshop organizers:

Products:
•  Turbine blades and vanes (IGT): directionally solidified, single crystal, equi-axed
•  Airframes (Al, Ti)
•  88% of the production are turbine parts, 35% are spare parts

Success measures:  Price, quality, delivery

Current modeling capabilities:
•  ProCast:  finite element software package for simulation of casting processes, includes lever rule and

Scheil solidification calculations:  Ni, Ti, Fe, Al databases from Thermotech
•  JMatPro: software package for the calculation of physical and mechanical properties, includes lever

rule calculations: Ni database (Thermotech)
•  Pandat: phase equilibria calculations: Ni (not using, too difficult, long calculation time)
•  Test phase equilibria calculations for IN718 had different run times and gave different results

•  Heat Treatment Optimization
� Calculation of γ’ solvus, solidus  (motivation: sell reduced heat cycle to customers, need more

experimental verification)
•  Alloy Development

� Calculation of γ’ solvus, γ’ volume, liquidus/solidus, phase evolution, stability
� Objective: improve castability  (customers – small base; non-patented alloys)
� Use lever calculations, trend analysis (not accuracy)
� Patent conflicts
� Stress-rupture calculations

•  Concerns/ Needs
� Are we using the tools correctly
� How do we make the tools better
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� Database needs
� Improved accuracy
� Density model (liquid) porosity
� Add Pt, Si, Pd to database for coatings
� Model diffusion in solid state

Questions/comments from workshop attendees:
UES:  Si added in latest version of Ni database
Alloy development restricted by composition limits on thermodynamic database
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Computer Simulations and Database Needs for Energy Savings, Zero Environmental Impact and
Quality Improvements for the Heat Treating Industry
Richard D. Sisson, Worcester Polytechnic Institute, Center for Heat Treating Excellence (WPI, CHTE)
Worcester, MA
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Additional points made by speaker:

•  Heat treating modeling limited by available databases
•  Software uses look-up tables as databases, source of potential problems:  data such as cp are sparse

and differences between different sources have a trickle down effect on derived properties

Questions/comments from workshop attendees:

•  Calculation of phase equilibria could solve part of the database problem
•  Quenching modeling will be geometry/equipment specific
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Materials Programs at NSF

K.L. Murty, NSF (National Science Foundation), Arlington, VA
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Additional points made by speaker:

Division of Materials Research (DMR)/Metals Program at NSF:
•  01-02 funding increased by 8% (majority of increase to bio-, nano-, and information technology)
•  Mission: People - Ideas - Tools
•  Types of Grants:

♦  Regular
♦  FRG (Focused Research Group)
♦  GOALI (Grant Opportunities for Academic Liaison with Industry)
♦  SGER (Small Grants for Exploratory Research)

•  Metals funding stays at the same level at around 11 million dollars
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Microstructure - Process - Property Models for the Aluminum Industry
Joanne L. Murray, Alcoa Technical Center, Alcoa Center, PA

Microstructure - Process -
Property Models for the

Aluminum Industry

Joanne Murray

Alcoa Technical Center

 2002 March 21

Aluminum alloys & products

7xxx Al-Mg-Zn-X
•7x75 high strength,
corrosions resistant

•7x50 high strength, better
corrosion resistance, less
quench sensitivity

5xxx Al-Mn-Mg
•5182 – end stock

•Lighting sheet

•Architectural sheet

2xxx Al-Cu-X
•2x24 - aerospace alloy:
high strength, damage
tolerant

•2x19 weldable higher
temperature alloy

3xxx Al-Mn
•3003 foil

•3004 can sheet

Casting
alloys

Powder
met

alloys

6xxx Al-Mg-Si
•6061 - Medium strength
structural alloys

•6063 - soft alloy
extrusions, architectural
applications

•6262 - free machining

1xxx Al-Fe-Si
•Commercial purity Al

•Litho sheet

•Bright sheet

OtherHeat treatable -
Precipitation hardened

Non-heat treatable  -
Work-hardened

Scalping removes the as-cast surface of the ingot

Preheating heats the metal for hot rolling and
produces the correct microstructure for hot rolling and
subsequent operations

Production 
of Body Stock Alloys

courtesy of Tom Rouns, Alcoa Technical Center
Microstructural Changes

During Preheating

Many complex simultaneous reactions:
• Dissolution of Mg2Si
• Precipitation of Al12Mn3Si dispersoids
• Transformation of Al6[Fe,Mn] to

Al12[Fe,Mn]3Si insoluble constituents
• Partial dissolution of Al12Mn3Si

dispersoids
• Growth of insoluble constituents by Mn

diffusion
• Growth of Al12Mn3Si dispersoids
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Hot Reversing Mill

• Single stand/
multiple pass

• Ingot thickness
reduced to ~4"
in
multiple passes

• Both head and
tail sheared at
final slab
thickness

5 Stand Hot Continuous
Mill

• Multistand/single
pass rolling

• Slab thickness
reduced to hot mill
gauge of ~0.1"

• Coiled at exit
temperatures that
allow
recrystallization

Hot Continuous Mill :
 exit – cooling – coil storage

Continuous Cold Rolling

• Two unwind
stations

• Coils ends are
butt welded
together

• Sheet
unwound into
accumulator

• Accumulator
pays-off into
cold mill while
next coil is
welded
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Continuous Cold Rolling

• Multistand/single
pass rolling

• hmg thickness
reduced to finish
gauge of <0.01"

• Coiled at exit
temperatures that
allow
stabilization

Oiler and Slitter

slit to width, cut to lengthoil applied to sheet

Example research goals

• Preheat and solution treatment
practice improvement and
simplification

• Reduce end-to-end variability

• Continuous casting

• Grain structure control

• Development of aging practices

• Reduce through thickness
variability

Alloying additions and/or impurities
No element is completely soluble in aluminum,

most solubilities are quite limited

• Major:  Ag, Cu, Li, Mg, Mn, Si, Zn

•Minor:  Cr, Zr, V,Mn, Fe, Si
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Almost all systems have eutectic reactions

Peritectic systems that need work

Solvus data

Ternary+ systems

Al-Mg-Si-Sn
Al-Mg-Si-Pb
Al-Mg-Si-Bi

for free machining alloys

Al-Cu-Mg-Ag
                      -Si-Zn-…

to follow up on Polmear’s work

•Al-Cu-Li solvus along polythermal sections
•Al-Cu-Mg-Li
•Al-Li-Zn
•Al-Li-Si …

for preheat of Li bearing alloys
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Elements of very low solubility

• Na

• Ca

• S

• P

•Represent interactions in the Hall bath

•Important in quest for inert anode

•Na, Ca, Li removed by gas fluxing (furnace
or in-line) or salt fluxing

•Low levels may affect alloy properties

Phase diagrams to support
modeling of continuous casting

Metallurgical characteristics of interest
are through thickness variation of -

– Grain structure

– Cell structure

– Dendrite arm spacing

– Constituent particle size, number

– Solute distribution

Modeling requires (in addition to the usual
suspects) the phase diagram under
pressure

Thermodynamic properties to support
modeling of aging processes

(esp. nucleation)

• Free energies of the non-equilibrium
crystal structures

• Interfacial strain and energies for 2nd

phase particles

• Bulk modulus(T)

• (Also - heats of formation of phases for
which we have no measurements)

Via VASP or other first principles
techniques

Impurity diffusion data
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Diffusion:  needs

• Grain boundary diffusivities

• Effect of non-equilibrium vacancy distributions

Example:  surface quality and bending of
autobody sheet as a function of hot mill lay-on
temperature

–If Mg2Si growth occurs while the sheet is on the
hot mill,

–then it sees a non-equilibrium vacancy
distribution that varies through-thickness,

–because most of the deformation occurs at the
surface of the sheet.

–Variation of diffusivity gives rise to variation of
Mg2Si particles,

–which in turn gives rise to through-thickness
variation of properties.

Additional data to support modeling

•Liquid Al – oxide/nitride/carbide interface energies

•Average grain size distribution and average grain
boundary mobility in a  real commercial material

Additional points made by speaker:

Elements of interest can be grouped in:
•  Major elements; Ag, Cu, Li, Mg, Si, Mn, Sn
•  Minor elements; Cr, Zr, V, Mn, Fe, Si

Aluminum industry has two basic alloy groups:
•  Non-heat treatable alloys -  e.g., 1xxx, 3xxx, 5xxx series
•  Heat treatable alloys – high-strength 2xxx, 7xxx series

An example of a modeling opportunity in the area of non-heat treatable alloys is prediction of metastable
phases formed during solidification.  Different phases form depending on, for example, solidification
rate.  The distribution of these phases affects the (important) surface finish properties.

Modeling opportunities abound in the area of heat treatable alloys.  To optimize homogenization heat
treats, one needs standard phase diagrams and relatively simple diffusion models, but the solvus and
melting temperatures are needed with very good precision (i.e., < 2.5 °C (5 °F)).  More sophisticated
precipitation models are needed to design new alloys with optimized combinations of strength, fracture
toughness and corrosion resistance.

Some other microstructure modeling needs are associated with grain structure, texture, pressure
dependence of solidification microstructure.

In summary, the success of computational materials science in the steel industry demonstrates the
feasibility of using a computational approach to design industrial processes. It remains to develop the
corresponding databases for aluminum alloys and to codify our practical expertise in terms of
quantitative microstructure models.
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Applications of Computational Thermodynamics to Virtual Aluminum Castings
Ravi Vijayaraghavan, Ford Motor Company, Dearborn, MI
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Additional points made by speaker:

The design of alloy and process for a cast aluminum-alloy engine parts (blocks, heads) by a coupled
thermodynamic-kinetic-property-service model is maturing in a program at Ford. A suite of codes has
been developed and is being tested. These codes include a thermodynamic calculator and database to
predict thermodynamic properties, effect of process variables, solidification microstructure, material
properties (residual stresses) and service behavior. Structural analysis is carried out with the software
package Abacus.

A major effort in alloy improvement is also underway as part of the modeling effort. Alloy 319 is being
examined for potential 5% to 10% cost saving through increase in Fe content. Work is well underway to
model and predict various properties as a function of Fe content and Fe plus second-element effects. The
modeling program is closely matched with an experimental verification program on these alloys.

Solution and aging heat treatment is an area of great opportunity in the cast aluminum systems. Work is
beginning with kinetic modeling of phase transformation using the DICTRA software program.
Although empirical modeling of properties such as hardness exists for these processes, it is hoped that
more robust models, based on phenomenological descriptions, will lead to new alloy and process
developments.

Future needs:
•  Mg and expanded Al diffusion mobility databases
•  Automated optimizer for multicomponent data descriptions
•  Comparison of results from first principles with thermodynamics databases
•  Extension of first principles and phase field modeling for multicomponent systems
•  First principle modeling of the liquid phase



Workshop Presentations 51

Use of Quasi-Thermodynamical Models for Simulation of Epitaxy of III-V Compound
Semiconductors in Electronic Industry

Yuri N.Makarov, Semiconductor Technology Research Inc., Richmond, VA

Use of quasi-thermodynamic
models for

simulation of epitaxy of III-V
compound semiconductors in

electronic industry

Yu.N. Makarov,

STR Inc., Richmond, VA

OutlineOutline

♦   Introduction
♦   Modeling of epitaxial growth
♦  Chemical processes in MOVPE

♦  Gas-phase chemistry
♦  Surface chemistry

♦  Quasi-thermodynamic model of surface chemistry
♦  Application example: growth of group III-nitrides

♦  Evaporation of group III-nitrides
♦  GaN MOVPE
♦ InGaN and AlGaN MOVPE

♦  Conclusions

What is Semiconductor Technology
Research, Inc.?
Pre-history:

1993-1996 Group for modeling of crystal growth and
epitaxy at University of Erlangen-Nürnberg, Germany

1996- establishing CompuSoft International Ltd. in
Savonlinna, Finland

Today: Consortium for modeling of crystal growth and
epitaxy:
STR Inc., Richmond, USA
-STR GmbH, Erlangen, Germany;
-CompuSoft Int., Savonlinna, Finland;

Activities:

Research projects in USA and Europe

Consulting in the area of crystal growth and epitaxy
EUROPE: AIXTRON, Wacker, Osram, Nukem, SiCrystal,
Forschungszentrum Jülich, FBH, etc.

USA: Emcore, Fox Group, CFD Res. Corp., Cornell University,
Cree, TDI, Kyma, Crystal IS, NCSU, etc.

Supply of software for modeling of crystal growth
and epitaxy:
-“Virtual Reactor” software for modeling of sublimation growth
of SiC, AlN;
-CVD-Module for modeling of MOVPE/CVD processes on the
basis of commercial code CFD-ACE
-Simple 1D code for modeling of MOVPE of III-V’s and nitrides
in vertical and horizontal reactors

Metal organic vapor phase Metal organic vapor phase epitaxy epitaxy (MOVPE)(MOVPE)
of compound semiconductors –why ?of compound semiconductors –why ?
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InP, InGaP GaAs, InGaP, AlGaAs

Metal organic vapor phase Metal organic vapor phase epitaxy epitaxy (MOVPE)(MOVPE)
of compound semiconductors –why ?of compound semiconductors –why ?
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GaN, InGaN, AlGaN GaAs, AlGaAs, InGaAs
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Substrate

Gas flow (III and V group precursors and carrier gas)

Initial 
decomposition 

 Transfer to the surface
and adsorption 

Surface diffusion 
and reactions

Desorption
 of reaction products 

Nucleation
 and growth

Metal organic vapor phase Metal organic vapor phase epitaxy epitaxy (MOVPE)(MOVPE)
of compound semiconductors – how ?of compound semiconductors – how ?

Precursors 

General  scheme of deposition process

Metal organic vapor phase Metal organic vapor phase epitaxy epitaxy (MOVPE)(MOVPE)
of compound semiconductors – how ?of compound semiconductors – how ?

Horizontal reactor Planetary reactor Vertical reactor

Basic reactor types

What should describe an adequate
model of MOVPE of III-V compound ?

Kinetically
limited
growth

0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
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High-
temperature
desorption

of Ga

D.H.Reep, S.K.Ghandhi,
J.Electrochem.Soc. 130

(1983) 675.

Flow dynamics

Temperature field

Species transport

Gas-phase
chemistry

Surface chemistry

Ga-
diffusion
limited
growth

Examples of flow and heat transfer
modeling

Flow, heat transfer, and species transport
 in epitaxial

reactors can be modeled using 
well-established

Computational Fluid Dynamic software.

Gas-phase reaction mechanism: Gas-phase reaction mechanism: 
unimolecularunimolecular decomposition of  decomposition of TMGaTMGa

TMGa
DMGa MMGa Ga

CH3 CH3

59.5 kcal/mol
35.4 kcal/mol 77.5 kcal/mol

CH3

This reaction mechanism is typical for all group III precursors:
Trimethylgallium (TMGa), trimethylaluminum (TMAl), 

Trimethylindium (TMIn). 

Gas-phase chemistry in AlGaN growthGas-phase chemistry in AlGaN growth

NH3

TMAl

MMAl

DMAl:NH2

TMAl:NH30 kcal/mol

22 kcal/mol

CH4

27 kcal/mol

(DMAl:NH2)2

0 kcal/mol

+NH3

13 kcal/mol

66.5 kcal/mol

Possible ways of aluminum losses:

1. Condensation of adduct TMAl:NH3 on reactor inlet and cold walls
 2. Formation of oligomers and AlN particles

(based on T.G. Mihopoulos et al., J. Cryst. Growth., 195, 733 (1998))
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Chemistry in MOVPEChemistry in MOVPE

• Gas phase chemical reactions may affect the deposition rate 
  and uniformity by several reasons: a) different diffusion rates 
  of  precursors and reaction products; b) parasitic reaction 
  leading to formation of particles and losses of material;

• Rate constants of reactions are usually taken from experiments 
  on precursor pyrolysis in flow tube reactors. The estimation of 
  molecular structure and bond energies of precursors using quantum 
  chemistry methods may be very useful to evaluate the validity
  of commonly accepted rate parameters.

• The main “bottlneck” in MOVPE modeling is the description 
   of surface chemical processes.

Full kinetic model for surface
processes

... A total of 60 species and 232 reactions are
considered in the gas together with 19 species
and 115 processes at the surface –

   S1     AsH +  V ⇔  AsH (a)

   S2     AsH2 + V ⇔  AsH2 (a)

   S3     AsH3 + V ⇔  AsH3 (a)

   S4        H   +  V ⇔    H (a)

   S5      CH3  + V ⇔   CH3 (a)

   S6     AsH (a) + H (a) ⇔ AsH2   + 2V

   S7     AsH2 (a) + H (a) ⇔ AsH3  +  V

   S8     AsH2 (a) + H (a) ⇔ AsH3 (a)  + V

             ..............................................

Drawback:

•  lack of necessary informa-
    tion on mechanisms and
    reaction rate constants ⇒
    requires to fit parameters

AsH3
MMGa

H2

Key features of the quasi-thermodynamic model ofKey features of the quasi-thermodynamic model of
chemical processes at the growing surfacechemical processes at the growing surface

Basic assumptions:

1. The rates of atomic incorporation into the crystal and of the crystal
    decomposition are much higher than their net difference
    (quasi-equilibrium between the adsorption layer and the crystal bulk).
2. Kinetic effects at the stage of adsorption/desorption are accounted for
    by the sticking/evaporation coefficients of individual species.
3. Kinetic effects at the stage of species transport are accounted for
    by solving transport equations (Navier-Stokes equations)

Capabilities important for modeling of semiconductor growth:
 - the model allows the calculation of species desorption rates from thermo-
   chemical properties of gaseous and solid substances;

 - the accounts of the elastic strain effect via a contribution to the Gibbs
   energy of solid phase

Requires to
build up kinetic
model only for a

limiting stage

Advantages of quasi-thermodynamic
model for surface processes

QT-model

Works in a wide
temperature

range

Works in a wide
range of pressure
including vacuum

Allows one to take
into account

kinetic effects

Can be easy extended
to alternative set of

species and chemical
reactions

Group III–nitrides – metastable materials 
with unusual properties

• Nitrides do not react chemically with nitrogen; 
   nitrogen activation is required for growth.
• GaN evaporates congruently under vacuum conditions;
   higher pressures change evaporation mechanism.
• Nitrides are stable at temperatures > 300 oC, whereas
  the thermodynamic estimations predict crystal 
  decomposition
• Liquid phase has catalytic effect on crystal 
  decomposition

Formation of kinetic barrier in adsorption
and desorption of nitrogen

������

NN22

GaGa

�
��
��
�
�
�
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Kinetics of nitrogen evaporation and 
condensation – reason for the metastability

Experiment:  Z.A. Munir, A.W.
Searcy, J.Chem.Phys. 42 (1965) 4223
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Experiment:  L.H. Dreger, et all,
J.Phys.Chem. 66 (1962) 1556

Surface chemical processes during GaN growthSurface chemical processes during GaN growth

Substrate

NH3
MMGa GaN2 H2 CH4

•   Low temperatures:  sites for Ga adsorption are blocked by methyl radicals
•   Intermediate temperatures: transport of Ga containing species

to the growing surface
•   High temperatures: Ga desorption

Rate-limiting processes

There is the strong experimental trend to move towards the high GaN
growth temperatures because of the better quality of the material. Accurate
description of gallium desorption from the growing surface is necessary for
predictive modeling.

MOVPE growth of GaN
(comparison with experiment)
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Experiment: C.H. Chen et al,
J.Electron.Mat. 25 (1996) 1004
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Precursors:   TMGa, NH3
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Surface chemical processes during Surface chemical processes during InGaN InGaN growthgrowth

Substrate

NH3
MMIn InN2 H2 CH4

•   Adsorption of gaseous species
•   Ammonia cracking on the surface giving rise to N2 and H2

•   Indium, gallium, and nitrogen incorporation into the crystal
•   Desorption of indium: the limiting process for indium 
    incorporation at elevated temperatures. 

Primary reaction pathways

2D modeling of InGaN MOVPE in AIX 200 RF reactor:2D modeling of InGaN MOVPE in AIX 200 RF reactor:
comparison to experimental datacomparison to experimental data

Experimental data from: M. Schwambera et al, J. Crystal Growth, 203, 340 (1999)

Operating conditions: total flow rate 4.5 SLM, pressure 50 mbar,
V/III ratio ~ 3000; carrier gas nitrogen
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Operating conditions: 
temperature 750 °C, 

total flow rate 4.5 SLM, 
pressure 50 mbar,

V/III ratio 20000÷30000,
carrier gas nitrogen

Experimental data from: MRS Internet
J. Nitride Semicond. Res., 4, 5 (1999)

The model provides a good quantitative reproduction of the experimental
data without any parameter fitting. Account of the strain effect

is very important.

0 10 20 30 40
0

5

10

15

20

25  Experiment
 Computations

In
 C

on
te

n
t i

n 
In

G
aN

, 
%

In content in the gas phase, %

2D modeling of InGaN MOVPE in AIX 200 RF reactor:2D modeling of InGaN MOVPE in AIX 200 RF reactor:
comparison to experimental datacomparison to experimental data
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Effects of strain and T:Effects of strain and T:
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The appearance of In-rich and In-depleted zones is related to 
co-existence of strained and unstrained InGaN islands 

rather than to phase separation
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composition is mostly
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Composition fluctuations in InGaN/GaN Composition fluctuations in InGaN/GaN heterostructuresheterostructures

Effects of surface chemistry in AlGaN MOVPE:Effects of surface chemistry in AlGaN MOVPE:
effect of growth temperatureeffect of growth temperature

900 1000 1100 1200
0.3

0.4

0.5

0.6

0.7

0.8

XAl

inlet
 = 0.33

AlGaN

so
lid

X
A

l  

Growth temperature, 
o
C

Experiment:
S. Keller et al,
J. Appl. Phys.,
86, 5850 (1999)

At high temperatures, 
desorption of gallium becomes

significant and results in
depletion of the growing layer

with gallium

Effects of surface chemistry in AlGaN MOVPE:Effects of surface chemistry in AlGaN MOVPE:
effect of the growth rateeffect of the growth rate

Experiment:
S. Keller et al,
J. Appl. Phys.,
86, 5850 (1999)
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Intensive gallium desorption may be suppressed  by increasing total
group-III flow (growth rate).

Irradiant layer observed over substrate in experiment at
Siemens (Erlangen, Germany)

Particle formation during chemical vapor deposition
of SiC

(A.N. Vorob’ev et al., Materials Science and Engineering B61-62,
172 (1999))

Particle formation during chemical vapor deposition
of Si (cooperation with NIST – R. Davis, J. Maslar)

Layer of silicon particles
(modeling),
A.N. Vorob’ev et al.,
Electrochem. Soc. Proc.,
2001-13, 462 (2001)

Layer of silicon particles
(experiment),
R.W. Davis et al.,
AIP Conference
Proceedings,
550, 292 (2001)
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SummarySummary

♦   The main difficulties in MOVPE modeling are related to
     development of  predictive surface chemistry models.

♦   Quasi-thermodynamic approach allowing description of
      the surface chemical  processes and growth on basis of
      thermochemical data of gaseous and solid species, 
      represents the good alternative to detailed multistep 
      kinetic models.  

♦   Quasi-thermodynamic models of nitride crystal growth and 
     epitaxy require reliable thermodynamic properties of solid 
     phases and vapor species

What we need?What we need?

♦   Reliable thermodynamic properties of GaN, AlN, InN,
     AlGaN, InGaN, AlGaInN, AlInN

♦   Thermodynamic properties of vapor species and products
      of decomposition

♦   Thermodynamic properties of different adducts between
      metalorganic species and ammonia

♦   Kinetic parameters of rate-limiting processes (diffusion
     coefficients, rates of gas phase chemical reactions, sticking
     probabilities, etc.)

♦   Experiments and models of adduct and particles formation
     in the gas phase during CVD

Use of Valence Force Field (VFF) modeling for
estimating thermodynamic properties of multi-

component compounds
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Use of Valence Force Field (VFF) modeling for
estimating thermodynamic properties of multi-

component compounds
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Enthalpy of mixing for ternary
compounds
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Interaction parameter  W  is defined by the
expression

x)(1xWHmix −⋅=
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Contributors:Contributors:

     R. Talalaev, E. Yakovlev, I.N. Przhevalskii, S.Yu.
Karpov, A.N. Vorob'ev, A.V. Lobanova, N.
Podol'skaya and I.Zmakin

Additional points made by speaker:

Group III nitrides offer the opportunity to develop super-bright LED lights with a potential market in the
$ 20 B range.

Metal organic vapor phase epitaxy (MOVPE) is the preferred method of fabrication for these
semiconductors. Current drawbacks to development are associated with a lack of good process models
and empirical data.  The quasi-thermodynamic model presented here offers a way to overcome this lack
of data.

The semiconductor nitrides of greatest interest are GaN, AlGaN, and InGaN. Progress has been made
using a quasi-thermodynamic approach to model the epitaxial growth process at the growing surface.
The ability to accurately model the growth process is complicated by the process variables of strain,
temperature, pressure, surface chemistry, and kinetics. The quasi-thermodynamic model takes the host
of process variables into account and has been applied to group III nitrides. Results are encouraging to
date. Opportunities exist in the need for accurate surface chemistry models, data on thermodynamic
properties of III-nitrides, and kinetic parameters for various reactions.
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NSF Supported Computational Education Program at Penn State
Zi-Kui Liu, Penn State University, University Park, PA

An Integrated Education Program
on Thermodynamics, Kinetics,

and Materials Design

Supported by NSF DMR-0073836

Zi-Kui Liu* (liu@matse.psu.edu)

Long-Qing Chen, Karl Spear and Carlee Allison

Department of Materials Science and Engineering
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Additional points made by speaker:

Examples of course problems and materials:
•  Clogging in continuous casting
•  Phase diagram and free energy curves
•  Thermodynamic modeling
Materials design projects:
•  Catalyst design
•  830 MPa (120 ksi) HSLA (high-strength low-alloy) steel

Questions/comments from workshop attendees:

Are course materials available?
•  Workshops are free to participants from education
•  Materials can be distributes by CD or e-mail
•  Web site
How many students are involved?
•  30, mostly PhD students
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Thermodynamic Measurements
Philip Nash, Illinois Institute of Technology, Chicago, IL
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Enthalpies of Formation of Al-Ni-Y intermetallics
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Additional points made by speaker:

Concern was expressed that the number of centers not only in North America but also world wide with
expertise in experimental determination of thermodynamic quantities is very small and that abolishment
of one of these centers jeopardizes the availability of quality experimental data for thermodynamic
quantities.
Improved accuracy for measured data is an important goal.
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Configurational Entropies in Real Alloy Phase Diagram Calculations
Fan Zhang, CompuTherm LLC, Madison, WI
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Additional points made by speaker:

Improved models are needed to avoid physically unreasonable Gibbs energy functions in regimes where
the phase is not stable.

Example metastable γ/γ' in Ni-Al:
•  Description of both phases as two independent phases with no order/disorder transition resulted in an

unreasonable diagram in regimes of the phase diagram where these phases are metastable.
•  Treatment of γ and γ' as one phases and the use of Bragg-Williams approximations for the

calculation of the entropy of mixing do not generate the correct fcc metastable phase diagram due to
the neglect of short range order.
♦  Diagrams obtained from first principles and CVM (cluster variation method) or MC (Monte

Carlo) give the physically most probable metastable diagram (work from Pasturel and Colinet).

Example metastable fcc diagram in Ti-Al:
•  Results from different model treatments show diagrams with similar features to Ni-Al.

Questions/comments on various models:
•  Bragg-Williams as a point approximation method cannot describe all order/disorder transformations

correctly.
•  The expression for the entropy in CVM is a too complex for practical purposes. Although these

phase diagrams are topologically correct, the accuracy of results is insufficient for practical
applications.

•  Cluster/site approximation (CSA) in its pure form has the problem that the disordered phase is stable
at 0 K.  This problem is overcome by the modified CSA with an adjustable parameter.  This model
gives results that are in good agreement with results obtained from MC.

Questions & Answers:

What about the vibrational entropy?  -  The model includes additional parameters for the entropy to
account for this.
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Current Capabilities in First-Principles Modeling of Alloy Thermodynamics

Patrice E.A. Turchi, Lawrence Livermore National Laboratory (LLNL), Livermore, CA

Collaborators: 
V. Drchal and J. Kudrnovsky (Institute of Physics, Prague, Czech Republic) 
C. Colinet (LPTCM, Saint Martin d’Hères, France) 
L. Kaufman (MIT) 
Z.-K. Liu (The Pennsylvania State University) 
and 
A. Gonis, G. M. Stocks, P. Singh, L. Reinhardt, M. Sluiter, F. Ducastelle, A. Finel

Patrice  E.  A. Turchi,  LLNL (Livermore, CA) 
 turchi1@llnl.gov
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Current Capabilities in First-principles  
Modeling of Alloy Thermodynamics

NIST Workshop  
March 21-22, 2002 
Gaithersburg, MD

Background and Motivation

Phase Diagrams are: 
 

 • The basic road maps for alloy designers 
 

 • The graphical results of battles for survival between competing phases.

Orders of Magnitude: 
 

 • Total Energy   103 Ry/atom 
 

 • Formation Energy  10-3 - 10-2 Ry/atom 
 

 • Ordering Energy  10-4 - 10-2 Ry/atom 
 
 
Units:

1mRy     13.6 meV 
 
1mRy     157 K 
 
1mRy     1312.76 J/mol (or J/g.at) 

Objectives

• Understand Trends in Ordering Phenomena. 
 - Ordering trends in bcc-based alloys (with V. Drchal and J. Kudrnovsky) 

 
• Predict  Phenomena: 
 

 - Transient Ordering (with L. Reinhard) 
  e.g., Ti-V, Fe-Cr, ... 

 
 - Ordering in Complex Phases (with A. Finel) 
  e.g., A15, ... 

 
 - Pressure-induced Ordering (with P. Singh and G. M. Stocks) 
  e.g., Al-Ge, Al-Si, ... 

 
 
•• Provide  Thermodynamic Data for Ab Initio Phase Diagram Construction 
 
•• Provide  Estimates of Heats of Formation (from total energy vs. volume results) 
 
•• Provide  Input for Phenomenological Approaches such as CALPHAD 
 
•• Challenge  the validity of some assessed phase diagrams, and the validity of 
    ab initio results 
 
 

Constraints within Density Functional Theory (DFT) 
 

 • Local Density Approximation (LDA) 
  Exchange Potential, e.g.:   
   - von Barth & Hedin 
   - Vosko 
   - Ceperley & Alder (Perdew & Zunger) 
  
 • Beyond LDA 
  LDA+U 
  GGA 
  SIC 
  GW

Ab initio Electronic Structure Methods

Other Constraints 
 

 • Shape of the Potential Function: 
  - Muffin-Tin 
  - ASA (equal or non equal sphere radii) 
  - Full Potential 
 • Core versus Valence Electrons 
 • Scalar Relativistic versus Fully Relativistic 
 • Magnetism: Co-linear (Ising-like), Non Co-linear (Heisenberg-like)  
 • Atomic Positions and Site Occupancy 
 • Born-Oppenheimer approximation (electron-phonon coupling)

Methods Limited to Ordered Structures:  
(Wave Methods) 

 - Pseudo-Potential 
 - LAPW or FPLAPW 
 - LMTO or FP-LMTO 
 - ASW 
 - FP-LASTO

Methods that can also handle Disordered Structures (via, e.g., the CPA):  
(Green’s function Methods) 

 - KKR 
 - TB-LMTO

Properties : 
 • Equilibrium Properties  
  - lattice parameter(s) 
  - Structural energy differences 
 • Elastic Properties  
  - bulk modulus 
  - elastic constants 
  - phonon spectrum 
 • Electronic Properties  
  - densities of states ( γ of heat capacity data) 
  - spectroscopic data (ARPES, UPS, XPS, PAS) 
 • Transport 
  - conductivity (DC and AC) 
  - reflectivity 
 • Magnetic Properties  
  - magnetic moments and magnetic ordering 

 
and Alloying Effects on Properties  

Software Packages 

Pseudopotential-based Methods:  
 VASP  
 Siesta  
 ABINIT  

  
Full-potential Methods:  

 Wien97/Wien2000 (FPLAPW)  
 FPLMTO 
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Order versus Disorder for a Binary Alloy A1-c Bc

AET

BETc
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AET
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E C∆E C
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Form
C C

Formation Energy of Configuration C
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C C∆EForm

C
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α
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C C C

C

BA
∆E Mix(c)= ECPA

T (c) - cE
T- (1-c)E T

Mixing Energy

ORDERINGVs >0 (A-B)s  pairs favored
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∆EOrd
C 1

2N
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C CC C C

E C∆E = - c  EB
T- (1-c  )EA

T
Form ∆E Mix(c  ) + ∆EOrd

C
= CC C

Vs = Vs   +Vs   -2V s

qs
Cwhere = c  (ns  - c  n s)/2BB

BBAA AB
∆EOrd

C
- Σ qs  Vs

C C C

Ordering Energy of Configuration C

pn = 0 or 1C

s

[V]Volume=[ σ]-1.[ ∆EForm ]Volume

Vnm  = -           tnGnmtmGmn dzIm
π

EF
i jij jiij i,j=species 

n,m=sites

From the Disordered State From the Ordered State 

Requirement  
  Green’s function-based method 

Advantages  
• Decoupling between the energy of the 
disordered state and the ordering  
energy 
• Fast convergence of the expansion in 
terms of effective interactions 
• Concentration-dependent interactions 
• Actual prediction of the ground-state 
properties  

Limitations  
• Implementation so far within ASA and  
Muffin-tin  
• Questions related to charge transfer  
effects 
• In an ab initio context, only simple  
structures (fcc, bcc, hcp) are dealt with

 

Requirement 
  Wave (or Green’s function) method

Advantages 
• Easy to implement 
• Not limited to simple structures 
• In some instances, no constraint on 
the shape of the potential (FP-LAPW, 
FP-LMTO)  

Limitations  
• Selection of the number and type of  
clusters  
• Selection of the ordered configu- 
rations  
• The interactions are concentration- 
independent, except via volume effect  
• Slow convergence of the expansion in 
terms of effective interactions  
• Very questionable predictability  

∆EOrd 
C 1 

2N 
Σ' (pn-c  )(p m-c  )Vnm(c  ) 
n,m 

-  C C C C C ∆EMix(c)  and  

Unified Approach to Alloy Stability? 
Can the physics of the chemically disordered state and of any ordered 
configuration of an alloy be described within a unique framework?

∆EForm
C - Σ (σ1σ2...σα)Vα

α
V0 + C C C σn = 2pn-1= -1 or +1C C

Multi-component Phases  

CALPHAD Thermodynamics  

Two-sublattice Model of a Binary Alloy  

p 
  Lij (T) = u + vT + ... 

G   ({ci },T) =    G  ({c i },T)  +   G  ({c i },T) +   G  ({c i},T) φ φ φ φ ref id xs 

i i 
φ    G  ({ci },T) = Σ ci  G ({ci },T)   φ ref 

  G  ({ci },T) = RT Σ ci  ln ci    
i 

φ id 

i,j>i 
G  ({ci },T) = Σ cicj   Σ  Lij (T)(ci   - cj) 

φ φ xs p p 

p=0 

n φ 

(1) 

i,j 

φ    G  ({yi },T) = Σ yi yj  Gi:j   
φ ref I II s 

  G  ({yi },T) = RT  Σ N  Σ yi  ln yi    
i 

φ id s s 
s 

s=I,II 

s 

i 
G  ({yi  },T) = yA yB [ Σ yi Σ  LA,B:i (T)(yA  - yB)  ] φ φ xs 

p p 

p=0 

n 
s II I I I I 

+ yA yB [ Σ yi Σ  Li:A,B (T)(yA  - yB)  ] II II II II I φ p 

p=0 i 

p 
Li,j:k =  Li,j:k’  

φ φ p p 

(2) 

Ordering 

Eqs. (1)  
∆ G     (T) =    G      ({y i },T) -   G      ({ci },T)           Ord xs xs Ord Ord s Eqs. (2)  

G     ({ci },T) = G     ({c i },T) + ∆G      ({yi },T) Dis C Ord s 

Ab Initio to CALPHAD

The assessment can be performed with the following input from ab initio: 
• Gibbs energies and enthalpies of formation as functions of temperature and alloy 

composition. 
• Phase diagram information

Ab Initio (AI)

p
ij  L   = u + vT + ...where

∆GCP(c,T) = G(c,T) - Σ ciGi
i

0

= +RT Σ ciln ci + Σ cicj Σ   Lij (ci-cj )
i i,j>i

p p

Determination of the {u,v} parameters by minimizing the difference 

∆GAI - ∆GCP (c,T)

where  ∆EMix(c) = c(1-c)[  L + (2c-1)  L] 0 1∆GAI(c,T) = ∆EMix(c) + ∆EOrd(c,T) - T∆SConf(c,T)
CVM

CALPHAD (CP)

The Role of Ab Initio in CALPHAD

CALPHAD 
Statics

Thermodynamic 
Database

CALPHAD 
Kinetics

Kinetic 
Database

Heats of Formation 
Heats of Transformation 

Thermodynamic Functions

Assessment of Ab Initio 
Phase Diagrams

Ab Initio Methodology

• Tight-Binding Linear Muffin-Tin Orbital (TB-LMTO) method for the description 
of the electronic structure 
 
• Atomic Sphere Approximation (ASA) 
 

• Unequal sphere radii, zero-charge transfer (i.e., local charge neutrality) 
 
• von Barth Hedin exchange potential 
 

• fully relativistic treatment of the (core and valence) electrons 
 

• Coherent Potential Approximation (CPA) for the treatment of the chemically 
random state of the alloy 
 

• Generalized Perturbation Method (GPM) to determine the Effective Pair 
Interactions (EPIs) 
 

• Cluster Variation Method  and the Newton-Raphson technique for the 
determination of the equilibrium free energy
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Input from Ab Initio: Heats of Formation 
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Interface between Ab Initio  and CALPHAD: The Ni-Cr case

Ni 2 ab initio  was used to include the
ordered phase C11b (or OP6) in the phase diagram of Ni-Cr.
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Isothermal section at T=800K
Interpolation des Vi selon Muggianu
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Ab initio + CALPHAD Predictions
of Phase Diagrams for Mo-Ta-W Alloys

Ab initio to CALPHAD Ab initio + CVM
Conclusions

Ab initio approaches provide information on: 
 • ground-state properties and ordering trends 
 • the origin of stability and local order in alloys 
 • thermodynamic functions and phase diagrams 
 • short-range order, validated by experiments

The ab initio-CALPHAD approach can be used to: 
 • supplement thermodynamic databases 
 • reproduce the main features of predicted ab initio phase diagrams 
 • predict the impact of ab initio predictions for binary alloys on multi- 
   component phase diagrams 
 • validate the ab initio data by using the CALPHAD predictions on 
   multi-component phase diagrams

• Electronic Structure Methods 
 Electron-electron correlations 
 “Charge transfer” effects 
 Relativistic effects 

 
• Unified Approach to Alloy Stability: SRO vs. LRO 

 Can the physics of the chemically disordered state and of any ordered 
configuration of an alloy be described within a unique framework? 

 
• More accurate prediction of the free energy 

 Relaxations 
 Vibrations 
 Magnetic contribution 

 
• Treatment of Multi-component Alloys: Connection to CALPHAD approach, and 
user-friendly interface to software applications such asThermo-Calc 

 
• Description of the Liquid and Amorphous states 
 

• Kinetics of Transformation 
 Under isothermal conditions (TTT diagrams) 
 Under non-isothermal conditions 

 
• Dynamics of Transformation 

 Fundamental understanding of complex phase formation and transformation

Future Directions for Ab Initio
Examples of “still” challenging systems: 

 
 • Liquid state 

 
 • Hydrides (e.g., Pd-H) 

 
 • Transition metal carbides, nitrides, and oxides 

 
 • Magnetic alloys (e.g., Ni-Cr) 

 
 • Shape memory alloys (e.g., Ni-Ti) 

 
 • Correlated systems (e.g., rare earth and actinide-based alloys)

Even in the simplest description of the vibrational properties within the 
Debye Model, the Free energy is given as:

F(r,T) = Eel(r) - kBT.[D( ΘD/T) + 3ln(1-e -ΘD/T)] + 9/8kBΘD

Issue pertaining to lattice stability

E
n
e
r
g
y

Displacement

fcc

bcc

Instable Phase: 
 
θD is not defined, hence 
the total energy is not defined

zero-point energy

Additional points made by speaker:

Background:  Phase diagrams are graphical results of the survival battles of competing phases.

Ab initio, CALPHAD and experimental phase diagrams:
•  Comparison of ab initio and experimental: Ni-V, Pd-V, Cu-Zn
•  Coupling of ab initio and CALPHAD: Ni-Cr
•  Comparison of ab initio and CALPHAD: Mo-Ta, Ta-W (very good), Mo-Ta-W

Ab initio can provide good information for
•  Ground state properties
•  Stability and ordering in alloys
•  Short range order
•  Supplement thermodynamic databases
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Limitations and challenges for ab initio:
•  Liquid phase
•  X - H systems
•  Transitionelementcarbides, -nitrides, etc.
•  Magnetic properties

See also “Some Notes on First-Principles Electronic Structure Methods and Calculations,” page 17.
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Database Development and Industrial Applications

Arthur D. Pelton, Centre de Recherche en Calcul Thermochimique (CRTC), Montreal, Quebec
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Additional points made by speaker:

Choice of models - although model choices may be identical in subsystems, the use of different
extrapolation methods is likely to result in different extrapolation behavior.

Cluster pair approximation and quasichemical models are used in the slag/glass and sulfide mattes
databases.

F*A*C*T consortium includes 15 sponsors for database development.

FACT-app (Chem-app) software interface for inclusion into other software programs.
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Development of Thermodynamic Databases

Philip J. Spencer, The Spencer Group, Ithaca, NY
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Additional points made by speaker:

Needs for database construction:
Experimental experience: independent, first hand knowledge of experimental difficulties:
•  Mn-Ti phase diagram used to illustrate some of the difficulties that may be encountered in

experimental work and their effects on the thermodynamic assessment.
•  Zr-B shows temperature differences up to 500 K between data sources.

Self-consistent databases require careful preparation: Example COST 507
•  Number of components very large

♦  Need to break down into smaller tasks focussing on important subsystems: Example Al-Cu-Mg-
Si-Zn

•  Modeling of the intermediate phases and the subsystems must be compatible

SGTE and its aims:
•  Identifies focus areas for database development
•  Landolt-Börnstein publications:  unary and binary systems

♦  Funding problem: experts are required, time consuming.

Predictions for PVD (physical vapor deposition) processes:
Metastable phases are important, since phase which has lowest Gibbs energy at any composition will
form first.
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Application of Thermodynamics to Alloy Design and Development
Charles J. Kuehmann, QuesTek Innovations LLC, Evanston, IL
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Additional points made by speaker:

Performance ↔ properties ↔ structure ↔ processing
Modeling employs thermodynamic quantities.

Computational materials design:
Entire suite of software is used depending on dimension level (atomic, nano, micro, …) to model
properties  ⇒   "faster science" & "better engineering"
Software includes a series of process-structure and structure-properties models.
Software has no direct interface to Thermo-Calc - runs as independent process.

PrecipiCalc:  uses nucleation conditions, growth law, full diffusivity matrix and fitting parameters of the
precipitate surface energy to predict particle size distribution and composition of precipitates.
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Construction and Application of a Diffusion Mobility Database for Ni-Base Superalloys

Carelyn E. Campbell, NIST, Gaithersburg, MD

The Construction and Application of a
Diffusion Mobility Database

for Ni-Base Superalloys

C. E. Campbell
 National Institute of Standards and Technology

Metallurgy Division

Gaithersburg, Maryland 20899-8555

March 21, 2002

Partially funded by DARPA under GE AIM program

Need for Multicomponent Diffusion Data

Protective coating 
applications

Prevent diffusion during extended 

service times at high temperatures.

Heat treatment
optimization
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Diffusion in a Binary Alloy
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Diffusion Database Development

� Inputs:
– Thermodynamics
– Diffusion experiments  (unary, binary, ternary systems)

• Tracer diffusivity,
• Intrinsic diffusivity,
• Interdiffusion coefficients

�  Output:  Diffusion mobilities
– Composition-dependent
– Temperature-dependent

�Validation
– Diffusion correlations (Activation energies)
– Extrapolation to higher order system

• Diffusion coefficients
• Multicomponent diffusion profiles

Multicomponent Thermodynamics:
Calphad Approach

Experimental phase diagram
Thermochemical data

Determine Gibbs Energy
G = f(x,T,P)

Calculated phase
diagram
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Concentration Dependent Diffusion Coefficients

• Assume all partial molar volumes are equal

• Assume a vacancy diffusion mechanism

• Flux in 1-D

• Interdiffusion coefficient (chemical diffusivity)

• Intrinsic diffusivity

• Mobility
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Assessment of Diffusion Mobilities

Experimental 

diffusion data Mobility  M=f (c,T) Calculate diffusion 
Coefficients D = f(c,T)

Distance
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Diffusion profile 
   → Diffusion Coefficient

Composition

L
og

 (
M

ob
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ty
)

T = 1150 °C

T = 1050 °C

T = 950 °C

Ni - Al

Estimate Mobility
Simulate diffusion processCompare experimental

and calculated D Adjust Mobility

( ) 1 and  ,   whereexp ==∆
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T = 1000 oC

Previous assessments:  Ni-Al-Cr Engström and Ågren, Z. Metallkd. 87 (1996) 92.
                       Ni-Al-Ti  Matan et al., Acta mater., 46 (1998) 4587.

Current assessments:    Ni-Co, Ni-Hf,Ni-Mo, Ni-Nb,Ni-Re, Ni-Ta, Ni-Ti, Ni-W
    Co-Cr, Co-Mo
     C. E. Campbell, W. J. Boettinger, U. R. Kattner, Acta Mat, 50 (2002) 775
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Comparison with Ni-Co-Cr-Mo Data at 1300 oC*
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†Stalker, Morral,
Romig, Metall. Trans.
A, 1986, 17A, 983.

Diffusion
coefficients
calculated using the
different
thermodynamic
databases and a
fixed diffusion
mobility database.

Reduce (n-1)Diffusion Matrix at 1293 °C
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René-N4/René-N5 at 1293 °C for 100 h

0

0.02

0.04

0.06

0.08

0.1

0.12

-1000 -500 0 500 1000

M
as

s 
F

ra
ct

io
n

Distance (µm)

Cr

Co

W

Ta

Al

Ti

Mo

Re

HfNb

�  Databases used
– Thermodynamics:

Thermotech

– Diffusion mobilities:
NIST Ni-mob

René-N4 René-N5

γ γ
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Double geometric grid: 200 points

Experimental work performed by T. Hansen, P. Merewether, B. Mueller,
Howmet Corporation, Whitehall, MI.

René-N4/René-N5 Diffusion Couple at 1293 °C
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Experimental data from J. C. Zhao, GE-CRD, Schenectady, NY

At 1150 °C equilibrium
phase fractions

•  René-88: fγ = 1

•  IN-100: fγ = 0.638   fγ’ = 0.362

René-88 IN-100

4 mm 4 mm

René-88 IN-100
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Simulation Setup

•  Used composition and phase
fractions from solidification
calculation.

• Assume linear heating rates
beginning at 800 K

• Assume γ’ fraction is in
equilibrium with γ matrix at
each grid point.

• Assume incipient melting
occurs at the center between
dendrites.
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� Heat from 800 K to
     1655 K at 1 K/s

�  Hold at 1655 K until t =
1325 s (∆t = 470 s)

Homogenous 
microstructure

Summary

�Database Development
– Ni-base superalloys:

• Ni-Al-Co-Cr-Hf-Mo-Nb-Re-Ta-Ti-W  (Fe)
• FCC (γ) phase, γ’, B2

– Comparisons with
• Diffusion correlations at melting temperature
• Experimental quaternary diffusion coefficients
• Multicomponent diffusion couples: (René-N4/René-N5; René-88/IN-100)

– Experimental evaluation of selected ternary and quaternary systems

�Applications
– Heat treatment optimization
–  γ’ precipitation during non-isothermal cooling
– Coating deterioration
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Additional points made by speaker:

Simple criterion for validation of mobility database is that the ratio of the diffusion activation energy of
a pure component to the melting point of the pure component is roughly constant:  17≈− MRTQ .

Porosity prediction:  Position of maximum in vacancy flux gives position for maximum pore formation.
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Incorporation of CALPHAD Calculations into Phase Field Modeling
William J. Boettinger, NIST, Gaithersburg, MD

Phase Field Modeling using Thermodynamic
and Mobility Databases

• Sharp vs. Diffuse Interface Modeling

• A few examples of Phase-Field Modeling

• Phase field variable: artificial or natural order parameter?
• Free energy functions

• Gradient Thermodynamics
– Interface Energy

• Mobility Parameters
– Phase field

– Diffusion

• Addition of other fields
– Elasticity

– Electrostatic

Traditional Materials Science Approach:

Example: Solidification

Tip Kinetics
• Tip Temp. < TL
• Core composition > kC0

Microsegregation
• Core composition > kC0
• Solid DiffusionL

S

S L

Dendrite Arm Coarsening
• Side arm shrinkage/growth
• Side arm bridging

Subjects patched together

Sharp vs. Diffuse Interface

Solid Liquid

Sharp Interface Model

Diffuse Interface Model δ

Distance

C

C

• Solve diffusion equations in solid and liquid

• Match solutions at interface; interface conditions

• Difficult ‘moving boundary’ problem

• Add new variable and equation; φ (x,t)
• Solve new eqn. and modified diffusion eqn.

 over entire domain
• No boundary conditions at interface
• Easy to program (new large computer)

Microsegregation (Warren and Boettinger, 1996)

DS/DL=10-5 DS/DL=10-1

Binary Eutectic with Dilute Ternary Impurity
M. Plapp and A. Karma 1999

Simulation of γ’ Precipitation w/Coherency Strains
Y. Wang, D. Banerjee, C.C. Su, (OSU) & A. Khachaturyan, (Rutgers)

Acta Mat. 46 (1998) 2983
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Active researchers: Phase Field Modeling
attempting “Calphad”Thermodynamic Databases

• Y. Wang, D. Banjeree, C.C. Su and A.G. Khachaturyan, Acta
Mat. 46(1998) 2983. Ni-Ni3Al polynomial 4 sublattice stress

•  U. Grafe, B. Bottger, J. Tiaden, S.G. Fries, Mod. & Sim.
Mat. Sci. & Eng. 8(2000) 871. TQ interface Ni-Al-Cr-Co Ti
solidification

• I. Loginova, G, Amberg , J. Agren, Seattle 2001 TMS

• Miyazaki, Calphad 25 (2001) 231. Discrete lattice Fe-Co-Al
and InGaAsP, w/stress

• L.Q. Chen, C. Wolverton V. Vaithyanathan, Z.K. Liu, MRS
Bulletin 26(2001) 197. Al-Cu θ’& θ ‘ ppt. First principles
free and interface energy used to get phase field parameters.

Phase Field vs. Order Parameter(s)

•If thermodynamic database treats the phases together
• e.g. chemical miscibility gap, order-disorder
• Natural order parameter(s)
• Thermo.  between the phases is not artificial
• Can get gradient energy coefficients from bulk thermo!
• Need interatomic dimension / interface coordination #’s

• If thermodynamic database treats the phases independently;
• e.g., liquid - solid,
• Need to introduce artificial ‘phase field parameter, φ
• Introduce  energy hump (W) between the phases and
gradient energy coefficients to get interface energy/
adsorption consistent with experiments.

D istance

D
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V

φ ( x,  t)What is the Phase Field
 variable for solidification?

Rough Interface

Gradient Thermodynamics
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Alternate method:
Kim, Kim & Suzuki, Phys. Rev E 60(1999) 7186. φ
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For equilibrium far from the interface
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Dregia & Wynblatt, Acta Met. 39(1991)774

Ternary Regular Solution Ag-Au-Cu with Ωij heats of mixing
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Interface Energies via Thermodynamic Functions; natural order parameters

d = interatomic distance
Zv= interface coordination number

= 3 for {111}
= 4 for{100}

Similarly, gradient energy coefficients
can be obtained for order/disorder cases!

Braun, et al. Phil. Trans. R. Soc Lon. A (1997)
Wang et al. , Acta Mat.(1998)

Diffusion Mobility Parameters for
 Phase-Field Calculations for Multicomponent Alloys

• Phase field models are usually derived in a volume fixed frame.
• A particular component, say  ‘n’, is picked to be the solvent.
• One needs mobilities, Lij�� (φ), for the dynamic constitutive law.
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• Using the mobility matrix, M, obtained for each phase,
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• Then L��(φ)=p(φ)L1��+(1-p(φ))L2��

where L1�� and L2�� are for each phase.

3 field variables,
ηηη111(((rrr,t), ,t), ,t), ηηη222(((rrr,t), ,t), ,t), ηηη333(((rrr,t),t),t)

Domain 1Domain 1 ParentParentParent

η1 = 1
η2 = 0
η3 = 0

Domain 2Domain 2 Domain 3Domain 3

η1 = 0
η2 = 1
η3 = 0

η1 = 0
η2 = 0
η3 = 1

η1 = 0
η2 = 0
η3 = 0

Elastic effects: Cubic � Tetragonal Transformation

Stress free strain, function of η; add elastic energy to free energy functional

  

F ϕ ,C j ,ψ( )= fV ϕ,C j( )+ 1

2
ρψ +

κϕ

2
∇ ϕ 2  

  
  

  

  
  dV

V
∫

F Helmholtz free energy

fV Helmholtz free energy per unit volume 

ϕ phase field

C j concentration of species   j

ψ electrostatic potential

ρ = z jC jF
N

∑ charge density

κϕ phase field gradient energy coefficient 

Electrochemistry

-20

-10

0

10

1.0

0.8

0.6

0.4

0.2

0.0

electrode electrolyte

0.10

0.05

0.00

-0.05

1.00.80.60.40.20.0

nm

∆ψref = -0.12 V 
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Application to Electrochemistry, Jon Guyer at NIST Conclusions
• Phase field calculations are based on thermodynamic functions and
a few simple dynamic postulates.

• Calphad evaluations are ideal input data for phase field
calculations.

• For thermodynamics involving natural order parameters, gradient
energy coefficient and hence interface energies can be calculated.

• Otherwise, gradient energy coefficients and interpolation between
individual free energies must be obtained by fit to measured surface
energy

• Diffusion mobility assessments can be implemented in phase field
calculations.

• Numerical difficulties still limit application.
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Additional points made by speaker:

Diffuse interface model helps to overcome the moving boundary problem of the sharp interface model.
Phase field method is ideal for modeling ordering processes since it naturally implements an order
parameter.
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Current and Future Applications of CALPHAD Technology

Larry Kaufman, Brookline, MA

Abstract

During the past year the author has had the opportunity of participating in two international symposia
devoted to exploring recent examples of the development of methods for predicting multiphase
equilibria in diverse materials.  The first of these, held at the 130th TMS meeting in New Orleans was
organized by Zi-Kui Liu and entitled “Computational Thermodynamics and Materials Design” (1).  The
second, organized by Patrice Turchi was entitled “CALPHAD and Alloy Thermodynamics” was held at
the 131st TMS meeting held in Seattle (2).  Most of the papers presented at these symposia are published
and present a graphic record of the significant accomplishments made in this field in recent years.  This
workshop provides a fitting epilogue to these meetings in identifying those areas where development of
data bases which are needed to foster future progress and reporting on techniques and advances in such
efforts.  The author has chosen several examples of recent work in the analyses of multicomponent
systems used in lithium battery anodes (3,4), giant magneto resistance (5), zirconia ceramics (1,6),
niobium alloys (7), metal-carbon systems (1,8), metallic glasses based on Al-Fe-Ni-Gd-Y alloys (9,10),
transformation kinetics (1,11) and corrosion (11) to illustrate the variety of applications to which
databases for multicomponent systems can be applied to describe equilibrium and kinetic behavior.

References

1. L. Kaufman, “Computational Thermodynamics and Materials Design,” CALPHAD 25 (2001) 141-
161.

2. L. Kaufman, “Hume-Rothery and CALPHAD Thermodynamics,” CALPHAD and Alloy
Thermodynamics, P.E.A. Turchi, A. Gonis and R.D. Shull (eds.), TMS, Warrendale, PA, 2002, pp.
3-19.

3. M.M. Thackeray, J.T. Vaughey and L.M.L. Fransson, “Recent Developments in Anode Materials for
Lithium Batteries,” JOM 54 (3) (2002) 20-23.

4. L. Kaufman, Research conducted under U.S. ATP Cooperative Agreement 70NANBOH3023.
5. M. Bamberger et al., submitted for publication in CALPHAD (2002)
6. R. Arroyave, L. Kaufman, and T.W. Eager, CALPHAD 26 (2002) 95-118.
7. L. Kaufman, “Calculated Multicomponent Phase Diagrams for Niobium Alloys,” Proceedings of an

International Conference "Niobium 2001,” D.Howden (ed.), to be published in 2002.
8. T.Ya. Velikanova , A. A. Bondar, A. V. Grytsiv and O. I. Dovbenko, “Metallochemistry of

Chromium in Ternary Systems Formed by Chromium with d-Metals and Carbon,” J. Alloys
Compounds 320 (2001) 341-352.

9. R.E. Hackenberg, M.C. Gao, L. Kaufman and G.J. Shiflet, “Thermodynamics and Phase Equilibria
of the Al-Fe-Gd Metallic Glass Forming System,” Acta Materialia 50 (2002) 2245-2258.

10. M.C. Gao and G.J. Shiflet, “Thermodynamic Calculations of Applied to Devitrified Al-Ni-Gd
Metallic Glasses,” CALPHAD and Alloy Thermodynamics, P.E.A. Turchi, A. Gonis and R.D. Shull
(eds.), TMS, Warrendale, PA, 2002, pp. 215-223.

11. Research in Progress under the Yucca Mountain Site Characterization Project at Lawrence
Livermore National Laboratories, Livermore, CA.
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Additional points made by speaker:

For the assessment of the thermodynamic quantities of the TCP phases in Ni-X systems results from ab
initio calculations were taken into account.

The thermodynamic description of the Ni-Cr-Mo system was used to generate Pourbaix diagrams for the
prediction of the corrosion behavior under various conditions.

.
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Thoughts on the Acceleration of Phase Equilibria Research

J.-C. Zhao, General Electric Company, Schenectady, NY
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Additional points made by speaker:

Predictions of TCP phases for Ni-Base systems with currently available thermodynamic databases are
not very reliable  ⇒   lack of experimental data needs to be overcome to facilitate more accurate
modeling of these phases.  Accurate ternary phase diagram data are needed for the improvement of the
model descriptions of these phases for multicomponent databases.
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