NISTIR 6927

Databases for Computational
Thermodynamics and Diffusion

Modeling
Wor kshop Report

Ursula R. Kattner
William J. Boettinger
John E. Morral

NIST

National Institute of Standards and Technology
Technology Administration, U.S. Department of Commerce






NISTIR 6927

Databases for Computational
Thermodynamics and Diffusion
Modeling

Wor kshop Report

UrsulaR. Kattner
William J. Boettinger

Materials Science and Engineering Laboratory

John E. Morral

University of Connecticut

November 2002

U.S. DEPARTMENT OF COMMERCE

Donald L. Evans, Secretary

TECHNOLOGY ADMINISTRATION

Phillip J. Bond, Under Secretary of Commerce for Technology
NATIONAL INSTITUTE OF STANDARDS AND TECHNOLOGY
Arden L. Bement, Jr., Director






Table of Contents i

Table of Contents

L 0 1 = o PR PR PPTPPR 1
(07 (= 1 PSPPSR 2
PreSentalion SUMIMIBIY ........coiieeiiieie ettt st s be et e e e b e e sbeeebe e st e e saneebeeenneesnneenes 4
Computational Thermodynamics and Diffusion Modeling ROadmMap ...........cocvereeeieriiiienennnienne 7
VAL o 0 12 0 K TSR 7
T 0T 1 T TP U PR TP PP 7
F Y o] o] 0= o ISP TP TR TP PROPRPPN 7
Objectives, Strategies and ACHION TTEMS.........ooiiiiiei e 8
I =T 18 or= 11T o o BT P PRSP PRTURTPRPRPRN 8
. Thermodynamic and DiffuSION DaLA.........ccveiueerieeiiiiie e 8
(. PUDIIC DAEAIDASES. ... eeeiieteeie ettt ettt et b e b e s b e e s b e et e e b e e s b e e s be e beenneenneas 9
V. [0 06 11 o FO TP TR PR PPPR 10
V. WV OI K GEOUPS. ..ottt ettt ettt ettt b bbbt e bt e bt e bt e b e e b e e b e e b e e nbe e be e bt e s b e e nneenneenneennean 11
ACKNOWIBGEIMENL ...ttt e st e e s st e e s be e e beesnneesnneenee s 12
ATEENOANCE LISE ...ttt be et e e s sb e e s ae e e beesnneesnneenee s 13
Complementary CONIDULION...........ooiiiie e 17
Some Notes on First-Principles Electronic Structure Methods and Calculations..........ccoeveeeneeenieeeieeeniennn 17
(=3 < 01 (] PP O PP ORI PRSPPI 21
Opening Remarks U.R. Kattner, JE. Morrd ..... 21
Air Force Programsin Materials Engineering and Design C.S Hartley .....ccoovvniinnnnnn. 22

Application and Needs Assessment of Thermodynamic Databases at
Howmet Castings TW.Hansen ............oeee. 28

Computer Smulations and Database Needs for Energy Savings, Zero
Environmental Impact and Quality |mprovements For the Heat Treating

Industry RD.SISSON ....covvviiiininnns 32
Materials Programs at NSF K.L.Murty ..o, 36
Microstructure - Process - Property Models for the Aluminum Industry JL.Murray ..., 40

Applications of Computational Thermodynamicsto Virtual Aluminum
Cadtings R. Vijayaraghavan .............. 46

Use of Quasi-Thermodynamical Models for Smulation of Epitaxy of 111-V
Compound Semiconductorsin Electronic Industry Yu.N. Makarov ............... 51



NSF Supported Computational Education Program at Penn Sate
Thermodynamic Measurements
Configurational Entropiesin Real Alloy Phase Diagram Calculations

Current Capabilitiesin First-Principles Modeling of Alloy
Thermodynamics

Database Development and Industrial Applications
Devel opment of Thermodynamic Databases
Application of Thermodynamics to Alloy Design and Development

Construction and Application of a Diffusion Mobility Database for Ni-
Base Superalloys

Incorporation of CALPHAD Calculationsinto Phase Field Modeling
Current and Future Applications of CALPHAD Technol ogy

Thoughts on the Acceleration of Phase Equilibria Research

Disclaimer

Table of Contents

ZAK LU 58
P.Nash.......ocooviiiiinnnn 64
F.Zhang .......cccocoiiinnen 72
P.EA.Turchi............c.ooeee 77
AD.Pdton.................... 82
P.J. Spencer .......ooeeiennn. 91
C.J Kuehmann ................. 103
C.E. Campbell .................. 106
W.J. Boettinger ................ 111
L. Kaufman .................... 115
J-C.Zhao ........cceeuenee. 124

Thisreport 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 referencesto commercial productsin this report are for identification
purposes only and do not constitute any endorsement by NIST. The policy of NIST isto 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-Sl units.
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Abstract

Databases for computational thermodynamics and diffusion modeling can be applied to
predict phase diagrams for aloy 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 wasto 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 aroadmap of future activities.
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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 devel opment.

The workshop began with opening remarks by J.E. M orral (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
aloys. 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, Y u.N. M akarov (Semiconductor
Technology Research, Inc.) talked about the modeling requirements for the manufacturing of
[11-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 goa was not only to include modern material development tools into
the curriculum, but also to simulate 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 (lllinois Institute of Technology (11T)) presented an
overview of the experimental methods that are available for thermodynamic measurements at
[IT. At the end of the presentation an overview of centers in the U.S.A. and worldwide carrying
out experimental research activitiesin thisfield was given. There are so few such centersthat 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 datathat can be obtained from these
calculations. (See aso “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 stepsin
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 afew 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 aso 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 aroadmap. 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.

Goto Table of Contents
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Computational Thermodynamics and Diffusion M odeling 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., savingsto 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 7x10™ J (7x10™
BTU) over aten-year period due to improved efficiency.

Approach

» Organize aseries of “work groups’ consisting of representatives from Academia, Industry
and Federal Agenciesthat 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 acomprehensive 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.

Education

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).

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.

Increase the technical ability of students with more emphasis on:

a.  Better appreciation of the underlying physics as well as classical concepts.

b. Theunderstanding of the behavior of multicomponent alloys, not just binary alloys.

Encourage ingtitutions to support teaching initiatives:

a.  Provide funding.

b. Support outside funding initiatives.

Provide training for those already in industry.

Action Items

Prepare a collection of useful applied problems.

— Karl Spear (Penn State)

Publish an article about the NSF program at Penn State on computational
thermodynamics and kinetics.

—  Zi-Kiu Liu (Penn State)

Prepare a catalog of currently available course materials.

— TBD

Explore the possibility of a course on computational methods.

—  Bill Scott (ASM)

Thermodynamic and Diffusion Data

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. Edstablish “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).

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

Review the status of estimating molar volume.

—  Phil Nash (IIT).

Expand the scope of the CALPHAD community to include diffusion modeling.

— Bill Boettinger (NIST), Zi-Kiu Liu (Penn State).

Capture the diffusion datain NIST archives.

— TBD

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

Organize diffusion modeling and assessment sessions at ASM meetings through the
Atomic Transport Committee.

— Rick Sisson (WPI), John Morral (UConn).

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

— TBD

Prepare alist of physicists doing First Principles and Molecular Dynamics studies and
distribute the “wish list” to them.

—  Patrice Turchi (LLNL)

Develop standard problems for establishing “best practices’.

— Ray Thompson (UAB), Charlie Kuehmann (QuesTek).

Public Databases

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

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

Develop databases for other data: molar volume, viscosity, etc.

Encourage a sandard format be used in public databases.



10

wnh e

Workshop Report

Develop methods of delivering public databases into macrocodes,; encourage
standardized interfaces.

Action Items

Write lettersto journal editors encouraging policies that require authorsto list
parameters used in assessment articles.

— Everyone

Encourage authors of proprietary databases to publish descriptions of constituent
subsystems.

— Everyone

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

Encourage North American participation/membership in SGTE, which is now open to
non-European members.

—  Phil Spencer (The Spencer Group).

Compile database and software needs for practical applications.

—  Charlie Kuehmann (QuesTek).

Devote an issue of the CALPHAD Journal to data delivery, coupling of micro and
macro computer codes.

—  Zi-Kiu Liu (Penn State).

Encourage links to CALPHAD web site (http://www.caphad.org).

— Everyone

Funding

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

Action Items

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

— Everyone

Create alist of materials that have been certified to meet specified criteria with the aid
of computational thermodynamics and diffusion modeling.

— TDB

Obtain a grant to sudy the effect of thermodynamic and diffusion modeling on the
economy.

— TDB

Approach researchers in industry to supply data on financial benefits of using
computational thermodynamics.

— Everyone
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V.

Work Groups

Educational Programs and Instructional Materials.

—  Zi-Kiu Liu (Penn State).

Experimental Measurement of Thermodynamic Data

— Phil Nash (I1T)

Diffusivity Assessments and Modeling.

— Bill Boettinger (NIST), Carrie Campbell (NIST), John Morral (UConn)
Thermodynamic Assessments.

— Ursula Kattner (NIST)

Goto Table of Contents
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Complementary Contribution

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

Some Noteson First-Principles Electronic Structure M ethods and Calculations

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

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

A. Congtraintswithin 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 (Sdf-Interaction Correction)

GWM (Gutzwiller Wave M ethod)

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 ver sus Fully Relativistic (For magnetic systems and heavy elements,
including the 5d transition metals and beyond, afully relativistic treatment of the electronsis
recommended).

4, M agnetism: 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
aloys, additional approximations are necessary).

6. Born-Oppenheimer approximation (electron-phonon coupling) (This approximation

may be severe when performing molecular dynamics-type calculations).

I1. Two main categories of methodologies are defined depending on the desired type of
calculations:

A. Methods Limited to Ordered Structures (Wave M ethods)

- 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. Methodsthat can also handle Disordered Structures (Green’sfunction M ethods)
- 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.

I11. Based on electronic structure calculations the following properties can be obtained:

* Equilibrium Properties

- lattice parameter ()
- structural energy differences
- crystal structure minimization
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* Elastic Properties
- bulk modulus
- elastic constants
- phonon spectrum
* Electronic Properties
- densities of states (y of heat capacity data)
- spectroscopic data (ARPES, UPS, XPS, PAYS)
* 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

1V. A series of software is now available to perform electronic structure-based calculations of
materials properties, e.0.:

Pseudo-potential-based M ethods:
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 M ethods:
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/ander sen/L M TOM AN/Imtman.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 anumber of challenges that ab initio approaches have to face. Notable examples

include a full ab initio description of:

— Theliquid phase of multi-component alloys and the amorphous state of matter for which the
interaction between the fluctuations of alloy composition with topological disorder hasto be
properly accounted for.

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

— Chargetransfer 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.

Goto Table of Contents
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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 arecent editorial by J. Agren, 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 arethe future needs? What are the challenges?

All expertsin 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 isthe best way to get the
ingpiration 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.”

Agren 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 aroadmap for obtaining databases with improved accuracy for practical
applications.



22

Workshop Presentations

Air Force Programsin Materials Engineering and Design
Craig S. Hartley, AFOSR (Air Force Office of Scientific Research), Arlington, VA

THE CHALLENGE FOR MATERIALS
DESIGN
Beyond the One Hoss Shay

NIST Workshop on
Databases for Computational Thermodynamics and Diffusion
Modeling

Dr. Craig S. Hartley
AFOSR Program Manager
Air Force Research Laboratory

The Issue

Ne
5v

~Materials Science and Engineering has not progressed
as rapidly as other disciplines in contributing to the
reduction in the product cycle during the last decade.

~New developments in materials are not being exploited
as rapidly as desirable because of the time and cost
necessary to obtain information on material properties and
characteristics.

#Products are being designed and fabricated with
existing materials having verified design properties,
resulting in the use of less than optimal materials for many
applications.

The Goal

EHS

\/

A Bit of History

Unlike The Deacon’s Masterpiece, which was built of the
best available materials to last as long as it could . . .

. i S A~ .-— S A-'h_
we strive to make things using optimized processes and
materials designed to meet specifications for reliability

and performance.

During the last forty years, engineering disciplines based on
structure-property relationships in metals and ceramics have been
merged with elements of solid state physics and chemistry and
pelymer chemistry to form the discipline we call “Materials Science
and Engineering”. The field is characterized by the tetrahedron:

PROCESSING

PERFORMANCE
STRUCTURE

PROPERTIES

..BUT the “Engineering” component has not kept pace with rapid
developments in the use of modern computational power to compress
the design cycle in the development and use of new materials.

&;f The Present Condition

WHAT DO WE MEAN BY
F PERFORMANCE?

THE SCIENCE BASE IN THE PLANE OF STRUCTURE-PROPERTIES-
PROCESSING IS STILL DEVELOPING, COUPLING EXPERIMENT
AND THEORY, AND ACCELERATING IN THE LAST TEN YEARS,
AUGMENTED BY DRAMATIC ADVANCES IN COMPUTATION

PROCESSING

PERFORMANCE
STRUCTUR

PROPERTIES

HOWEVER, THE PATH TO PERFORMANCE, THE ULTIMATE GOAL
DESIRED BY DESIGNERS, IS STILL MOSTLY EMPIRICAL, EXPENSIVE,
AND VERY TIME CONSUMING

STRENGTH IS ONLY ONE OF MANY PROPERTIES

REQUIRED FOR SUCCESS:
~ MANUFACTURABILITY
~ TOUGHNESS
= SPECIFIC STIFFNESS
= FATIGUE RESISTANCE
~ AFFORDABILITY
~ RELIABILITY
~ ENVIRONMENTAL STABILITY

OUR PAST STRATEGY HAS BEEN TO DEVELOP ONE OR
MORE OF THESE CAPABILITIES, OFTEN ATTEMPTING TO
OPTIMIZE IN SEQUENCE, AND THEN MEASURE ALL OF
THE REQUISITE PROPERTIES TO ESTABLISH A DATA
BASE FOR DESIGERS TO USE...CAN WE DO BETTER?
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xj A NEW AFOSR APPROACH FOR

L

g‘.’f; THE MEANS TO A DESIRABLE ENDA,

3 STRUCTURAL MATERIALS

MATERIALS DEVELOPMENT IS ONE OF THE GREAT
SUCCESSES OF AIR FORCE RDT&E. WHAT HAS
CHANGED TO JUSTIFY A NEW APPROACH?

= MILITARY PROCUREMENT HAS DECREASED
* INDUSTRY IS FOCUSED ON CIVILIAN APPLICATIONS
+ INVESTMENT IN NEW MATERIAL DEVELOPMENT IS REDUCED

~8YSTEM DESIGN TIME HAS DRAMATICALLY SHORTENED
- LONG DEVELOPMENT TIMES CONTINUE FOR NEW MATERIALS
* NEW MATERIALS LOSE OUT TO THOSE ALREADY CERTIFIED
-~ PROBLEMS HAVE BECOME MORE COMPLEX
* WE'RE PUSHING THE ENVELOPE IN HIGH TEMPERATURE,
STEALTH, LOW WEIGHT, MULTIFUNCTIONALITY, ETC.
» AFFORDAGBILITY HAS BECOME A MAJOR ISSUE FOR THE AF
= COMPUTATIONAL ALTERNATIVES ARE NOW FEASIBLE
* THE UNDERSTANDING OF MATERIALS SCIENCE HAS MATURED
» COMPUTATIONAL SPEED HAS REACHED A PRACTICAL RANGE .

Materials Engineering for Affordable
New Systems

= MEANS WILL DEVELOP THE SCIENTIFIC
PRINCIPLES AND UNDERSTANDING TO ENABLE
MATERIALS ENGINEERING

* MEANS WILL BE COMPUTATIONALLY
INTENSIVE, BUT WILL BE TIED TO
EXPERIMENTAL VALIDATION

ELEMENTS OF MEANS

A4

Interoperability is the Key to
Constructive Collaboration

N

o

SOME OF THE THINGS WE WILL NEED FOR SUCCESS:

~MODELS AND EXPERIMENTS THAT ARE
ADEQUATE TO THE TASK

-~ STRATEGIES FOR LINKING MODELS IN
DIFFERENT SPATIAL AND TEMPORAL REGIMES -
SO-CALLED “MULTISCALE MODELING”

~OPTIMIZE THE COMEINATIONS OF AVAILABLE
MODELS, EXPERIMENTS AND PROBABALISTIC
DATA BASES TO MINIMIZE DEVELOPMENT TIME
AND COST

No More

Spherical Chickens

e

r LINKS TO OTHER PROGRAMS

The Challenge

~MEANS BUILDS ON PROGRAMS IN MANY AGENCIES
FOCUSED ON "MATERIALS BY DESIGN"

~MEANS BUILDS ON PROGRAMS IN MANY AGENCIES
FOCUSED ON “MULTISCALE MODELING"

~MEANS WILL DEVELOP THE SCIENTIFIC BASE FOR AND
DERIVE INSIGHT AND DIRECTION FROM THE

6.2 PROGRAM IN DARPA CALLED AIM

(ACCELERATED INSERTION OF MATERIALS)

~MEANS WILL FOCUS THE 6.1 COMMUNITY ON
KNOWLEDGE BASE CONSTRUCTION, PROPAGATION

OF ERRORS, LINKING OF SCALES, AND NEW, EEFICIENT
EXPERIMENTAL APPROACHES

"

Exploit computational Materials Science and

Engineering to develop techniques for coupling
models of material behavior to design software,
enabling materials design to be an integral part

of the global design process.
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CURRENT STATUS OF
COMPUTATIONAL METHODS

ar

%"JMEANS Projects in Metallic Materials.§

Modeling and Experiment

Rudarenials Dvelopmntol  Mostnoty'  Rules-hesed Procosing and
Mersinefe Aok Rishis  Appoaches Process Vidds
sl * Pruxiitation
« Sgegtion
+Canin
snctae

* ootV
* Hovstiess nickds

* Dlddocation dymicy  + Siliclifiction

: » Resichud sires

» It numnensedd

M prussing

8 » Phess vindws
* Ry Proktyp
= Ni shope ol

»Qurtitaie |l « Dsigndeen

~taride

» Finimamnti
sulies

Cycle Time

 Reduced Developmeri

# COMPUTATONAL DESIGN OF ADVANCED
AEROTURBINE MATERIALS: Pl - G. Olson,
Northwestern U.

= DEVELOPMENT OF A PHYSICALLY BASED
METHODOLOGY FOR PREDICTING MATERIAL
VARIABILITY IN FATIGUE CRACK INITIATION AND
GROWTH: Pl - K. Chan, Southwest Research Institute

=" MICROSTRUCTURE-BASED MODELING FOR LIFE-
LIMITED COMPONENTS: Pl — H. Fraser, Ohio State U.

~"DEVELOPMENT OF AN ACCELERATED
METHODOLOGY FOR THE EVALUATION OF CRITICAL
MECHANICAL PROPERTIES OF POLYPHASE
ALLOYS: Pl — P. Dawson & M. Miller, Cornell U.

= MURI on Design of Multifunctional Materials: TBA B

Computational Design of Advanced
Aeroturbine Materials (Olson, NWU)*

e

DEVELOPMENT OF A PHYSICS-BASED METHODOLOGY
FOR PREDICTING MATERIAL VARIABILITY IN FATIGUE ¢
CRACK INITIATION AND GROWTH (Chan, SWRI)

s

A hierarchy of
computational models
will be integrated
through computational
thermodynamics to
design a metal/ceramic
system that addresses
control of oxygen *o1
behavior both in @ BCC s e
Nb-based matrix as i
well as in stable oxide
films with controlled **
expansion and -
adherence.

Obijectives:

* To develop physics-based fatigue crack
initiation and growth models

* To develop a probabilistic approach for linking
physically based models into a continuum
framework

* To demonstrate the utilities of the
methodology in a probabilistic design setting

ATOMIC SCALE

DISLOCATION SCALE

\

3

1) The friction stress for irreversible slip during
fatigue will be modeled at the atomistic scale
using the Peierls-Nabarro model and the thermally
activated flow approach.

Irreversable Mip Modeli

-
I

Alomistic Scake

2) The formation of dislocation cell substructure will
be modeled by considering interactions of
dislocation pile-ups and cell walls at the dislocation
cell size level using results from irreversible slip
modeling.

Diskseation Strueture Madeling

L A om0
Cell Size Scale
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MICROSTRUCTURE SCALE

\

\/

CONTINUUM SCALE

3) Microstructure-based fatigue crack initiation and
growth models will be developed at the grain level
using results from dislocation structure modeling:

Probabilistic Fatigue Modeing
Micnstucture Hused
Fatigue Urack Grom b Mealel

——
o Vit

5 il

dN

Meromtnnhae. B
Fatiuae Crinck Imlu o Model

/'// /’
/,/ T

(S: Stress Range; N;: Fatigue Life; da/dN: Crack
Growth Rate; 7 K: Stress Intensity Factor Range)

4) The microstructure-hased fatigue crack initiation
and growth models will be integrated into a
probabilistic framework at the continuum level.

Continuurn Seale

XWJ APPLICATIONS

4 Microstructure-based Modeling for Life-Limited

Components (Hamish L. Fraser, Somnath Ghosh, James
ur Larsen”, Yunzhi Wang, J‘aA?EB C. Williams; CAMM-0OSU

Potential applications of the probabilistic fatigue
models include component design and life-prediction
analyses that include material variability and
confidence limits for the fatigue properties.

Oulpul: Prebabilistic Lifelime Prediction
Tncluliz Micrusirwcture Variabiliy

Dadect Slze

/

detecivd based o POD

| ——
— .
_'__d___,___--"-":" it bapacncn |

| 1N

Tima (Flight Hours)

N

E/s-uhu.-n

Alms

The developmeant of microstructure-based databases for the alloys Ti-6-4 and Ti-6-2-4-2

A Instion:of ¥:a proedty Mg I ol oo S i

i 1 features i q low cycle fatigus S P
and fatigue crack gmmh in Tib=4 and Ti-G-2-4-2 _/A"“\

A robust ay for y -~ ™
microstructural features and thelr repr in —= progarty medads
medeling and simulation S -

et " s e "\v,'\/‘;"
prediction of the of EIE‘::"E“E
features, which are key to influencing LCF amd da'dN,
as a function of heat-treatment

The p of a set of mi hasad models for the prediclion of LCF and

daidN in Ti-6-4 and Ti-6-2-4-2

The provision of a set of FEM-basad tools for the analysis of life-limiting features in turbine
rotors

~ APPROACH

\

APPROACH (CONT’D)

heat-treatment

microstructure ‘

Q itati ization used to d ib q
MNewral rks used to reveal L di dencies of i_=
properties on microstructural features _EE
Production of variations of microstructure logether with E‘
propery provides necossary datab ‘é
This information will be used to develop physically-based x 3
madels for prediction of fatigue properties |°{T,:

NN
BEN-
Hef -

Comparison of Phasa Field srmulallon

Phase Field modal will be used as the primary
computational method to simulate the
microstructural evolution

Modeling will include the coupling of growth to the
diffusion fields of minority alloying elements,
accommodation of coherency strain, and anisolropy
in interfacial & grain boundary energy & mability

Dovel of i

fefficlent

prediction (left) with observation redu:odﬂdor modals for galn gwwlh and overall
{right, courtesy of L. Bendersky) of Kinetics i Il
microstructure formed during the DOA9 7 O« and coarsening 2

phase transformation in Ti-Al-NB

Development of Physically-hased Models for Fatigue

Achieve a capability for predicting the variations in
fatigue performance

Link these vari o

thraugh the integration of |vmc:l|.1n|shcalljI roalﬁ:lc
sub-models.

B
Build on the neural networks relating microstruciure
1o fatigue & crack growth rale bahavior to develop 1
physically based mocdals

acmaal
A ransruciary

-<i

Crmpesie pleis
e kil Mireaeemure

s.....k:’h.-r-du

Limiting Features

Couplad multiple scale simulation of the deformation
and fracture processes of muli-colony, pelycrystalline
Ti alloys will be developed

The multi-scale compumlonal system will create a
hwrulchy of P

‘ﬁ; Jutlon in praclicting o and the
( ? }-— 1 -—' i evolulion o! damage and fracture

.\n-w-x-uu.-n— iat revian Mo rvoepic
lermaraciree o Sbomtrriny v-ﬂ faren v
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Accelerated Methodology for Evaluation Of Critical
Properties in Polyphase Alloys
(P. Dawson & M. Miller, Cornell U.)
= —

N
pg

A 4

Experiments and Simulations

~Objectives
*Rapid evaluation of stiffness and strength of polyphase metallic
systems
-Reduced time for insertion of alternative materials in
mechanical design

=Methodology:
«Develop protocols for a suite of simulations and experiments to
assess elastic moduli and anisotropic yield surfaces
*Deploy around the Digital Material framework
Interface required diagnostic tools via the Digital Material

~Diagnostic Tools:
-Simulation: grain-by-grain finite element models of polycrystals
-Experiments: mechanical tests and in situ diffraction
measurements
*Visualization: advanced graphics as interpretation aids

Conventional Teas

Digital Material —
Collaboration Environment

\

\

The Vision

smelrie features
- component
- Erns
- particles dislocations

Altributes
S ODFMODF

- lattice orentation
i - composition SFE
i | Collaboration
with
Scientific
world

Simulation by
Experiment

............. - -Digtal Material Engine. : '

X ¥ [ | ' Grain size
e. I e- ! | MODF/ distributions
(111) e on '_ - .. L karérea

* The periodic table is
the ultimate data
base

* Imagine a design
space that extends
from the periodic
table to input into
current design
software.

* What do we need to
do to fill the gaps in
this space?

Following the Vision

Steering by the
North Star . .. ~

.. doesn’'t m@an that
ou're trying to go there.

The Payoff

\g

Optimal utilization of materials and processes to
produce affordable, reliable and durable products for
military and civilian applications.
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N

e

kj Interoperability is the Key to
L Constructive Collaboration

Any Questions?

No More

Spherical Horses

Additional points made by speaker:

» Toinclude computational materials as a design component the ability to compute design properties
iS needed

* Materials computational power is not up to speed to useto 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

*

* 6 6 6 o o

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:

* IsOOF 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, Ml

Howmet
Castings g‘

Application and Needs Assessment
of Thermodynamic Databases at
Howmet Castings

Tyrus W. Hansen
Howmet Research Corporation
3/21/02

Application and Needs Assessment Em 2
of Thermodynamic Databases at Howmet Castings AN

Introduction

BHowmet Castings Background
ECurrent Capabhilities
B Howmet Applications

B Howmet Thermodynamic Needs

Alcoa Industrial Components Graup Emmr;l’

B Howmet Part Alcoa Industrial Components Group
B Based in Salt Lake City, Former Cordant Headquarters
B Group Also Includes:
B Huck Fasteners
M Alcoa Forgings

H Alcea Automotive

B Total Revenues ~ $3.4B
B 42 Locations
B 17,000 Employees

i Howmet
Overview Houmet 2

B World Market Leader in 2
Very Attractive Markets

1999 Total Revenues: $1,456 Million

Other
B Leadership Position IGT m
Differentiated & Defendable 48% 7 Airframe
. &%

B Technology Leader
B Operational Excellence

B Excellent Customer
Relaticnships

B 29 Manufacturing Facilities in
5 Countries

B Over 11,000 Employees \

Aero Engine
42%

Airframe Market

W Aircraft Components: Al & Ti
Doors, Nacelle, Strut, Flight Contrel,
APU and Environmental Systems.

B Missile Components: Al & Ti
Missile Bodies, Fins, Optical Seeker
and Fuel Components, Electronic
Boxeslframes.

B Rocket Components: S/A

High Pressure Fuel and LOX Pump
and Turbine Housings.

Aft Engine Maunt

Major Customers fowmet B,
Aero Engine Industrial Gas Turbine
B Pratt & Whitney Aircraft B Siemens Westinghouse
B Pratt & Whitney Canada B Alstom
B Rolls Royes B General Electric Power
M General Electric Aircraft Gerieration
Engine B Solar
B Honeywell
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Application and Needs Assessment Ems B Application and Needs Assessment Castings 2
of Thermedynamic Databases at Howmet Castings e of Thermodynamic Databases at Howmet Castings e
sz INTIR
Current Capabilities
T Y
'
B Howmet utilizes three solvers:
|
W ProCAST - Ni, Ti, Fe, Al L i
- Vi -
B JMatPro - Ni H i, .,'.,
w 1 L
# - [e——
M Pandat - Ni H I ——
¥l -
i IMatlro: 135 seconds 8
Application and Needs Assessment 'é':;"nf'“';', 2 Application and Needs Assessment Castings =~
of Thermodynamic Databases at Howmet Castings W ——— of Thermodynamic Databases at Howmet Castings e
INTIS
i‘"' - \ INTI®
5 e
Eo.o0 \‘\‘ -
F.0.17 ! s
0.0 i asd
_ﬂ,?.‘ |
'._\ an
5 AL i ol s L o i W \ ¢ =
ProCAST : 2 minutes v Pandat: 3 minules »
Application and Needs Assessment m['“';', 2 Application and Needs Assessment mn';'. 2

of Thermodynamic Databases at Howmet Castings

Howmet Applications

B Heat Treat Optimization
B ' solvus, sclidus

B Alloy Development
By solvus, ¥ volume, liquidus/solidus, phase
evolution and stability

M Alloy Targeting for Castability

of Thermodynamic Databases at Howmet Castings b b

Benchmark 5X Alloy
100

90
o / |
0 /|

By solvus, liquidus/solidus, phase evolution and stability

2 A — Liquid
5 80 / — Gamma
£ 50 Gamma Frime
= 40 / P Phase
é / —Mu

in Jl — Sigma

;s i

10 J I.

0= y

1100 16800 2100 2800

Temperature (°F)
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Application and Needs Assessment E‘:’;‘.E:,‘g‘s 2 Application and Needs Assessment Em 2
of Thermodynamic Databases at Howmet Castings e of Thermodynamic Databases at Howmet Castings e b
HA-001 Howmet Thermodynamic Database Needs

100 =

a0 -

80 : ; W Improved Accuracy

70 — Liquid W Optimized about typical alloy compositional limits
— Famma

80 / u i

50 Gamma Prime B Density Model

40 . - B |—Map2

10 —M23CE
—Mu B Model diffusion in the solid state

20
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10 } !
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Temperature (F)
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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 y' solvus, solidus (motivation: sell reduced heat cycle to customers, need more
experimental verification)
» Alloy Development
Calculation of y solvus, y' volume, liquidus/solidus, phase evolution, stability
Objective: improve castability (customers— small base; non-patented aloys)
Use lever calculations, trend analysis (not accuracy)
Patent conflicts
Stress-rupture calculations
» Concerns/ Needs
+ Arewe using the tools correctly
¢+ How do we make the tools better

* & 6 o o
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¢ Database needs
* |Improved accuracy
* Density model (liquid) porosity
» AddPt, Si, Pdto database for coatings
» Model diffusion in solid state

Questions'’comments from workshop attendees:
UES: S added in latest version of Ni database
Alloy development restricted by composition limits on thermodynamic database

31
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Computer Simulations and Database Needs for Energy Savings, Zero Environmental | mpact and
Quality Improvementsfor the Heat Treating Industry

Richard D. Sisson, Worcester Polytechnic Institute, Center for Heat Treating Excellence (WPI, CHTE)

Worcester, MA

Computer Simulations and Database Needs for Energy
Savings, Zero Environmental Impact and Quality
Improvements in the Heat Treating Industry.

Rick Sisson
Mohammed Maniruzzaman

Sci & E Program
Mechanical Engineering Department

Worcester, MA 016089

sissonfwpl.edu

Wk g sa. dabettas fur compubsfisnsd
i< g, dofiumiem macdubng - HEST

srzoer

HEHTE

wpl WORCERTER POLTTECHNIE INSTITUTE

Research Needs identified in the Heat Treating Technology
Roadmap Workshop - 6-7 February 1997

Quenching Technology
Models for heat transfer behavior in guench baths that will ensure umniform
cooling of a range of loads
Process Modeling
microstructure response models based on alloy composition, atmosphere,
temperature, and time
models to predict distortion and residual stress profiles
database of thermal and mechanical properties up to and including heat
treatment temperatures
models for continuous cooling transformations {CCT) of heat treatable aloys
models for continuous heating transformations (CHT) of heat treatable ailoys
Software Packages
predictive software that heat treaters can use to compare and select furnace
equipment from different suppliers {a slandard method of predicting furnace
variability is incorporated)

Warkshap s detabises far compesarissal
ety dond o fusies masbelin - BIST

yrzone

wplnnnnul FOLYTEGKNIQ [NATITKTE Ac--!:.."—wg

General Needs for Roadmap

Heat Treating Processes that allow a shorter cycle time and require
lower cost equipment.

Alternative quenching media that are maore environmentally
friendly, and that transfer heat more efficiently.

Improved process sensors, including those for carbon content,
residual stress, and cleanliness. Also, more advanced controls that
fully exploit there and other sensors.

Enhanced computer modeling of processes, which include
composition, distortion, resultant microstructures, and final
properties.

More effective dissemination of solutions to specific problems.

Proposed Research from Roadmap

Goal A: Integrated process models
Quenching Models
Electromagnetic models
Mechanical Models
Transformation Databases
Predict Heat-up parameters
Predict carburization, nitriding, and solutionizing behavior.
Predict cooling behavior
Materials Databases and process inputs
heat transfer coefficients (heating & cooling)

physical property data (thermal expansion, specofic heat, thermal conductivity,
density)

Electrical and Magnetic property data

Rriyeies o it e - KN HT Bt d i s e HTE
wpl WORCEDTER POLYTECKNIC INBTITHTE ATLT00T N Ag»wm'-g wpl WORZERTER POLYTEQHWI@ INBTITUTE W0 N A/}Q»-.-—;----
An Energy Savings Model for the Heat Treatment of Castings
Modeling Heat Treating Processes DOE - funded , 4 year project, WPl & U. Conn & U. Mass.
Develop, verify and market an integrated system of software,
Finite Difference Models (FDM) databases, and design rules to enable quantitative prediction and
o optimization of heat treatment of aluminum castings to increase
Finite Element Models (FEM) quality, increase productivity, reduce heat treatment cycle times
Computational Fluid Dynamics Models (CFD) and reduce energy consumption.
Data N d Reduce cycle times for solutionizing cast aluminum alloys from 12 to 2 hours
ata Needs - decrease energy consumption by more than 50%.
thermal properties - k, ¢, . h  f(T, composition) Estimated energy savings of 7 trillion BTU's in 10 years!
diffusion coefficients - D (T, composition) Computer Modules
i '
. - HTFURNACE - predict local temperature cycle in a part
phase transformation rates f(T, composition) PTLOAD - optimizes part loading
elastic and plastic properties f(T, compaosition) TPCONTROL - optimizes temperature control in furnace
QUENCHCALC - predicts cooling rates and microstructures as a function
quenching process parameters and position in the part
Mrkibep oo etubases o comptativnd HTE Pl dpr=infion o 04 HTE
wP’uIH BTER POLYTECKNIS INBTITUTE bhakaaad - Agm-'m--m- wpl WORZINTIR POLYTHCENIS (ROTITLTE e Ag"_'\ww'"‘"l
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An Energy Savings Model for the Heat Treatment of Castings
DOE - funded , 4 year project, WPl & U. Conn & U. Mass.

Solutionizing Prediction
PHASECALC - phase diagram for industrial alloys
DIFFCALC - diffusivities
CASTSEG - predicts local segregation as a function of alloy composition
and thermal cycle

CASTSOLN - predicts local segregation after solutionizing treatment
Property Prediction

PROPERTIES - predicts local values of strength

POSTPROCESS - presents results to facilitate decision making

W g4 Satabsed fie chmpatebss
harmadyminict s s sasiebiog - MIST

wplnnl BTER PELYTEGKNIQ [NATITUTE

wrrzronz

Databases for heat treating

Databases
Heat Transfer and Quenching performance database -
heat capacity,
thermal conductivity,
emissivities,
heat transfer coefficents
Phase diagrams for selected alloys
Diffusivities versus compasition and temperature
Properties versus microstructure
(i.e. porosity, Si particle size, undissolved © and grain size)

Warkahep 54 dafebases far computetanil
[¥eiirein i yrrrbiefeeri g0 W
w"'.l‘fll(l POLYTEGHNIQ INBTITUTE icahand L o L

4140 Steel IT diagram showing two quench path
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Bubble dynamics
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Characterization of Quenching Fluid
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Specific Heat vs. Temperature for 304
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Heat transfer coefficients of SS304 probe
quenched in mineral oil
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Cooling rate 4140 steel probe as a function
of temperature
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Heat transfer coefficients vs. temperature
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QUENCHPAD - CHTE Quench Database

/\CHTE

Center for Heat Treating Excellence

QUENCHPAD: A QUENCHant Parformanca Analysis
Database for Quench Heat Treatment Process
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Typical QUENCHPAD Report sheet
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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 ¢, are sparse
and differences between different sources have atrickle 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

» NSF Support for Materials
DMR/Metals Research at NSF approximately $300 Million Annually
K KT M (Hher NSF DR Erograms
. Linga (KL) Murty : 2
Program Director (IPA), Metals Research, DMR @ - - Center
National Science Foundation 3 % e
&
Department of Nuclear Engineering and
Department of Materials Science & Ingincering 1A Awards
North Carolina State University Oiher MPS DMR 3%
Raleigh NC USA 14% @ /
o
NSF FY 2002 Budget Request
By Strategic Goal
Adranced Mkl & Materials R carch & Mf”."ons of Dollars
e e (R e~ e FY 2001 FY 2002, Percent
Slid: State Chemitr Plan Req uest Chang_e
People  $888 $1,002 12.8%
Ideas $2,251 $2.220 -1.4%
Tools $1,061 $1,024 -3.5%
Admin.& Management  $216 $227 5.0%
Total, NSF  $4,416 $4,473 1.3%
Wiam V. Fooker po Total approved $4,789 8.4% @
NSF FY 2002 Budget Request
By Priority Areas NSF Goals
Millionsef Dollars People = Ideas = Tools
FY 2001 FY 2002 Percent -
Plan Request Change NSF Merit Review Criteria
) . > What is the intellectual merit of the proposed
Biocomp. inthe Env.  $ 55 $ 58 5.9% :
Information Tech.  $259 $273 5.0% e the broader impacts of the proposed
activity (including specific the value added by
Nanoscale S&E $150 $174 16.1% the international cooperation)?
Learning forthe  $121 $126 3.3%
21st Century D )
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Regular grants

Focussed Research Group (FRG)

Grant Opportunities for Academic Liaison W
Industry (GOALTI)

Small Grant for Exploratory Research (SGER)

Technical Conference Support

37

DMR/Metals Program

Emphasis on creating a framework for the development
of advanced metallic materials

[ mPROCESSING

mcraracTERZaTIoN| - New Metallic Systernis _
B MODELING * Bulk, thin _f||m_s, wires ‘and particles
B PROPERTIES » Characterization

* Processing
* Environmental Effects

DMR/Metals Program

Emphasis on creating a framework for the development
of advanced metallic materials

[ mPROCESSING

mcHaracTERIZAaTION| © NeW Metallic Systermi .
B MODELING * Bulk, thin films, wires and particles

» Characterization
* Processing
* Environmental Effects

B PROPERTIES

DMR METALS RESEARCH
PROGRAM FUNDING

12
11.5 ]
11
10.5 =
SM 40
9.5 — —
9 - -
B8.54 — —
B8 T T T T T T T T T
o™ « oo w w0 =~ w @ (=] -
o a o <2 o D <2 o (=] (=]
[ < o [+1] (=11 < [+1] (-] (=] o
- = T = = ™= ™= +*™= © ©™
T
w w w w w w w w w

FY 2001 METALS RESEARCH
PROGRAM

Funding Actions (budget S11. WdM)
% 29 research grants (83,327K)

< 70 continuations (S7,498K)

<+ 4 conferences (525K)
< 30 REU students (S163K)

< 8 other supplements (equip., ete.) (S102K)

es for proposals

gular [IA proposals
» 44% CAREER proposals

Materials Research and Education
Our “road map”
> Prepare the future

% young inv ors, dive

lic understanding

ty, education, dissemination of

+» arich mix of disciplines

» Stimulate, support and sustain the best research
and education

T e

rartnerships, international cooperation

# Provide the tools

%+ instrumentation and instrument development, shared facilities
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K. Linga (KL) Murty
< research experience — central theme >

Deformation = Creep = Fracture = Radiation I-.I"I'C'\;:_j = Defeets = NMR |

I)(lf [t Vacar@@Sliaterstitials, ete
Mechanical Metallurgy s . Dislocat'GH8
RSNl Characterization Stacking FURRER

Materials Seience Voids / AmofliauSegions

Kinetics

Solid State Physics

&

Microstructure

| Lile-Prediction and Lile-Extension ol Materials in service |

| Research supported by NSF, DOE, GE, MCNC, EPRC, .-'\'('B.S"!'l

&
A Programs

Grant Opportunities fo"F"'Ac_gdemic Liaison with
Industry (GOALI)
'ypically $90 - $125K/yr for 3 or 4 year®
rom the industrial ¢

Mail reviewed
Deadline - none, but August - October preferred fo:
reserve funds

Small Grant for Exploratory Research (S
Limited to $100K max. for 1 year
Usually high risk, innovative ideas

PD reviewed = Target date: November |

NSF Coordinated Programs:
Individual Investi_g____ator Grants

Coordinated NSF Program:
Faculty Early CAREER Develo
ADVANCE
NSF-EC Cooperative Program

Faculty Early CAREER DevelopMERT

Typically $75 - $100K/yr for 5 years
Usually panel reviewed

FY 2002 deadline - July 26, 2001
Several eligibility requirements

see (NSF 01-84)

Regular Investigator Grants
Typically $75 - $150K/yr for 3 years with 1 or 2 PI’s
Peer reviewed by mail

Deadline - nor est time to

submit the prog

but August to Novembe
sal based on budget availat

Focussed Research Group (FR{&)
Typically $180 - $250K/yr for 3 years and 3 to 4 P
The whole is greater than the parts
Mail reviewed (co-review with other programs/divisio
desirable)
Deadline - none, but August - October preferred for acc
to reserve funds

— ||AP rograns

Conference Grants
Typical support level $5 - $10

The GPG describes the necessary info!
conference proposal.

PD reviewed Deadline - none - Novembe

Supports the US portion of collaborative research w
the European Commission

A broad funding range exists

Mail and panel reviewed

FY 2002 deadline - July 17, 2001

See Dear Colleague letter (NSF 01-105)

FY 2002 Education Proposals IGERT
(NSF-00-78)

Integrative Graduate Education and Re
Program

zh Traineeship (IGERT)
Full proposal deadline date: Jan. 18, 2 gsals in June)
ing for new models of graduate training with

iplinary res themes

Proposals are panel reviewed

FY 2002 DMR Education Grants

DMR supports innovative education approaches to
materials-related education

20 grants listed on DMR WEB page
Target date: November 1, 2001
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R e ey o FY 2002 Equipment Proposals (MR & WR)
Engineering Centers
(MRSEC's)_

Instrumentation for Materials Res

Smaller groups: avg. award s
Deadline: early January 2002
< Sept 2001: a new MRSEC competition began; 81

Major Research Instrumentation (MRI)
preproposals were received.

Larger multidisciplinary groups: avg. award Si2e
Deadline: late January 2002

< The aim is to select 30 candidates for full proposals
(due January 14, 2002).

New Programs for International Cooperaiion
< Reverse site visits - May 2002 US International Materials Institute
5 : ¢h and education

< ~ 10 - 15 awards (est. $25M available) gators

US/Canada US/Mexico

NSF ABSTRACT SEARCH

The NSF-WERB site has a wealth uf‘ill_t_'_m'lmltiun at:
hitp://www.NSFE.gov

@ For abstract search: go to (1) search, (2) fieldedS@arch under
award abstracts, (3) set start date option to *afte® M=hi-97"
and (4) NSF program option to *contains METALSS

® 150 grants are shown, PI's, institutions, amounts, abstraets, ete.

NEW NSF PROGRAM ANNOUNCEMENTS
Try the Custom News Service.

To sign up go to:

(-

http://www.nsf.gov,

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
* Typesof Grants:
¢ Regular
¢ FRG (Focused Research Group)
¢ GOALI (Grant Opportunities for Academic Liaison with Industry)
¢ SGER (Small Grants for Exploratory Research)
* Maetals 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

Workshop Presentations

Aluminum alloys & products

Non-heat treatable - Heat treatable - Other
. Work-hardened Precipitation hardened
Microstructure - Process -
Ixxx Al-Fe-Si 6xxx Al-Mg-Si Casting
PrOpel"[y M Odel S fOf the «Commercial purity Al | +6061 - Medium strength | alloys
. oL itho sheet structural aloys
Aluminum Industry “Bright shec 6063 - oft aloy Powder
extrusions, architectural met
applications alloys
*6262 - free machining
3xxx Al-Mn 2xxx Al-Cu-X
+3003 foil *2x24 - aerospace alloy:
«3004 can sheet high strength, damage
tolerant
Joanne Murray «2x19 weldable higher
. temperature alloy
A I Ccoa TeChnI Cal Cmter 5xxx Al-Mn-Mg 7xxx Al-Mg-Zn-X
5182 — end stock *7X75 high strength,
2002 M ar Ch 21 «Lighting sheet corrosions resistant
«Architectural sheet *7x50 high strength, better
corrosion resistance, less
quench sensitivity
Production

of Body Stock Alloys

courtesy of Tom Rouns, Alcoa Technical Center
Scal ping removes the as-cast surface of the ingot

Preheating hesats the metal for hot rolling and

produces the correct microstructure for hot rolling and

subsequent operations

Microstructural Changes
During Preheating

Many complex simultaneous r eactions:
» Dissolution of Mg,S
» Precipitation of Al;,Mn;Si dispersoids

* Transformation of Alg[Fe,Mn] to

Al)[FeMn];Si insoluble constituents
» Partial dissolution of Al;,Mn;S

disper soids

* Growth of insoluble constituentsby Mn

diffusion

* Growth of Al;,Mn;Si 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 dab
thickness

5 Stand Hot Continuous
Mill

.+ Multistand/single
passrolling

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

» Coiled at exit
temperaturesthat
allow
recrystallization

Hot Continuous Mill :
exit — cooling — coil storage

e Two unwind
stations

e Coilsendsare
butt welded
together

e Sheet
unwound into
accumulator

» Accumulator
pays-off into
cold mill while
next coil is
welded

'y N]“M(‘M ,:\
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Continuous Cold Rolling

e Multistand/single
passrolling

¢ hmg thickness
reduced to finish
gauge of <0.01"

* Coiled at exit
temper aturesthat
allow
stabilization

Oiler and Slitter

oil applied to sheet dlit to width, cut to length

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

I I ]

Alloying additions and/or impurities
No element is completely soluble in aluminum,
most solubilities are quite limited

e« Magor: Ag, Cu, Li, Mg, Mn, Si, Zn

@D+hep | |

T o9 m B
i 2g

Minor: Cr, Zr,V,Mn, Fe, Si

1400 1600 ]| =W | T
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1300 c u gL L+ el
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£ @ 1200
g ] 4 0414
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Almost all systems have eutectic reactions

Melting reaction data:

Peritectic systems that need work

1400

L
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B [sr v B ERIEE To o [Ra [Pd Ag [Cdm [Su [Sb Te I [xe o
_ 1400 L+algHE 1450
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wt.% Hf
Solvus data AiMg S-S
Al-Mg-Si-Pb
Al-Mg-Si-Bi
for free machining alloys
known i
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-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
e S
« P
*Represent interactions in the Hall bath

eImportant in quest for inert anode

*Na, Ca, Li removed by gas fluxing (furnace
or in-line) or sat 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

— Céll 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)

* Freeenergies of the non-equilibrium
crystal structures

* Interfacial strain and energies for 2
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

e Grain boundary diffusivities
« Effect of non-equilibrium vacancy distributions

Additional datato support modeling

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

temperature
—If Mg,Si growth occurs while the sheet is on the eLiquid Al — oxide/nitride/carbide interface energies
hot mill,
—then it sees a non-equilibrium vacancy
distribution that varies through-thickness, *Average grain size distribution and average grain
—because most of the deformation occurs at the boundary mobility ina real commercial material

surface of the sheet.

—Variation of diffusivity givesrise to variation of
Mg,Si particles,

—which in turn givesrise to through-thickness
variation of properties.

Additional points made by speaker:

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

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-hest 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 Thermodynamicsto Virtual Aluminum Castings

Ravi Vijayaraghavan, Ford Motor Company, Dearborn, M

/i Vijayaraghavan
(Ford Motor Company)

Workshop on Databases for Computational
Thermodynamics and Diffusion Modeling
NIST, Gaithersburg, MD

March 21, 2002

Reduction of process and product
development time in the manufacture
of engine blocks and cylinder heads

4+

Contributors

* John Allison

« Chris Wolverton

* Xinyan Yan - ALCOA

« Mei Li

+ Jacob Zindel

* Shannon Weakley (University of Michigan)
*Larry Godlewski
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ostructure Prediction M

Prediction of Microstructure and Microsegregation in 319 Aluminum alloys

- X. Yan, R.Vi raghavan, S-1. Chen and Y. A, Chang
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irst-principle

s results + Computational thermodynamics + Experiments

Measured (

model (curves) thermal
growth during aging of
W319.

Application of DICTRA

Mei Li, Ravi Vijayaraghavan and John Allison

Micro model for

SDIAS, phase f o i

a5 functon o

DICTRA —- Solution treatment madel

\\._.l WM = AL

With and w head
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Modeling the

g behavior of Al-Si-Cu alloys
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Future Needs

* Robust and well-tested Mg alloys databases

* Extensions to currently available Al alloys databases

* Robust and validated mobility database in DICTRA for Al - alloys
* An automated optimizer for multicomponent databases
+ Extension of tools for first-principles thermodynamies to
multicomponent systems
» Extension of phase-field microstructural prediction tools
to multicomponent systems.

» First principles information on liquid alloys

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 analysisis 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 duminum 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
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Use of Quasi-Thermodynamical Models for Simulation of Epitaxy of 111-V Compound

Semiconductorsin Electronic I ndustry

Y uri N.Makarov, Semiconductor Technology Research Inc., Richmond, VA
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Use of quasi-thermodynamic
models for
simulation of epitaxy of I11-V
compound semiconductorsin
electronic industry

Yu.N. Makarov,
STR Inc., Richmond, VA

Outline

¢ Introduction
¢ Modeling of epitaxial growth
¢ Chemical processesin MOVPE
¢ Gas-phase chemistry
¢ Surface chemistry
¢ Quasi-thermodynamic model of surface chemistry
¢ Application example: growth of group I11-nitrides
¢ Evaporation of group I11-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-Nirnberg, 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 Jilich, 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, AIN;

-CVD-Module for modeling of MOVPE/CVD processes on the
basis of commercial code CFD-ACE

-Simple 1D code for modeling of MOVPE of 1ll-V’s and nitrides
in vertical and horizontal reactors

M etal organic vapor phase epitaxy (M OV PE)

of compound semiconductors—why ?

High Efficiency
Solar Cells

Broadband/
Communications

InP, InGaP GaAs, InGaP, AlGaAs

M etal organic vapor phase epitaxy (M OV PE)

of compound semiconductors—-why ?

High Brightness LEDs

GaN, InGaN, AlGaN GaAs, AlGaAs, InGaAs
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M etal organic vapor phase epitaxy (M OV PE)

of compound semiconductors—how ?

General scheme of deposition process

Gasflow (111 and V group precursors and carrier gas)

Precursors
® Initial
%‘composition
® & Desor ption
Transfer lOlheSJTfacel of reaction products
and adsorption

55 o

Substrate

an

( e )

Surface diffusion

and reactions

M etal organic vapor phase epitaxy (M OVPE)
of compound semiconductors—how ?

Basicreactor types

Horizontal reactor Planetary reactor Vertical reactor

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

High-
temperature \0‘4 .
desorption g
of Ga g 03
.9
© 0.2
. <
Flow dynamics § 0.1 I D.H.Regp, S.K.Ghandhi,
) 5] J.Electfochem.Soc. 130
Temperature field 1983) 675. /
0.0

i o‘.7 8 09 10 1‘.1 2 L.s L.4
Species transport 1000/Temperatgire (K)

M Ga- Kinetically
chemistry diffusion limited

limited growth
Surface chemistry growth

Examples of flow and heat transfer
modeling

The seclor represents part of the reactor

Flow, heat transfer, and species transport
in epitaxial
reactors can be modeled using
well-established
Computational Fluid Dynamic software.

Gas-phaser eaction mechanism:
unimolecular decomposition of TM Ga

®cCH, ,@cH, _@cH,
© / o o
TMGal595 keal/mol 5.4 keal/mol 775 keal/mal
ii DM Ga - M M G2 - G,

This reaction mechanismis typical for al group Il precursors:
Trimethylgalium (TMGa), trimethylaluminum (TMALI),
Trimethylindium (TMIn).

Gas-phase chemistry in AlGaN growth

%\d MMAI o

T™VAI T CH,

Okcal/f:'\ TMAI:NH3

27 keal/mol I
0 keal/mol
22 keal /mol
DMAI:NH, sy (DMAI:NH,),
+NH,
NH, 13 keal/mol

Possible ways of aluminum losses:

1. Condensation of adduct TMAI:NH,on reactor inlet and cold walls
2. Formation of oligomersand AIN particles

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

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

* Rate constants of reactions are usudly taken from experiments
on precursor pyrolysisin 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 MOV PE modeing is the description
of surface chemical processes.

Key featur es of the quas-thermodynamic model of

Drawback:

chemical 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

Group Il 1-nitrides— metastable materials
with unusual properties

* Nitrides do not react chemically with nitrogen;

nitrogen activation isrequired for growth.

» GaN evaporates congruently under vacuum conditions;

higher pressures change evaporation mechanism.

* Nitrides are stable at temperatures > 300 °C, whereas
the thermodynamic estimations predict crystal
decomposition

* Liquid phase has catalytic effect on crystal
decomposition

Full kinetic model for surface
processes

... A tota of 60 species and 232 reections are
considered in the gastogether with 19 species
and 115 processes at the surface—

3
3 b
/7 . Sl AsH+V = AsH(a
AsH,+V = AsH,(a)
AsH,+V = AsH,(a)
H+Ve H@
CH, +V = CH,(@

¢ lack of necessary informa- AH@+H(@ = AsH, +2V

tion on mechanisms and
reaction rate constants [
requires to fit parameters

AsH,(@) +H (8) = AsHy + V
AsH,(@ +H (@ = AsH,(@) +V

B8Q88LBARE

Advantages of quasi-thermodynamic
model for surface processes

/" Works in a wide \\ %Norksfm awide
{ temperature ) lranlg(cajlo pressure
\\ range // including vacuum

QT-model

Requires to
build up kinetic
model only for a
limiting stage

Allows one to take
into account
kinetic effects

Can be easy extended
to alternative set of
species and chemical
reactions

Formation of kinetic barrier in adsorption
and desor ption of nitrogen

o

-0
N,

Ga .“.
!
[ ]

Distance

Energy

0~0,
d
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Kinetics of nitr ogen evaporation and
condensation —reason for the metastability

10° p— T T T
= 10"
10°F ] c 3 GaN 3
. thermodynamic & 10%F 1
—_ 10_5 3 calculations O 3
% 10 1 5 10°F  thermodynamic 3
by 10° | 1 g 10*F  calculations E
; 10" 1 S 10°F 1
g 10°F experiment 4 S 10k experiment
S 10° °
= OF 1 T / ]
5 10F AIN 3 0° X X X .
[ 12
10" 1 70 75 80 85
10'12 1 1 1 4
50 55 60 65 70 10 /Temperature (K)
4
10 /Temperature (K) Experiment: Z.A. Munir, AW.
Searcy, J.Chem.Phys. 42 (1965) 4223
Experiment: L.H. Dreger, et all,
J.Phys.Chem. 66 (1962) 1556

MOVPE growth of GaN
(comparison with experiment)

35
Precursors: TMGa, NH,4
— 30f
E Sl Carrier gas: H,
E 2
; 201
S s} 12 T
= = GaN
g Lor E 10t °
@ osf Z osf
0.0 Y L L L L Q °
~ 200 600 800 1000 1200 © O6f P =780 Torr
Temperature (°C) % 04
8 02}
Experiment: C.H. Chen et al, 00550 500 800 1000 1200
J.Electron.Mat. 25 (1996) 1004 Temperature (°C)

2D modedling of InGaN MOVPE in Al X 200 RF reactor:

predictive modeling.

Surface chemical processesduring GaN growth

oo NH; (N O..'V”V'Ga(Ga
\oo ®® o 00 08008\ ®0o—0.0
Substrate ‘

Rate-limiting processes

* Lowtemperatures: sitesfor Gaadsorption are blocked by methyl radicals
« Intermediate temperatures: transport of Ga containing species

to the growing surface
¢ High temperatures: Ga desorption

Thereisthe strong experimental trend to move towards the high GaN
growth temper atur es because of the better quality of the material. Accurate
description of gallium desor ption from the growing surfaceis necessary for

Surface chemical proce&esdurinq InGaN growth

8 NH, N, l\/Il\/IIn

N

Subgrate

@® o0 ®® o0 O o

Primary reaction pathways

» Adsorption of gaseous species

+ Ammoniacracking on the surface giving riseto N, and H,

* Indium, gallium, and nitrogen incorporation into the crystal

» Desorption of indium: the limiting process for indium
incorporation & elevated temperatures.

2D modedling of InGaN MOVPE in Al X 200 RF reactor:

comparison to experimental data

25 T T T T 30
S ° ®  Experiment S . ®  Experiment
% 20¢r Computations % 251 Computations
§ Lol . § ool
£ £
€ 101 € 15f
g g J
S 5 S 10
L L ° 1
S ° ] ¢ :
= 0 rn n R R = 5
750 800 850 900 800 820 840 860 880 900
Temperature, °C Temperature, °C

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/II ratio ~ 3000; carrier gas nitrogen

comparison to experimental data

T T T T Experimental data from: MRS Internet
< 25[1 @ Experiment ® 1 J. Nitride Semicond. Res., 4, 5 (1999)
-~ Computations

Z 207 °
@ 15l Operating conditions:
< temperature 750 °C,
g 101 total flow rate 4.5 SLM,
S st pressure 50 mbar,
O V/II ratio 20000+30000,
£ 0 s s s - . .

o 10 20 30 40 carrier gas nitrogen

In content in the gas phase, %

The model provides agood quantitative reproduction of the experimental
datawithout any parameter fitting. Account of the strain effect
is very important.
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Effectsof strainand T:

0.25 T T 0.25 T T
Verticd RDR Verticd RDR
% 0.20r relaxed % 0.20f
Q strained layer Q
£ 0151 layer = 0.15
£ =aa|
€ 0.10f <
g —— V/11I=8000 2 0.10f|—Vg
_ — 2V,

80051 Vii-zono 8 ol 4va
= = £ 0.05¢

o.og T T R T R R

00 700 800 900 1000 600 700 800 900 1000

Temperature, °C Temperature, °C
I'n content decreases gradually
with temperature dueto indium
desor ption.
Elagtic strain enhances
indium desor ption

Indium desor ption is suppressed
by increasing growth rate

Effects of surface chemistry in AlGaN MOVPE:

Effects of surface chemistry in AlGaN MOVPE:

Composition fluctuationsin InGaN/GaN heter ostr uctur es

025] . reaxed
—— drained
E o0k Double PL peaks are
£ observed
p i i )
£ 0151 o o Reifz / in the temperature range
S g0l O O Reti 700-850°C where
§ ’ A A Ref[5] the gtrain effect on InGaN
vV vV Ref[3] . .
Z 005[ m m Reff] composition is mogly
= O O Ref[§] pronounced
0.00— .

500 600 700 800 900
Temperature, °C

The appearance of In-rich and In-depleted zonesis related to
co-exisence of strained and undrained InGaN islands
rather than to phase separation

effect of growth temperature

0.8 . i i
Experiment:
0.7+ AlGaN i S. Keller et al,
J. Appl. Phys,
0.6 X,"=0.33 _ 86, 5850 (1999)
. " .

§’<<_(0'5 1 At high temperatures,
desor ption of gallium becomes
0.4+ R significant and resultsin
depletion of the growing layer
0. with gallium

900 1000 1100 1200
Growth temperature, °C

Particle formation during chemical vapor deposition
of SC
(A.N. Vorob’'ev et al., Materias Science and Engineering B61-62,
172 (1999))

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

effect of the growth rate

0.6 T T T T
o AlGaN
05 | 1
° Experiment:
2 ooa b | skeeea,
<U.
x ° J. Appl. Phys,
o _ 86, 5850 (1999)
03 | X, "=0.33
0.2 20 20 60 80

Frvea T Frvar pmole/min

Intensive gallium desor ption may be suppressed by increasing total
group-l11 flow (growth rate).

Particle formation during chemical vapor deposition
of S (cooperation with NIST —R. Davis, J. Madar)

Layer of slicon particles
modeling),
.N. Vorob'ev et d.,
Electrochem. Soc. Proc.,
2001-13, 462 (2001)

Layer of sili;:on particles
experiment),
é?.\ﬁ.erDaviset a.,

AIP Conference
Hfoceedm%s,

550, 292 (2001)




56

Workshop Presentations

Summary

4 Themain difficultiesin MOVPE modeling arerelated to
development of predictive surface chemistry models.

¢ Quasi-thermodynamic approach allowing description of
the surface chemical processesand growth on basis of
thermochemical data of gaseous and solid species,
representsthe good alter native to detailed multistep
kinetic models.

¢ Quasi-thermodynamic models of nitride crystal growth and
epitaxy requirereliable thermodynamic properties of solid
phases and vapor species

What we need?

¢ Reliablethermodynamic propertiesof GaN, AIN, InN,
AlGaN, InGaN, AlGalnN, AlInN

¢ Thermodynamic properties of vapor speciesand products
of decompaosition

¢ Thermodynamic properties of different adducts between
metalor ganic species and ammonia

¢ Kinetic parametersof rate-limiting processes (diffusion
coefficients, rates of gas phase chemical reactions, sticking

probabilities, etc.)

¢+ Experimentsand models of adduct and particlesformation
in the gas phase during CVD

Use of Valence Force Fidd (VFF) modeling for
estimating ther modynamic properties of multi-
component compounds

d - lattice constant

Elastic energy of

Use of Valence ForceFidd (VFF) modding for
estimating ther modynamic properties of multi-
component compounds

d - lattice constant

Elastic energy of
lattice distortion is

< lattice distortion is <

§ described in terms of § described in terms of

§ stretching and bending § stretching and bending

s £ of tetrahedral covalent s £ of tetrahedral covalent

&) L0 bonds &/ i) L Ogr bonds
QO - Cation QO - Cation
d/\/é O - Anion O - Anion
Enthalpy of mixing for ternary Comparison with experimental data
compounds
gl oo, Interaction parameter W isdefined by the

w

N

[

Enthalpy of mixing [kd/mole]

o

00 02 04 06 08 10
InAs mole fraction in InGaAs

1

Agresswel with
availabledata

expresson

H.x = WX(1-x)
VFF-modeling | Experiment
Compound (K] fnole) (k] fnole)
InGaAs 12.985 11.76-12.56
InGaP 16.112 13.36-18.45
InGaN 30.464 0
GaAsP 4.283 4.19
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Contributors:

R. Talalaev, E. Yakovlev, | .N. Przhevalkii, S.Y u.
Karpov, A.N. Vorob'ev, A.V. Lobanova, N.
Podol'skaya and |.Zmakin

Additional points made by speaker:

Group 111 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 111 nitrides. Results are encouraging to
date. Opportunities exist in the need for accurate surface chemistry models, data on thermodynamic
properties of 111-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
The Pennsylvania State University

Objective

* Improve the student learning experience and
educator teaching experience on two of the
core components in the curriculum of
materials science and engineering, i.e.
Thermodynamics and Kinetics,
emphasizing on graduate study.

Materials Science and Engineering

PERFORMANCE
Performance
_ Properties
FPROPERTIES ‘
SIrLeiTy

PROCESSING m]
STRUCTURE/ e — .

COMPOSITION

From hitp://www.crcdmse.org From http://www.nwu.edu

The core 1s not reflected.

Conventional Situation

* Common stereotype: Thermodynamics and
kinetics are problematical to learn and difficult if
not impossible to apply in the real world.

* TTraditionally, the ficlds of materials science and
engineering have been predominantly on
processing of materials, establishing structure-
property relations, and measuring properties.

Current Graduate Curriculum

Research

......

..........
'''''''

0 ¥
1 1
Thermodynamics of Matenals Kinetics of Matenals Processes
MaiSc 501 Mat5e 503
Karl Spear Long-Ching Chen
The y: Ti ica of Prysacal Metaliurgy | | Materials Processing
of Matenals Polymer Systems Metal 205 Kinetics

MatSE 401 PLMSE 416 Zi-Kul Liu MatSE 402
Long-Qing Chen

Sanal Kummar Suzzane Mohney

Materials Science and Engineering

‘Structure

——

“” .
y Proccssing\,\
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An Integrated Education Program on
Thermodynamics, Kinetics, and Materials Design

InMegrated Thenmodyamics of Matenals Itegrated Kingtics of Matera's Processes

— TS .\23\:(:;:!!1‘""" Physical Metalurgy | | Materials Processing
of Materiais Polymer Systems S b Kinelis

Freshenan Materials
Design
MatSE lan

Development in Recent Years

« Computational Thermodynamics

— Coupling of phase equilibrium and thermochemistry
(CALPHALD)

First-principles calculations
* Phase transformation simulation
— Sharp interface
— Diffuse interface (phase-field)
« System materials design based on the above
— Northwestern University and Questek Innovation

Faculty Expertise at Penn State

« MSE: 34 faculty members, 150 graduate students.
+ Karl Spear
= Thermodynamic modeling of ceramics
= Teach graduate thermodynamics
* Long-Qing Chen
— Phase field simulation
Teach undergraduate thermodynamics. graduate kinetics
+ Zi-Kui Liu
— Thermodynamic modeling of alloys
Teach undergraduate phase transformation
— Knowledge of system materials design

The Project

09/01/00-08/31/03.

+ Financial support: NSF, University
matching and in-kind.

+ Build a new PC lab in the department
+ Web site: http://nsfedu.metsce.psu.edu

* Time Period:

¥-iThe Computer Lab_
vith 20 PCs for s;udaqts e

Modified Undergraduate Courses

+ MatSE401: Thermodynamics of Materials
— Introduction of computational thermodynamics: P-T
diagrams of pure element.
= Metal 405: Phase Transformations in Alloys
— Calculation of phase diagrams and equilibrium phase
[ractions
+ Metal 435: Metallurgy Lab 11
Experimental and calculated phase diagrams
« Metal 436: Metallurgy Lab 111
— A computational lab on avoiding clogging in a
continuous casting process
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Modified Graduate Courses \
New Courses
» MatSC501: Thermodynamics of Materials . . ) ]
— Addition of one session every week on computational + MatSC597C: Introduction of Computational
thermody namics Thermodynamics
— Homework on computational activitics Thermodynamic modeling, Database development
= xamstuwed on thepptput ol caleniations + MatSC397K: Computational Materials Science 11:
« MatSC503: Kinetics of Materials Conti ¥ ;
ontinuum, Mesocale Simulations
Introduction ol mobility database Dictia. Monte-Carlo. Phase-field
— Homework on diffusion simulation (Dictra) MatSC59 S \4- ks Dyt
Introduction ol Monte-Carlo. microscopic dilTusion and * MatSC598A: System Materials Design
phase-field simulation tools. — Engincering design principles. Materials design
procedure. Design projects.
13 14
Example of MatSE401
- bt e Example of Metal405
| i
i =0 P=100000Pa | | e
E 100~ o \ 2000 FI—" 1 1 8004
| P " . o o s | :
i 100+ . % Pt E 400 ..'- &
a Reference ™, @ 21004 > 2 ‘g | . g
2 20 State? 3 gt = 300 |1 e N\ - z.
Am‘:m;n PP TSV Y v v 20 : = 00 E pSn-y
TEMPERATURE_KELVIN é 900 ) e oo i — |
£00 ‘I\'.u 0 0z “Q:aw n.ssﬂ o8 o g‘L
4 300 by tion,
- - 5 10 15 20 25 30 35 40
Pure Fe B wt g R s

15

Metal 436: Computational Lab

A manufacturer wanted to increase the Cr
content of a material from 18 to 25 weight
per cent. However, clogging starts to occur
during the continuous casting of this
material because solid Cr,O, is formed. By
calculating the equilibria in the steel/slag
system, a simple correction could be found
through the adjustment of the steel melt
composition or temperature.

Homework of MatSC501

* Answer the following questions using FactSage.

— Can a Ni(s) crucible be used to contain Fe,0; with no
reaction at 1000K? At 1600K? If a reaction occurs,
what are the solid products?

— Can a Ni(s) crucible be used to contain Fe;0, with no
reaction at 1300K? 117 a reaction occurs, what are the
solid products?

Can a Ni(s) crucible be used to contain FeO with no
reaction at 1300K? If a reaction occurs. what are the
solid products?
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Homework of MatSC501

+ A llowing H,O/1, gas mixture is equilibrated with a large
quantity of a Ti(s)TiO(s) mixture at 1900K belore it
passes over small separated samples of Se. V. Mn. Cr. Zn.
Cu. Co. and Ni heated at 1000K. The gas is passed over
these samples until they finally equilibrate with the
1,0/H, ratio produced by equilibration with the 1900K
Ti(s)/TiO(s) mixture,

= What will the chemical state of the above metals be when the
above described equilibrium is reached in the system?

= What will the final oxygen potential be at equilibrium in the
1000K. furnace

Homework of MatSC503

* Label the phase regions in the attached two Fe-Si-C isopleth diagr:
with 0.45%C and 0.49%(, respectively. The numbers indicate the
phase boundaries with the shown phases in equilibrium with each
other.

.

Simulate the up hill diffusion of the Fe-5i-C diffusion couple.

= Explain, thermodynamically and Kinetically, why carbon diffuses from
the low carbon concentration region (A) to the higl\ carbon
concentration region (B).

Simulate the time needed to homaogenize the carbon concentration at
1323K.

= Make another simulation at a higher temperature where the two alloys
are still in the single fee phase region and find out the time needed to
homogenize the carbon concentration,

Software in MatSC503
T ]

~ Seled the problem you wan o shdy -

& Spinodal decomposibon and coarsenng
© Spinodal decompositon with alasic efects
" Orcler-disorder phas e kansiomation

€ Graun growth of a single phase sysbem

© Dormain evolution during &

© Microstuctural evolution m TLIND alloys
© Microsuciural evolution in AL alloys
" Microstuctural evolution in NibAl alioys.

MatSC597C: Computational Thermodynamics

«  Introduction
Review thermodynamic principles
Relate chemical reactions and phase d
principles

15 10 thermodynamic

+  Thermodynamic Modeling of Pure Substances, Binary and
Multicomponent Systems

Method of mode

Maodeling of random solution phases and sublattice solution phases

»  Computational Technigques and Applications
Database of pure substances
Database of binary systems
Database of ternary and multicomponent systems
C udies of real problems

+  Miniproject of the course

5¢ &

Thermodynamic Modeling

Thermochemical data: P
enthalpy. entropy. heat
capacity, activity.

¢ equilibrium data:
liquidus, solidus. phase
boundary.

Gibbs Energy of
Individual I’hi_l_scs.

| Applications |

Special Issue of CALPHAD on Computational Tools:
ExXTHERM, FACT, MTDATA, PANDAT,
THERMOCALC, THERMOSUITE

MatSC597K: Continuum, Mesocale Simulations

+  Dr. Liu

Review thermodyno

ic and Kinctic principles

Maodeling of atomic mobility
Simulation of diffusional phase ransformations
«  Dr. DebRaoy
Monte-Carlo simulation of grain growth
Time-Temperature- Transi 1o simul
+  Dr. Chen

for inclusions

Kinctic Monte-Carlo simulation: erdering and phase separation

Microscopic ditfusion equation: modeling of diffusional processes
Time-dependent Gingburg-Landau cquations: order parameters and Landau
expansions, and antiphase dom. g

1o

Cahn=Hilliard equations: phase separation, precipitate coq

Coherency strain energy
termoelectriv and ferm

il applicd stress: col precipitate phal
pstic domuins

Phase-fickd simulation: solidification, grain growth

Project of the course
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MatSC59A: System Materials Design

* Principles of Design
Materials selection
— Materials as a system
System approach to design
— Cost and time management
« Design Tools
— Thermodynamic design ol microstructure
— Computational thermodynamics (Thermo-Cale)
— Computational Kinetics (Dictra)
* In-Class Lxample
« Team Project

MatSC598A: Project One:

Research data demonstrate that 80 1o 96% of air pollutant
due to exhaust gas of a vehicle is generated within 200
seconds between a vehicle start and the time the catalyst
reaches its optimal operating temperature (around 340°C).
This is particularly a problem for vehicles used for
delivery as they are switched on and ol often everyday.
You are asked to make a material-related design to
develop an optimal solution for this case using the system
materials design approach.

- nh!-- - -i_

s

Tl Simngty, kel

MatSC598A: Project Two:

Today s commercial high strength low alloys (HSLA) have
typical yvield strength of 80ksi (about 36kgl/mm? or 550MPa).
The figure below shows the development of TISLA in the past
half’ century, With the ocean exploration of gas and petroleum
going to deeper and deeper water and the increase of pipeline
pressure. a yield strength as high as 120ksi is desirable. Design
such an alloy using the System Materials Design approach with
other properties balanced based on vour application.

Evaluation Procedures

* Focus groups to gather student feedback
» Surveys of attitudes and knowledge

+ Classroom observations

* Analysis of student presentations and

reports through use of rubrics

Survey Results

* The majority of students indicated that course
packets containing notes, problems, and guides for
using the technology would aid their learning.

I

EN entral
O gree
Dstrongly A gres

« May 2

2002 Summer Workshop

o

* May 20-21 Computational Thermodynamics
22-

Introduction of Phase-Field Simulation

= May 24-25 Thermodynamic and Kinetic database

development

+ http://nsfedu.metsce.psu.edu

23 Processing Simulation and Dictra, and
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Vision

Fundamental Integrated
Research . Education Program

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 ks)) 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
 Website

How many students are involved?

* 30, mostly PhD students
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OF TECHNOLOGY

Thermodynamic Measurements

Philip Nash, Hsin-Ning Suh
Thermal Processing Technology Center
Illinois Institute of Technology
10 W 32nd St., Chicago, IL 60616

Acknowledgments
Ole Kleppa, K. Fitzner, R. Reddy, N. Jacobson

Qutline

* Introduction

» Experimental Methods

* Experimental Thermodynamic Activities
+ Summary

Introduction

+ Alloy and process development requires a thorough
knowledge of phase equilibria and thermodynamics

microstructural development, non-isothermal
processing, distortion, quenching

+ Available experimental data is limited particularly for
ternary and higher order systems

= Calphad technique offers a method of determining
phase equilibria and thermodynamics in an alloy
system in much shorter time than by experimental
methods

Introduction

Thermodynamic modelling is dependent on accuracy
of input data

First principles calculations offer another method of
determining phase equilibria

Some thermodynamic and phase equilibria data are
essential for accurate modeling

Accuracy of experimental data is critical to reliable
modeling

Data Needed for Modeling o

+ Gibbs energies of individual phases as a function of
composition and temperature

+ Heat capacities

« Adtivities

« Enthalpies of formation, mixing, transformation

- Entropies of formation, mixing, transformation

+ Phase equilibria (temperatures, compositions)

+ Physical properties (density, thermal expansion, etc.)

Introduction

» The results of different types of thermodynamic
measurements are interrelated through the equations
of thermodynamics

« Different types of measurements complement one
another
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NOIS INSTITUT

Experimental e T

Experimental Methods

+ Calorimetry
Direct reaction
Solution
Solute-solvent drop
Differential scanning
+ Vapor pressure
Gas phase equilibria
Rate of evaporation
+ EMF
= Other methods

The heats of formation are determined using a high temperature
reaction calorimeter with a typical accuracy of £1KJ/mole

The measurements are generally made with the calorimeter set at 1473£2K,
using an argon atmosphere

The calorimeter is calibrated using pure copper

Samples are produced by mixing elemental powders in a mortar in the
required molar ratio and pressing them into a small pellet

Typical sample weight is about 100 mg
? u
al @
ool lenghh 750 |

Fig. 18 Schematic view of calonimeter section (“workisg section”) and “reference section” of the pew calorimerer.
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Fig. 2. Enthalpies of formation for Ni Al, , alloys determined in this
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Table 2. Summary of high reaction ¥ results and semi-empirical - -
model results. Calorimeter ltmﬂ.mlulﬂ sel at 147TIK IMIM as noted
Results Compound Al AN Experimental | Ay Melting
2 = % " 4 2 Wl mole edmote An Micdema's point
By using direct synthesis, the standard enthalpy of formation, AH2 s fermatien! ol
calculated from: S0-05 530+ 0.5 m 124K
IR 31.2:02 2R 15 S 6 418K
aAl(s, 298K) + bNi(s, 298K) + cY(s, 298K)= ALNi,Y (1473 K) AH,_.. (1) Tl T Al R P 250K
W35 il =254 407K
ALNI, Y (s, 298 K) = ALNi, Y (1473 K) AH e () \ ETTTR TR Se7i1s |
Al 1 -12.5+1.9 ELX TR -586 121K
From reaction (1) and (2) we get AL, Nig sy Yoo 696+ 0.4 371203 340409 543 413K
Al ssNig 3 Yo gr 29554 1.2 3287+ 1.0 428423 ETH 1423k
aAl(s, 298K) + bNi(s, 298K) + ¢¥(s, 298K) = ALNi, ¥ _ (s, 298 K) AlyaaNig Yo s 410+ 08 4419+ 16 483423 423 1426K
ALy 1N Vo 1 132072 | 36204038 A7 33411 376 14798
The tard enthalpy of formation is thus obtained AL ogNiy Y 074108 | 35074008 36144 18 30,1 1 560K
Al e Y] 431417 379425 392
Al 'r:m' =Al l](\':ﬂ"un E ll3”llnlt ontent . el 1SR
AHy o a0d AH o are molar enthalpy changes for reaction (1) and (2).
* Calonmeter set at 1373K
1 Reactsd Sampis was not predominantly single phase
Enthalpies of Formation of Al-Ni-Y intermetallics "
W Advantages and Limitations of

Direct Synthesis Calorimetry
NLY (4N (25 = Advantages

ZE iy, (28)

L

A 38 38 MY (29 Only two heat effects need be measured
Al ¥
T A i e WY e Absolute temperature measurement not needed

High accuracy (typically + 1kJ/mole)
Experiment directly yields enthalpy of formation at 298K

« Limitations

Some systems give incomplete reactions, particularly very
high melting point compounds

Temperature drift

18 00 Reduction in sensitivity over time
Alyg p2 MY ALY 06 08 oY
T a4 s 7 CATA0
" Atomic fraction ¥

Heat of Mixing oS

Schematic of calorimeter set-up
— sy for mixing measurements. Solute
) reaches thermal equilibrium with
1 b : solvent before being dropped

3
i .
:
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Solution Calorimetry

KT, Winesbewi et al, | Joumal of Alloys and Composnds 393 (2000) 137171

0.0
1.0 Ni
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Fig. 1. Compositions of the Al-Ni-3i syssem for which the panial cathalpy of mixing was measured
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1600C DSC-TGA

Differential Scanning Calorimetry

The temperature difference controls the eleetrical power to the sample and
reference in order to maintain the same temperature. The peak arca directly
corresponds to the heat consumed or produced by the sample.

Temperatures are measured in thin plates in contact with erucibles, therehy
measuring the difference in heat flow from them. Signal proportional to the
difference in heat capacities between the sample and reference and thus the
instrument works as DSC,

reference pon sampie pan vivenee pan Barply pan

o [ i Cruckes samphe
-
e i = <ifure plato

ol
R iyl themiiaphs
Power Compantang HEIT Fx PINe

Simultaneous DSC-TGA to
1600C, DTA-TGA to 1750C in
Oxidizing, reducing or inert
atmosphere

EMF Measurements

Applications of Calorimetry and Sources of Error

+ Integral and partial enthalpies of formation, mixing and
transformation,

+ Heat capacity-error for scanning DSC ~3%, for step
DSC ~2%, for drop calorimetry ~5%

» Errors can arise from
mass and temperature measurements
incomplete reactions
reactions with crucible or atmosphere
impurities
calibration errors
heat effect errors

AG=—-nFE

EMF measured as a function of temperature for fixed composition

Eo= aabT
AG, =RT'Ina.=AH.-TAS,
=—nF (a+bT)

Application of Gibbs-Duhem permits calculation of the activity
of the second component and hence integral Gibbs energy

Experimental Setup

Carmaller
R. G. Reddy, A. M. Yahya and L. Brewer, “Thermodynamic Properties of Ti-Al
Intermetallics”, Journal of Alloys and Compounds, Vol. 321, pp. 223-227, 2001,
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0329
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Measured EMF of Ti-Al intermetallic vs. T

R.G. Reddy er al [ Jowrwal of Alloys and Compounds 320 (2004 ) 223=-227
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Applications and Sources of Error

+ Activities, partial and integral Gibbs energies,
enthalpies and entropies

+ Major limitation is in maximum temperature

+ Errors can arise from

mass and temperature measurements
reactions with atmosphere

impurities

multiple valence states

thermal gradients in cell

Facilities for Experimental Studies of
Alloy Thermodynamics—
Inputs to Calphad, Phase Models

+ Evan Copland, Nathan Jacobson—Materials Division, NASA Glenn
Research Center, Cleveland, OH

+ High Temperature Knudsen Cell Mass Spectrometer for thermodynamic
activity measurements.

+ High Temperature Vacuum Furnace for Liquidus lines.
+« DTA

+ Standard metallographic preparation + optical, electron microscopes

Knudsen Cell Technique

+ Equilibrate alloy/vapor in small cell

= Sample vapor with mass spectrometer.
Pressure o IT

~-—Gas

~—Solid

*  Best accuracy—requires internal standard
Double or Triple cell system

+ Modified commercial magnetic sector instrument
Windows based Data acquisition system

Measurement of Thermodynamic Activities
Measure vapor pressure of element in alloy--
compare to pure material--a(Al) = P, (Alloy)/P 4 (Pure Al)
— Magnetic

A soctor

£ analyzer -~ Optical

~—Shutter
L Collimating slit
E@ @EFUW
cells —==—"" = Sample

Fe-Al System at 1573 K

(lon Current Ratio Technique)

10
S Solid Liquid
B
©
0w Y
o Al
=, Fe
L 1Y
g k s
< °,
A
o,
oz b
__’-_.‘// ...
e,
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Al Activities in o, Ti;Al + y TiAl
(Double Cell Technique)

1600 1400 1200 1000 K

I

This Knudsen | 7rang et al, assessment
cell situdy Detied Line--DID NOT USE THESE DATA
o1k ., E

-
LI
[ ]
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M el Tidsmand
*rog FE-Al reference

0.001
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Ti Activities in o, Ti;Al + y TiAl
(Double Cell Technigue)
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TIAI497New

High Temperature Vacuum Furnace—
Liquidus Data for Refractory Containing Systems

SAMPLE — TUNGSTEN HEAT
SHIELDS
ICAL
PYROMETER
— W-5Re/W-25Re
THERMOCOUPLE

TUNGSTEN MESH -

HEATING ELEMENT .-~~~

2¢3" HOT ZONE —~

- TEMPERATURE TO 3000 °C DIFFUSION

Other Methods

Equilibrium phase composition by WDS or EDS
analysis

Metallography-phase amounts by lever rule
XRD-phase boundaries, site occupancy
DTA-phase boundaries

Dilatometry-phase boundaries, CTE's

Diffusion couples-phase boundaries

—

57
OF TECHMOLOGY

Experimental Thermodynamics Research Activities
in USA
Ole Kleppa-Direct Synthesis Calorimetry, XRD
binary alloys
Philip Nash-Direct Synthesis Calorimetry, DSC, XRD
binary, ternary alloys, higher-order systems
Ramana Reddy-EMF
binary alloys
A. Navrotsky-Direct Synthesis Calorimetry
oxides, nitrides
N. Jacobson, E. Copland-Knudsen Effusion, High T
liquidus
binary, ternary alloys

Experimental Thermodynamics Research Activitie

France

Gachon & Hertz-U. Mancy, Colinet-U. J. Fourier,

Castanet & Bros-U. Marseille, Legendre-U. Paris

Germany

Sommer-Max-Planck-Stuttgart, Schaller-U. Kiel, Hilpert-IMES
Poland

Fitzner& Moser-IMMS-Krakow

Japan

Yamaguchi-lwate U., Jacob-Tohoku U., Shoji-Nagoya U.,
Yamana-Kyoto U., Sheng-ONRI

Austria

A. Mikula & H. lpser-U. Vienna
Italy

Borzone-U. Rome, Ferro-U. Genoa
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Summary

* Thermodynamic and phase equilibria can be measured by a
variety of technigues and with varying accuracies

+ All technigques have inherent limitations

+ Calorimetry is the most versatile technique but requires different
types of calorimeter to obtain all of the data

+  Most data results from studies of individual systems as part of
some broader project objectives

» Systematic investigations are needed to yield consistent data that
can be used for understanding alloy behavior and as benchmarks
for first principles calculations

+ Very few research groups in US involved in experimental
thermodynamic or phase equilibria studies of alloys

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 Entropiesin Real Alloy Phase Diagram Calculations

Fan Zhang, CompuTherm LLC, Madison, WI

Configurational Entropics in Real Alloy Phase Diagram Caleulations

Configurational Entropics in Real Alloy Phase Diagram Caleulations

Configurational Entropies in Real Alloy
Phase Diagram Calculations

Fan Zhang
Compulherm LLC. 437 8. Yelfowsione Drive. Madison, W1 33719, /.54,

Collaborators:
W. A. Oates
Science Research Institute. University of Salford. Salford M3 40T UK.
Y. A, Chang

Department af Materials Science and Pngineering, University of
Wisconsin-Madison, Madison, WI 33706, U84

S.-L. Chen
Compulherm LLC, 437 8 Yellowstone Drive. Madisan, Wi 33719 1/8.4

Why Phase Diagram Calculations ? (1)

* New alloys with desired properties are constantly needed
in today's world.

* Phase diagrams are road maps for alloy design - they
are the starting point to understanding any phenomenon
Or process.

* Multicomponent Phase diagrams are needed since
commercial alloys usually contain more than four
components.

* It is impossible to determine such information purely by
experiments.

@' CompuTherm LLC 1

@ CompuTherm LLC

Configurational Entropics in Real Alloy Phase Diagram Calealations

Configurational Entropics in Real Alloy Phase Diagram Calealations

Why Phase Diagram Calculations ? (2)

15 component system -
{5
-

Total: 32752 subsystems

1. Large number of sub-systems

2. Multicomponent phase diagrams can be extremely complex

Therefore, computational approaches are needed to reduce
the experimental effort.

Computational Approaches

= ‘First Principles’
v ] i ..I «
= Phenomenological (Calphad

Successful aspects of Calphad approach:

+ Many self consistent thermodynamic descriptions have
been published for binaries, ternaries, even
quaternaries.

* Thermodynamic databases for multicomponent systems
have been developed.

Q CompuTherm LLC 3

a CompuTherm LLC 4

Configurational Entropics in Real Alloy Phase Diagram Caleulations

Configurational Entropics in Real Alloy Phase Diagram Caleulations

Objective of Calphad Approach

Idea: + Describe the Gibbs energy of each phase in a
system using a simple empirical model equation.
= Optimize the model parameters using the available
experimental information.

* Extrapolate the use of the model parameters to

temperatures and compositions where the
experimental data are not available.

Objective: to “predict” unknown properties
(multicomponent alloys) by known information
(binaries & ternaries).

Criteria for the Successful Models and
Model Parameters

* How good they are in describing the known
information (phase diagrams, thermodynamic
properties, and so on)?

* How good they are in predicting the
unknown properties (extrapolation)?

@ CompuTherm LLC

a’ CompuTherm LLC o
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Conligurational Entropies in Heal Alloy Phase Disgram alealaiions Configurational Emropics in Real Alloy Phase Diagram Calenlations
. The Ni-Al System
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Configurational Entropics in Real Alley Phase Diagram Calealations

Conligurational Entropics in Real Alloy Phiase Diagram Calculations

g - - m“ L
I'he Calculated Ni-Al o ey
] F i LY
Phase Diagrams =/ N3
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Calphad Assessment

A Realistic Approach for Phase Diagram
Calculation at the Present Time

(1). Modeling equation should include a dash more of physics
so that model parameters are more reliable in the “prediction’.

(2). Modeling equation should be simple so that it is readily

applied to multicomponent systems.

Improve the Description of Configurational Entropy
Currently Used by Calphad Approach (BW)

a CompuTherm LLC 13

a CompuTherm LLC 14

Configurational Entropics in Heal Alloy Phase Diagram Caleulations

Configurational Entropics in Real Alloy Phase Diagram Caleulations

The Original CSA presented by
Yang and Li|1947|

Basic assumption: energetically non-interfering clusters

Fce Coherent £
Diagram by MC, i

OCSA, and CVM

Two-term entropy of mixing: & '
Z
Sn==—5, —{E—I)\ guu —
ip 08 At m L5
2y 2p 5 f”.‘ ,'?'"
fo | 5 e
s
Generalized Quasi-Chemical Method e \ ‘
= A Jl |(
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Conlignrational Entropics in Real Alloy Phase Diagram Calcubitions

Configurational Entropics in Real Alloy Phase Diagram Caleulations

Difference Between CVM and CSA

Ay

CVYM

The Modified CSA [990at]|

Original CSA: et _(ﬁ_m]

" o2p 2p

Modified CSA: S, =n-8, —(n-n=1)S,

By using 1] as an adjustable parameter. more flexibility is
obtained in describing the Gibbs energy-composition curves.

By introducing 1 . the cluster interference is approximately
taken into account by a two-term expression in the modificd
CSA. (multi-term expression is used in the CVM)

a' CompuTherm LLC 17

Q CompuTherm LLC 18
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{ Entropies in Real Alloy Phase Diagram Caleulations

i Entropies in Real Alloy Fhase Diagram Calculations

Fee Coherent Diagram by MC, CVM, OCSA and MCSA
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Application of the CSA to Binary Systems

* Au-Cu system
* Au-Ni system
* Cd-Mg system

* Al-Ni system

é‘)’ CompuTherm LLC 19
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Configurational Enfropics in Real Alloy Phase Dingram Calenlationg

Configurational Entropics in Real Alley Phase Diagram Calcalations

Cd-Mg Phase Diagram by FP and CSA

Apply the CSA Model to the Ni-Al System
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Configurational Entropics in Real Alloy Phase Diagram Calculations (& i Entropics in Real Alloy Phase Diagram Calculati

Summaries

* We are NOT looking for the most accurate caleulation
of confizurational entropies (MC or large cluster CYM)
as in PROTOTYPE phase diagram calculations.

* We are looking for a calculation method suitable for
REAL alloy phase diagram calculations which gives
correct topologies (Bragg-Williams doesn’t for no SRO).

The CSA model is very promising for this
purpose.

Thank you for your attention

The-=nd !

a’ CompuTherm LLC a3

f.j' CompuTherm LLC 2}
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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 y/y' 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 y and y 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 trestments show diagrams with similar featuresto Ni-Al.

Questions/comments on various models:

» Bragg-Williams as a point approximation method cannot describe all order/disorder transformations
correctly.

* Theexpression for the entropy in CVM is atoo 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. Thisproblem 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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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 103 - 102 Ry/atom

« Ordering Energy 104 - 102 Ry/atom

Units:
ImRy~ 13.6 meV
ImRy~s 157 K
1ImRy~s 1312.76 J/mol (or J/g.at)

Objectives

« Understand Trends in Ordering Phenomena.

- Ordering trends in bce-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., Al5, ...

- 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

Ab initio Electronic Structure Methods

L]

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

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 ( yof 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

1S

Software Packages

Pseudopotential-based Methods:
VASP

Siesta
ABINIT

Full-potential Methods:
Wien97/Wien2000 (FPLAPW)
FPLMTO
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. . From the Disordered State From the Ordered State
Order versus Disorder for a Binary Alloy A1c Bc
AEyi(c) and AEGyq - AZ (PP §-c9)Vom(c©) AEform - Vo+ T (0fcf..cf)Va  off=zpffa=tor w1
From the Disordered State From the Ordered State Requirement Requirement
Green'’s function-based method Wave (or Green'’s function) method
Advantages Advantages
« Decoupling between the energy of thel +Easy to implement
disordered state and the ordering « Not limited to simple structures
energy * In some instances, no constraint on
« Fast convergence of the expansion in| the shape of the potential (FP-LAPW,
terms of effective interactions FP-LMTO)

c c
KL =ES- (1-O)E, - CCEL = Emix(C°) + BEGw &5 = EC- (1-C)EL - B
Mixing Energy Formation Energy of Configuration C
(0= EL T
Mix(€)= Ecpa (€) - (1-C)EA - CE g
Ordering Energy of Configuration €

BGu- -1 T 5-E)pn-CVam(E)  pE=oort [VIvolume=[ &L.[&EForm Jvolume
2N

Efom- Vot Z(mm 09 Va & =2p-1=dor 1

85 - ZdS Vs where  af= Cc(ns -¢ ns)/z
ve=vet v avE®
Vs >0 —» (A-B)s pairs favored —» ORDERING
Vs <0 = (A-A)s O (B-B)s pairs favored —w CLUSTERING

"Ordering” Energy associated with Segregation  if ne'=ns
Er
i i j=species
Vam = _n WGnmthGrin dz /P

« Concentration-dependent interactiony
« Actual prediction of the ground-state | Limitations

properties « Selection of the number and type of
clusters

Limitations « Selection of the ordered configu-

« Implementation so far within ASA and rations

Muffin-tin » The interactions are concentration-

* Questions related to charge transfer independent, except via volume effect

effects = Slow convergence of the expansion i

«Inan ab initio context, only simple | terms of effective interactions
structures (fcc, bee, hep) are dealt with| * Very questionable predictability

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

CALPHAD Thermodynamics E

Multi-component Phases _
6%t m =""6 Yei 1) +46%ci 1T +6 ek

©6%(ci) M) = i GeikT)
(1) “G%ci}=RT Zciing
s GO(ci}T) = Zoig "Z:Lﬁ’m(c. of PLim zuevTL
ij>i p=(

Two-sublattice Model of a Binary Alloy _
e yi1m = Tyl

(2 "’G"‘«yf},T):RT ZNS Zyiinyt

< &y? 1 =vave [TV fLABmT)(yA -y8)]

+yA VB[Z%%QL\A‘B(T A -y ] Ll]k—lejk
Ordering bors
GC({ci}T) =G (e} T) + AGY (iyP 1 T)

Fas- AG (1) =7 GO (y§ 1T) *° G0N (e} T) Egs. (2)

Ab Initio to CALPHAD M

Ab Initio (Al)

IGAIC,T) = AEwi(C) + AEord(c,T) - TASSemi(c,T) where ZEwife) = c(1-c)[°L + (2¢-1} L]

CALPHAD (CP)
AGERC,T) = G(c,T) - iZciG?

=+RT iZciln ci+ jZ>iCic1 2PLij ic )P where PLy =u+vT + ..

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

IGAI - IGEP (¢, T)

The assessment can be performed with the following input fra initio:
* Gibbs energies and enthalpies of formation as functions of temperature and alloy
composition.
* Phase diagram information

The Role of Ab Initio in CALPHAD

Heats of Formation
Heats of Transformation
Thermodynamic Function

Thermodynamlc Kinetic
D Database Database

Assessment ofAb Inltlo CALPHAD <}={> CALPHAD
Phase Diagrams Statics Kinetics

Ab Initio Methodology E

« 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 E Interface between Ab Initio and CALPHAD: The Ni-Cr case u
. R ‘ I;I Ni ,Cr Heat of Formation obtained from ab initio was used to include the
S e ordered phase C11b (or OP6) in the phase diagram of Ni-Cr.
§ OP6 (C11b) Ni @r (LMTO-ASA results)
K 0 K
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Ab initio + CALPHAD Predictions
of Phase Diagrams for Mo-Ta-W Alloys

-Abinitio to_CALPHAD
w

Ab initio + CVM

T=1050 K
b (@) soid
h)
/ 1
/
s

/ b2 (a)
Vi

Mo oo oz 0s s o8 ioTa
Mole Fracton Ta

bec (a) solid
solution

T=800 K

Mo 00 02 04 06 08 10 Ta
Mole Fraction Ta

Conclusions

1S

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

Theab initio CALPHAD approach can be used to:
* supplement thermodynamic databases
« reproduce the main features of predicted ab initio phase diagrams
« predict the impact ofab initio predictions for binary alloys on multi-
component phase diagrams
« validate theab initiodata by using the CALPHAD predictions on
multi-component phase diagrams

Future Directions for Ab Initio

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

« Unified Approach to Alloy Stability: SRO vs. LRO
Can thephysicof 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

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)

Issue pertaining to lattice stability

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

zero-point ener
F(r,T) = Eel(r) - kgT.[D(©p/T) + 3In(1-e -©D/T)] + 9/8kg@p - P o

ya Instable Phase:
Bp is not defined, hence

the total energy is not defined

<@-osm

¥ bee

Displacement

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 -Hsystems

» Transitionelementcarbides, -nitrides, etc.
* Magnetic properties

See also “Some Notes on First-Principles Electronic Structure Methods and Calculations,” page 17.
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Arthur D. Pelton, Centre de Recherche en Calcul Thermochimique (CRTC), Montreal, Quebec

Thermodynamic Database
Development and Industrial
Applications

Arthur Pelton
CRCT
{Centre de Recherche en Calcul Thermochimique)
Ecole Polytechnique de Montréal,
Montreal, Canada

NIST - Gaithersburg — March 21, 2002 |

FactSage 5.1 cray

F About FactSage 5.1

F. Eungoli, Pk

Copyright Thermfact 1876-2002. Al rights reserved,

‘Warning: Thiz progrom ond &2 detobases ore protected by copyright lows.
Unsuthorized reproduction of the progrsm or dsts = not permifed and iz llegsl

Steps in Developing Multicomponent
Solution Databases s

=  Search literature for all available thermodynamic and phase
equilibrium data.

= Select appropriate model for each phase (Gibbs energy as a
function of T and composition).

= Critically evaluate and optimize each binary subsystem to obtain
model parameters.

= Use model to estimate properties of ternary phases. Add ternary
model parameters where necessary.

= Use model with binary and ternary parameters to predict Gibbs
energy of multicomponent solutions.

= Calculate multicomponent equilibria by Gibbs energy minimization
using databases.

Choice of models

= Single sublattice, random mixing:
- Simple alloys
— Simple commome-ion ionic systems
= Sublattice models, random mixing
(Compound Energy Formalism):
— Interstitial solutions
— Complex solid alloys
— Long-range-ordering
- Ceramic solutions
— Simple molten ionic solutions
= Sublattice models, short-range-ordering:
- Molten slags and glasses
- Molten sulfides
- Reciprocal salt solutions

The predictions are only as good as the models. The proper choice of a model
which correctly reflects the structure, ordering and speciation of
a given solution is essential.

Evaluated/Optimized F*A*C*T Solution
Databases

iy

= Alloys-Carbonitrides:
SGTE Solution Databases (ferrous and non-ferrous)

= Molten Oxide Slag/Glass:

- Oxides of: Al, As, B, Ca, Cr*, Cr®, Cu, Fe?*, Fe™, K. Mg, Mn, Na, Ni, Pb,
8i, Tid*, Tit*, Ti, Zn, Zr.

- Dilute: S, 80,, PO, CO,, F,Cl I, H;O/OH

= Solid Oxides (ceramic):

- limenite (Fe, Mg, Mn, Ti) TiQ,

- Pseudobrookite (Fe, Mg, Mn, Ti) Ti,0,

- Monoxide (Ca, Cu, Fe**, Fe*, Mg, Mn, Ni, Ti, Zn, Zr, Al)O
- Garnet (Ca, Fe)y(Cr, Al Fe),5i;0,,

— Spinels (Fe, Zn, Al, Mg, Co, Mi, Cr, Mn),0,

- Forsterite (Mg, Zn},Si0,

— Olivine (Ca, Mg, Fe),5i0,

— Corundum (Al, Cr, Fe),0,

Evaluated/Optimized F*A*C*T Solution ERer
Databases (continued) ——

= Solid Oxides (ceramic, continued):
- Melilite (Ca, Pbjy(Zn, Fe*, Fe*, Al)(Fe™, Al, 8i),0,
- Pyroxenes (Ca, Mg, Fe)(Mg, Fe)Si,0 (ortho, clino, proto)
- Spinels (Fe, Mg, Mn)Ti,O,
- Perovskites
Zr0,-based solutions
- Feldspars
Wollastonite
- Pseudowollastonite
- Etc...

= Salts (liquid and solid)

- Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba, Al, Fe [2*, 3], La, Ce, Nd / F, CI, Br, |, OH
NO,, CO,, SO,

= Cryolite-CaF,-AlLO-Al-Na
- FeCl,-FeCl,-CoCl,-NiCl,-MnCl,-MgCl,-AICI,-...
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Evaluated/Optimized F*A*C*T Solution
Databases (continued)

Ig

= Sulfide Mattes:
Cu-Fe-Ni-Co-Pb-Zn-S-As-.

= Molten Alloys:
— Fe+ 32 solutes

Pb + 12 solutes
Sn + 18 solutes
Zn + 4 solutes

Al, Mg + 7 solutes

F*A*C*T Consortium

ey

= Aqueous Solutions:
Concentrated (non-ideal)

= Semiconductors (solid and liquid):
Hg-Cd-Te-Sb-Se-Zn-{Na-Pb-TI-Ga-0)
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MgO-FeO-Fe,0,-Al,0, system

iy

Main Solutions

Oxygen Partial Pressure over the MgAl,O,-

Ly

FeAl,O, Spinel Saturated with Al,0, and Fe

« Accuracy : good
« Optimized region : Sub-Solidus region

= Slag: {MgO-Al,0,-FeO- Fe,0,)

* Monoxide: (MgO, Al,Q,, FeO, Fe,0,)
(Magnesiowustite (MW))

* Corundum: (Al,Q,, Fe,0,)

= Spinel: (Mg, Fe?*, Fe, AI**) [Mg, Fe®, Fe¥, Al*, Va], O,
(Magnetite(Fe,0,), Magnesioferrite{MF, MgFe.O,).
Hercynite(FeAl,Q,), Spinel(MgAl,Q,))
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. e . Cation Distribution
Cation Distribution in Spinel (Fe-Mg-Al-O) = m . . . m
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Ca0-MgO-FeO-Fe,0,-Si0, System | “m in the Ca,Si0,-Fe,Si0,-Mg,SiO, Olivine  —

 Accuracy: good
« Optimized region: Whole system except Ca,Si0, region

Ca,Sio,

Danvidson and Mukhopadiyay. 1984

Main Solutions

»800°C
* Slag : (Ca0-MgO-Fe0-Fe,0,-Si0,) = 1000°C
* Monoxide:  (CaO,MgO,FeQ,Fe,0,) (Lime, Wustite) * oo
= Spinel : (Fe?, Fe*, Mg) [Fe?, Fe¥, Mg, Va], O,
(Magnetite(Fe,0,), Magnesioferrite(MF, MgFe,0,))
* Olivine : (Ca, Mg, Fe*) [Ca, Mg, Fe?] Si0,

(Forsterite(Mg,SiO,), Fayalite(Fe,Si0,),
Monticellite{CaMgSiO,), Ca,SiO,)
Pyroxene:  (Ca, Mg, Fe?*)"? (Mg,Fe?)" (Si)® Si* O
+ proto pyroxene, ortho pyroxene, clino pyroxene, low clino pyroxene &
Wollastonite : (Ca,Mg)Sio,
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System CaMgSi,04-CaFeSi, 04 Section

System CaMgSi,0,-Mg,SiO,-FeO in Air

1500 T T T T

Saturated with metallic Fe
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—
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Liquidus in CaMgSi,0,-FeO Section in Air
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Liquidus of CaMgSi,0;-FeO Section

Liquidus on Olivine(Fayalite) primary region

Gy

at P(0,)=10"% atm i at 5 wt% MgO
1600 T T T T
Prescu, 1306 Saturated with Metallic Fe
EEN 3 o . 4
& tomua Pyro-clin pyroncne Sio, Zraoetal, 1859
1600 | 4 - & Oivine
& Olivine+Pyro
& OiinosTrd
1500 | 4

. . , , , CA0MGO e v sm o o n om 2 o 2e om o s FEO'
0 b 0 60 B0 100 weight fraction
Some Applications of Oxide Databases @F ASSET Project m_z
tinleinly b D dtr

= Metallurgical Processing (slags)
= [nclusion Engineering

= Refractories

= Ceramics

= Glass Technology

= Geology

= Combustion, Gasification

= Hot Corrosion

(Shell Development, D' Randy John)

= A database for hot corrosion kinetics of Fe-Cr-Co-Ni-C-N
alloys in oxygen-, sulfur-, nitrogen- and carbon-containing
atmospheres.

= Thermodynamic databases (alloys, carbonitrides, oxides,
sulfides) are used to predict the corrosion products for a
given atmosphere and alloy composition. Extensive
experimental databases are then used to predict corrosion
rates.

Phase Diagram of the Fe-Ni-O System
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spinel + fce Fel+ ke =

spinel + (FeS-hiS lquid)

" spinel + (FaS-NS lquid)s F N 00 + (FeS-NS bqud)
(FeS-NIS liquid) + Fex0y |
a1 . . L .
[] 2 A ] E ] 1
male Nil{Creni)
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The Application of FactSage~
Software to Steelmaking Processes

&cl:Sage‘"

Eeb.. 2002
In-Ho Jung, Youn-Bae Kang and Arthur D. Pelton

CRCT, Ecole Polytechnique de Montréal, Canada

Inclusion modification:
Al,0, modification by Ca treatment

Minimizing the losses of Ti in low carbon steel

Inclusions in stainless steel:
[N], [Ti] and [C]

1. Inclusion modification:

Ig

Al,O, modification by Ca treatment

= AlLO, inclusion is formed after Al deoxidation process
and very harmful to steel quality and nozzle clogging

= So Ca treatment is performed in the secondary
steelmaking process to modified Al,0, to low melting
temperature composition

®= To understand Ca treatment, the inclusion diagram of Ca
and Al is necessary

= The effect of S to the Ca treatment is calculated

= Real Ca treatment process is simulated

Inclusion Diagram of Fe-Al-Ca-O System

log [wit's Cal

o T T T T T T T T T T T

s caon ! 2AMOT J
0 s an & e o S 80 st
e

A e w
4 b @ Fs s Sk, B il W Lo Sole. sl 4 4

e e v 7 cabern Cab+gas
1 Lew and ks Tl UG pe SOUGT -

A

log [wt% Al|

1 1
5 4% - 35

Simulation of Ca treatment
(CaSi wire injection)

L T T T T
T = 1600°C
™ e Initiaal conditions: -
[pen 5] = 30
[ppm Al = 500

[ppem A0y = 10

Amomni of indusions and [5] and [Ca] (ppem)

Addtion of CaSito 100 toas of liquid steel (Kg)

. Minimizing the losses of Ti

in low carbon steel

Ti is added in the low carbon steel as alloying element
in the RH process after Al deoxidation

But because Ti is strong oxidizing element, Ti can be
consumed to formation of TiO, inclusion

To minimize the losses of expensive Ti, the inclusion
diagram of Ti and Al is necessary
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Inclusion Diagram of Fe-Al-Ti-O System

at 1600°C

T
—_—
bl ® & Kinetic expenments at 1580 C_IJ:|

]

3. Inclusions in stainless steel: [N], [Ti] and [C]

= Stainless steel contains a lot of nitrogen
® With addition of Ti alloying element, Ti can be consumed

E
§ as TiN inclusion
i = To minimize the losses of expensive Ti and reduce the
= inclusion, the inclusion diagram of Ti and N is necessary
= The effect of carbon to the TiN(TiN-TiC) formation is also
calculated
2 s
log [wt% Al|
Inclusion Diagram in Exer Inclusion Diagram in Eer
Fe-18 wt%Cr-8 wt% Ni-Ti-N-O at 1600°C pe—1 Fe-18 wt%Cr-8wt% Ni-Ti-N-O-C at 1600°C -
020 T T T T T T T T 00
TN + Ti0 ) . C]=0.3
S| ony TH (ppa OIS ) TiNG) + Ti.0
= Dibs) -
% EE 8 3'\_ 010
= Z

[wt% Ti|

Databases and Software for
Thermodynamic Simulation of
Copper Smelting and Converting

Sergei A. Degterov and Arthur D. Pelton
Ecole Polytechnique de Montréal
Centre for Research
tational Th h istry
Manuel Zamalloa
Noranda Technolegy Centre

in Ct

Flowsheet for copper extraction from
sulfide concentrates

~1250°C
P(0,) = 10910 alm
P(S;) = 102 atm

~1250°C
P(O,) = 105109 atm
P(S,) = 105 -107 atm

SMELTING

Copper Blast Furnace Blister

Sulfide  — Reverberatory Flash > Mattg + CONVERTING > ¢ = &
Concentrate Mitsubishi '

I Noranda
40-73% Cu
0y

25-30% Cu l ggglﬁ,{fg f

28-34% Fe Slag

28-34% S Slag

2-6% Si0, ' 2-8% Cu

Sl 0.2-2% Cu 25% Si0,

amount of: 0.2-1.3% S v

Pb, Zn, Ni Slag Discard Slag

el or Treatment Cleaning
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Solubility of copper in fayalite slag.

Solubility of copper in the fayalite slag as a

= 2 ternary parameters Wit Cu in SI::g
= Mo systematic dependence on temperature (1225-1450°C), Fe/Si ratio (1.3-5.0),
oxygen partial pressure (10-5-2x10-'2 atm) or activity of copper (0.07-1).

The Cu-Fe-S8i-O-S system. i function of the Fe/Si ratio in the slag
s L} R
f’.
o2 B
-3 - . .
; I
= s =
'5 ot . - %
an *  [T-ESot] 1300 G P(C2j~8e-8 atm
- 3 [id-Ammesp i € suec i
- = 2. )
- < : Iir;uﬁ ]
oy é Eu:ﬁm
- <
‘ 1 2 L ] i

Sulfur content of silica-saturated slag in
equilibrium with matte and liquid Cu or y-Fe

Experimental and calculated tie-lines in the
Cu-Zn-S system at 1200°C and 1550°C

G
= 12007 (22)
5] & 1300°C(22)
] =] 1230°C7(22)
5 O 1300°C (29)
L] 1300°C (30)
o 12005 (31
o 1200527y
¥ IS0 (20)
& 1250°C Q20

1250°C, ealeulated

Weaght % Cu i Matte

it

Copper content of slag in equilibrium with
matte at 1250°C and P(C;’i2}=1lJ'8 atm

I§

Calculated distribution of Pb between matte and slag at
1250°C, P(0,)=10% atm and at infinite dilution of Pb.
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~
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S ] it
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W 2 2
- - -
® =
£ =003
= — * =

14

5 P shlm
1y =tdam
] 4 ‘

Fefil m Sl Wi %

Wik Pholwmate wid Pbinshig
S10, saturatley

Cusaluralise

H 1 '
Feisii,m kg uth
Dashed lines show S0, isobars.




0 Workshop Presentations

Sulfur content of liquid Cu and partial W Additions of Ca0 on solubility of Cu in slag in W
pressure of S, for the Cu-matte equilibrium e equilibrium with Cu-Au alloy and SiO, %
025
02 ""'_,-’
Temperature| Mole fraction of S Mole fraction of S P(S,), atm /,"’%
°C in Matte in Cu 2 "V
Exp.[*] | Calculated | Exp./®! | Calculated | Exp.2®! | Calculated E“-"
1150 0.3260 0.3260 0.0251 0.0235 406 « 104 | 3.69 » 10 3
1200 0.3245 0.3245 0.0288 0.0292 9.75 < 10%| B8.97 - 109 fu_u ® [73-ERH, 1300 C, PIOZ)Be8 atm, 0 wik Cal
- o [78-ENicl]. 1300 C. FiO2)=Be-B atm. 4.4 wils Cal
1250 0.3230 0.3230 0.0349 0.0367 215 =105 2.05 = 105 * [TA-Fma] 1300 G PIO2)Be-0 mm. 7 7 weth Calh
* [T8-ENct) 1300 C, PiO2)=Be-B atm. 10.6 wth Cad
& [Fs-Ammani, 1250 C, a(Cu)=0.73, 8.6 wi% Cal
L — Cabculated, 1750 £, a{Cujed T3, 0 with Cald
Caculaned, 1230 C, MCus0.73, 0.5 wis Cal
= Calculated. 1300 C. P(O2)~8eB aim 108 wth Ca
L]
o 1 z 3 4 k] L T L3
Vit% Cu in Slag
Matte/Slag/SiO,/Cu equilibrium: distribution of &xer
slag, matte and liquid copper at 1300°C. p__ 2
b [}
' T —————r
] -
m
: v ¥ triangles from ref. (19)
= """t---._,_{‘ W triangles from ref. (24)
i T — curves are calculated
- ' - “‘4','__-
el
e
e
Fray

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

Development of

Thermodynamic Databases Background

u Thermodynamic calculations and
simulations based on critically evaluated
data are widely used as a basic tool in the
development and optimization of materials
and processes of many different types.

= Such calculations can result in considerable
savings in costs and time associated with
experimental development work.

u For these reasons thermodynamic database
development is an important and increasing
scientific activity.

(T The Spencer Linp 1 (RG] The Spencer Groip

Outline of presentation Available thermodynamic databases

Pure inorganic substances

e.g. -JANAF (us.A)
-IVTAN (Russia)
- SGTE (Europe)
- F*A*C*T (Canada)
- MALT (Japan)

» Available databases and their content

© Importance of awareness of experimental
problems in carrying out data assessment

= Importance of model choice/compatibilty in
progressing from binary to higher-order systems

# Funding problems associated with database

development These dutabases all contain enthalpy, entropy, Gibbs cnergy and

= Practical applications of thermodynamic heat capacity values for condensed and gaseous stoichiometric
calculations compounds
e The Spencer Graim 3 [T e Specer Group 1

Useful References

Available thermodynamic databases to Computational Thermodynamics

The SGTE Casabook: Thermad ics at Work, ed. K.Hack, Institute of
Matarials, London, 1996.
A"OY 5y5tems Computer Simulations from Ther d ic Data: Materi
- SGTE - range of systems, comprehensive for steels Pm;luchon and Development, ed. P. J Spencer, MRS Bu'lfatm 24 (1999)
Ne
- COST 507 - Ilght_ metal {A'-’ Mg-' T_‘-} alloys Ringherg Workshap on Unary Data for Elements and Other End-members
- ThermoTech - Ni-base, Al-base, Ti-base alloys of Solutions, CALPHAD 19 (1995) 433
- NIST, Metallurgy Div. - Ni-base superalloys, solders Ringberg Workshop on Thermodynamic Modelling of Solutions and
- F*A*C*T - Fe-, Al-, Cu-, Ph-, Zn-rich alloys Wiloys, GALRAD 24 (193755
- Tohoku University - solders, Cu-base alloys RinfiBerd WarkshBg on Applicalions 6t G e e :
u ty ks £ Sy Use of Thermodynamic Software |r| Process Modelling and New
sulphides in steels lications of Thermady ti CALPHAD 24 (2000) 55
Ringberg W 1) on Tt | ic Madelling and Applications,

Zeitschrift fiir Mmllkunde 92 (2001) 513

032112 The Spericer Graup s A3 The Spencer Groip o
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Need for awareness of experimental
problems in data assessment

The critical assessment of thermodynamic datais a

skilled task which, preferably, requires experimental
experience as well as experience in the use of the ‘g 9. |
sophisticated software available. [l

A L AR E
Because of the very regrettable decrease in the @ : Euthalpics of solution, A, H(T,x)
number of laboratories carrying out thermodynamic (Z) : Component activities, a;(Tx)

measurements, there is a real danger of assessment
work being carried out by talented scientists with
sound theoretical skills, but an inadequate first-
hand knowledge of the experimental difficulties
associated with the numbers they are assessing.

: Heat content, Cp

: Enthalpics of formation, A ¢ H{19)
. Enthalpics of transf{ ion, AH
: Temperatures of transformation

: Phase equilibria, T, %] %, )i’

Silof 1 1
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*

|s
i
~al—p
=
N
4
2
e
Zd

Bystem Mn - Ti

IS SRS cood | TN
|

§ oo
78 3 16211 e inate s WES iy

i

i pacifupnieohiana it so

=\

h b nbiradie sl pasimem,

8
g
l
| R
— -_E—__ 1

= 11 i
...... 2 i J
1600) | = e
L] [
- . e 5 .
" 1000 L e E ian
an L L . . . " -lz-2r) | |
if 2 1y 7 £ 4 4 4 1 i’ |
male TiMR-Tii Zr Ol 02 03 04 05 06 O7 08 09 R
0A21/02 The Speticer Gralg 9 LTI The Spences Liroig y 10

Assessed Ti-Si Phose Diagrom
Welght Pereenl Silivon
e LR, AT, A S St DG ek, Uit
it (%2}
Z
g o
T

Lo &
& =
: g
2 wea =
a e
E 1200 E
| =

1m0 ul

i 5 E f (511~ 600 |
e
400 T T T T
et A ° 02 04 ;o8 - 08 1.0
[ [ 20 an L] e ™ L] 0 [
TI Memie Pereenl Hilicon Ei MOLE—FRACTION 3I
| 03210 The Spencer Groip 1l I naane The Spencer Giratp 12




Workshop Presentations

93

* @ Experimental poil 1

L] -
Aszessmant T~ / ]
"4

-I-/ 3
/mmmam i
+ ’
o3 04 s a ¥

1 a7 08

1y
:

Em’lalynlﬂ’n'rnalon.!mﬂ
(RRENNRARR

Mol fraction T

[T HTR i *The Spence Uiroup 5 13

tional Resenrsh
Caleulution
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Important considerations in thermodynamic
database development for alloys

Many commercial alloys contain several constituent
elements, e.g. steels, superalloys, Al-base alloys.
The provision of a reliable, self-consistent database
for calculations over a wide range of compositions
requires careful preliminary preparations with regard
to data and model compatibility,

An example of such work is the COST 507 database
for light metal alloys.

LG The Spencer Group - 15

COST Action 507: Measurement and evaluation of thermochemical
and thermophysical properties to provide a database [or the
development of new light alloys

Signatory-Countries:

Austria, Belgium, France, Finland, Germany, Greece, ltaly,
Netherlands, Norway, Portugal, Spain, Sweden, Switzerland,
United Kingdom

Participant: Baikov Institute of Metallurgy, Russia

Co-ordination Groups:

A. Experimental thermodynamic investigations

B. Phase diagram evaluations and compilations
C. Thermodynamic assessments and calculations

D. Measurement and compilation of thermophysical data

L The Spencer Group 16

COST Action 507: Light alloy systems
of potential interest

_Keysystem  Additional elements ~ Application

Al-Mg-Mn-Fe.Si Cu, Cr, Ti, G Cans
Al-Mg-5i-Cu Fe ¢ Extrusions
Al-Zn-Cu-Mg Zr, Cr,'Sj Aerospace
Al-Li-Cu-Mg-Zr H : Airframes
Ti-Al-Mo-Zr-Sn-Nb O.N.C Gas turbines
Ti-Al-V-0-N-C - Gas turbines

e The Spencer Groip 17

COST 507: Matrix of binary systems representing
building blocks for alloys of potential commercial
interest

p -
T = = =
¢
Y _I
- 7 .-
= /d
o 1
Biisry Ewaluations - =
complefed a COET 507 ~ Raund 1 G
i
o 1
B 1
TN
(EITH0RS Tl Spener Linoup. 1%
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COST 507: Application of evaluated

3 : SYSTEM Al-Ti
thermodynamic data for light metal alloy systems
to casting and heat treatment processes MEA o b8 D
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COST 507

Definition of thermochemical and
tharmaphysical properties to provide a
database for the devalopment
ol new light alluys

Th B tg i for
light metal alloys

Volume 2

L 1 o

033102 The Spencer Group 25

Development of a database for Al-Cu-Mg-Si-Zn alloys
Data compatibility

Consider the example of a hypothetical database for
Al-Cu-Mg-Si-Zn alloys

A fuII thermodynnmic description for this system requires

data for:

Elements (5):  Al, Cu, Mg, Si, Zn

~ Binary alloys: Al-Cu, Al-Mg, Al-Si, Al-Zn, Cu-Mg, Cu-8i, Cu-Zn,

b\

(10} Mg-Si, Mg-Zn, Si-Zn
- Ternary alloys: Al-Cu-Mg, Al-Cu-Si, Al-Cu-Zn, Al-Mg-Si, Al-Mg-Zn,
(10) Al-Si-Zn, Cu-Mg-Si, Cu-Mg-Zn, Cu-Si-Zn, Ma-Si-Zn
» Quaterny alloys: Al-Cu-Mg-5i, Al-Cu-Mg-Zn, Al-Cu-Si-Zn,
(5) Al-Mg-Si-Zn, Cu-Mg-Si-Zn
[RGIETH Tht Epencer Group R

Development of a database for Al-Cu-Mg-Si-Zn
alloys Model compatibility

The work of SGTE in database development
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Europe
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SGTE Member Organizations

France Germany
INPG - LTPCM (Grenoble) LTH - RWTH {Aschen)
Thermadata (Granoble) Max-Plank-Inst.—PML (Stuttgart)

IRSID {Maizieres-las-Matz) GTT (Herzagenrath)

Univ. de Paris Sud (Chatenay)

Sweden United Kingdom

Royal Inst. Technol. (Stackholm)  AEA Technology (Harwell)
ThermoCalc AB (Stockholm) Natl. Physical Lab. (Teddington)
In process

Canada: ThermFact (Montreal)  Japan: Tohoku Univ. - Mat. Sci. & Eng. (Sendai)
i ages: NIST, Metall. Div. {Gaithersburg)

u3auz The Spescer Liroig kL)

SGTE application—oriented databases
currently in preparation

Because many users have specific application
requirements for thermodynamic data, the following
subsets of the SGTE Solution Database are currently
being prepared for release

- Aluminium alloys - Noble metal alloys
- Nickel-base alloys - Steels

- Solders - Ceramics

- Titanium alloys - Hard metals

- Copper alloys

0210 The Sponcer Graip 0
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LANDOLT-
BORNSTEIN

Thermodynamic
Properties of
Inorganic Materials

naanuz Thie Spesver Lirvup 3l

THE CASEBOOK

Thermodynamics
at Work

Edited by Dr K. Hack

03Aal.

Difficulties encountered in obtaining
funding for database development

u Assessment work requires costly expertise and can be very
time-consuming

» Database development requires assessment of systems other
than those of obvious direct relevance to a practical problem

= With increased industrial funding for a project being a
requirement of government agencies, the resulting
confidentiality restrictions are increasingly limiting general
availability of assessed data

u. Database development is greatly assisted by use of already
available assessed data for relevant sub-systems. However,
the confidentiality requirements resulting from industrial
funding are leading to cestly duplication of assessment work,
with resulting danger of incompatibility.

0ARI02 The Spencer Groip 1

Applications in materials design and development

» Steels

design and develop t of new steel grades

including prediction of
for carbide and nitride phases

~ Light metal alloys

prediction of solidification ranges and phase formation in

and for i peratures

casting processes

» Coatings
prediction of composition and temperature ranges for

formation of metastable coating phases in PVD processes

032102 The Spencer Groip 18

Design and development of new stainless steel grades

- Stainless steel production continues to grow by about 3 to
5% per annum.

As a result of customer demand for specialized properties,
and the need to reduce costs associated with expensive
alloying elements, new stainless steel grades are being
developed.

o

One development direction involves combining the
properties of ferritic and austenitic steels in an optimum
way in the well-know duplex stainless steels, Another
direction aims to replace nickel by manganese and/or
nitrogen.

%

032102 The Spencer Group 38

Design and development of new stainless steel grades

Before such new steel grades can be
produced and marketed, their microstructural
properties must be optimized. This allows
definition of suitable conditions for casting,
hot-rolling, heat treatment, cold rolling, etc.
The desired properties of the steels can
thereby be produced.

REIIT The Spencer Gmiip W
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Design and development of new stainless steel grades

Existing grades:

Caloilated phage formation.in the duplex stainless stepl.
RECINMoN 225 3

Ferritic: X2 Cr 11 P : T
Austorda
Austenitic: X5 CrNi 18 10 B ﬁ
Under development: = -
Duplex: X2 CrNiMoN 22 53 = i g
Austenitic: X5 CrNiMo 17 12 2 g L
VeXET
Proposed: |
Austenitic: X5 CrMnN 17 12 i Ew ,
21 o azg 850 10 1803 e
)
032102 The Spencer Group 37 o3l The Spencer Group 1%
Design and development of new stainless steel grades
p Inthe srainbess sieel Conclusions
X5 Criila 17 12 2 .
e Calculations of phase constitution using assessed thermo-
; dynamic data provide reliable guidelines for selecting
suitable compositions for new stainless steel grades.
- e SCE Calculated liquidus and solidus temperatures, formation
g !m ‘temperatures for precipitated phases, and composition and
d | temperature ranges of stability of deleterious phases, enable
L] time and expense to be saved in establishing suitable
pomi | conditions for casting, hot-rolling, heat treatment, and other
‘operations for the alloys.
,lm o8 200 w0 lm_ﬂ. " 2
TicY
baatuz Thie Spenver Lirvup 3 R T The Spencer Cepokip 40

Casting of light metal alloys

Thermodynamic calculations have been carried
out to

provide the following information as basis for
controlled casting operations
~ temperature range of solidification

~ crystallization paths for equilibrium and non-equilibrium
conditions

» nature and amounts of phases formed during solidification
= heat capacities and enthalpy effects associated with phase
transitions

uaanuz “The Spencer Group 41

Casting of light metal alloys

Calculations have heen carried out using the
following models:

» Equilibrium cooling .

» Scheil Model (no diffusion.in solid phases
formed)

» Diffusion in the solid phases

UG The Spencer Group 4
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Casting of light metal alloys « _ I
o~ L]
g o ‘\ \1 Eonsl.
T — g * / T
The Scheil model-applied to alloy AA2024 E o ay, -_Bi\
The Scheil model has been applied to simulation of asp
the solidification of the commercial Al-Cu-Mg-base ' !
alloy AA2024. This alloy contains the additional A etractions
alloying elements Fe, Mn and Si. A fions:
Important missing data, e.g. for the system Al-Cu-Mn, . EO diffusion in tl{ﬁ ?'id phases
. am NBOUS HgLU
were evaluated as part of the work. . Neg;iﬁ:g u“ﬂgr'gmnng
+ Nokinetic and curvature effects
= Platelike dendrite marphology
0321702 The Spencer Giroup 43 32102 The Spencer Grolip 44
Scheil simulation for Alloy AA2024 Comparison of Scheil simulations with experimental results
' Experiment [85B4c] Simulation
(Cooling rate 0.2-13 K's) (Subsystem Al-Gu-Fe-Mg-Mn-37)
"]l —+ (A P ) 7l
2 |Lig —= [l + Ab(CuFebnkSh Lig = (A)+ AbFarSiy
3 Lig = (Al) + Alis{CuFehn)sSis + Lig — (Al) * AlisFe:Si; + AlgCushing
Abruzina
Lig + AlzeCusMns — (A) + AlisFes3l; +
Lig = AlnCuhln; — (A) = ACu Ay
Alss{CuFeMn)zS:
’ 4L Al Si+ ALCu Lig =+ (Al + NgSi+ ALCu +
tion AAZ024 wit. % 4 =+ (A)+ Mg q 1+ MgzSi + ALC
Composition :ﬂ.I:CuM.g + AluFesSi:
(A_cu_Jre_ Mg [Mn JSI_] Lig — (Al) + MgaSi + AbCu +AlzCublg
[Bal._[444 [023 [1.55 [0.55 [0.21 | d= )
R T The Spencer Grolip a5 aa202 : The Spencer Group 3 e

System Al-S1-2n s Enthalpy chianges on cooling the allay of com pn!lllr.m -
ete Dichan 3/ < 055 42ne B541
—- 4 1éoke
—
1aue |- ” | o ol
. L
wma b
T
; 5' i 4 diam
¥ 2
B e J
& Elgahi r dlim 4 e
0o | 3
A dlan ¢ e
e
0099 | 5
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Prediction of composition ranges for metastable
coating structures produced in PVD processes

Prediction of composition ranges for metastable
coating structures produced in PVD processes

~ Cartain coatings produced by PVD technig display superior
properties for wear and cormosion resistance applications. This is
leading to the systematic development of new high-perf;

coating materials.

PVD techmues allow required coating compositions to be
achieved relatively easily. Variation of the substrate temperature
may also allow the coating structure, and hence its properties, to
be changed.

-~ Th cly ic calculati allow prediction of conditions for
the appearance of possible metastable phases during PVD
coating processes and thereby assist in the selection of optimum
coating parameters to produce coatings with desired properties.

LT The Spesser Giroup 19

(N.Saunders and A.P. Miodownik, J.Mater.Res. (1986) 1 38)

"If an alloy, that in equilibrium contains a multiphase structure, is
co-deposited at low enough temperatures, the surface mobility is
insufficient for the breakdown of the initially fully intermixed
depositing atoms, and the film is therefore constrained to be a
single-phase structure. This structure should reflect the most
energetically stable single-phase form available to it at the
temperature of the substrate”.

This phase can be directly found from the Gibbs energy versus
composition (G/x) diagrams of the alloy system of interest...”

3210z The Spencer Group £l

Prediction of composition ranges for metastable
coating structures in the (Ti,Al)N system

Metastable (Ti,Al)N coatings with the cubic NaCl
Structure are superior to TiN for cutting tool
applications due to their superior oxidation
resistance and hardness at elevated temperatures.

However, the deposition of (Ti,Al)N films with Ti/Al
ratios below about 30/70 leads to a hexagonal
coating structure which is not suitable for
tribological coatings.

uaanuz The Spencer Lirvig sl

Prediction of composition ranges for metastable
coating structures in the (Ti,Al)N system

~ Thermodynamic calculations allow the ranges of
camposition and temperature in which the metastable
cubic and hexagonal coatings are formed to be
predicted.

» Of prime importance for the calculations are the energy
differences for the transitions from the stable to the
metastable structures, i.e. TiN_,—TiN,  and
AINM‘—-!AINGI.,.

» Since no experimental data are available for these
transformation energies, a combination of caleulation
and estimation techniques must be used to obtain them.

03212 The Spencer Grolip 52

Prediction of energies of transformation between the cubic
NaCl and hexagonal structures for transition metal nitrides

) ITal s 1
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Thermodynamic calculations for (Ti,Al)N coatings

- Athermodynamic analysis of the (Ti,Al)N system was made,
which combined calorimetric measurements of the
metastable to stable phase transition for 3 compositions in
the section AIN-TiN with estimated values for Gibbs energy
differences between the NaCl and Zn$S wurtzite structural
forms of pure TiN and AIN. This allowed Gibbs energy
curves to be calculated for the hexagenal and cubic phases
for various temperature in the AIN-TiN system.

= The point of intersection of these curves at each
temperature defines the composition at which there is a
transition from one structure to the other. This composition
was found to be nearly temperature independent with a
calculated value around 0.7 mole fraction AIN.

n3at The Spencer Grolip £
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Gibbs energy of formation of the cubic and hexagonal
phases in the AIN-TiN system at different temperatures
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Experimental measurements for (Ti,Al)N coatings

.. Experimental studies of the extent of the metastable cubic
range in the section AIN-TiN have been carried out by Cremer et
al.* using electron probe micro-analysis, X-ray photoelectron
spectroscopy and thin film X-ray diffraction.

~ Their study showed that for co-deposition temperatures
between 300 and 700°C, a two-phase region exists in the meta-
stable AIN-TiN phase diagram. This has a composition around
x{AIN} = 0.66 at lower temperatures, but its boundaries expand to
lower and higher AIN concns. with increasing temperature. At
100°C substrate temperature, no two-phase region was ohserved.

“R.Cremer, M.Witthaut, D.Neuschiitz, in ‘Value Addition Metatisrgy’ Eds. W.D.Cho and
H.Y Sohn, The Mingrals, Metals & Materials Society, (1990) pp 248,

o3anez The Spencer Group £

Experimental measurements for (Ti,Al)N coatings

Prediction of composition ranges for metastable
coating structures in the Al,04-AIN system
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There is no reciprocal solubility below ~1627K in the solid state
between AlLO, and AIN. However, a h s
oxynitride coating phase could have potential npplicat:ons in
many areas because, e.g.,

» the refractive index of a pure AIN film is high whereas the
refractive index of ALO, is low

« the thermal conductivity of AIN is high compared to that
of ALO,

+ AlNis a semiconductor, Al,O, an insulator
If Al-O-N phases with variable composition can be stabilized by

wvapour deposition, it may be possible to combine the different
properties of the binary compounds.

e The Spencer Groip SR

Experimental measurements for Al,0,-AIN coatings

Metastable Al-O-N {ayars have been prod i by
sputtering ion plating using an Al target and an Ar-O-N; gas mnmura'

For a substrate temperature of 190 °C and variable partial pressures
of O, and N, a variety of coatings with different O and N contents
were pmpﬂwd and analysed by mcans of X-ray photoelectron

P py, Auger elect P py, high
tr issi | i py and high |
electron microscopy.

Oxygen-rich Al-0-N phases were found to be nanocrystalline with a
cubic gamma-Al,0, (spinel) structure. Nitrogen-rich phases
displayed a hexagonal AIN (wurtzite) structure. For O/N ratios arcund
1.5, the deposited phase was TEM amorphous,

“A, von Richthofen, R. Domnick, ThinSolid Films {1895 283 37

(RIS ‘The Spencer Lirolg 59

Thermodynamic calculations for Al,0.-AIN coatings

w

An available thermodynamic assessment of the Al,0,-AIN
system* was amended to incorporate descriptions for the
wurtzite and amorphous phases for the entire composition
range. Using these data, Gibhs energy curves were
calculated for the different metastable phases for
temperatures between room temperature and 600 K. The
experimentally observed composition ranges for the
phases at 463K were used to help define the location of the
Gibbs energy curve for the amorphous phase.

» The metastable phase diagram was calculated and
comparison made with experimental results.

“M.Hillert and S.Jonsson, 2 Melalkde. (1992) 83 714

na21nY The Spencer Group L
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Gibbs energy of formation of the spinel. amorphous

; ; . Calculated metastable phase ranges in the AlO,.-AIN system
and wurtzite phases in the ALO;-AIN system al 463K sl £ niida © ALY S
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Calculated metastable phase ranges in the TiB,-TiC system Conclusions
30,600 » Thermedynamic calculations are able to provide
information of significant practical importance an the
composition and temperature ranges of metastable
10,000 coating phases.
= - Estimation or calculation technigues are required to
E 10000 provide transformation gies for ble structures
= of potential coating compounds (carbides, nitrides,
2 “horides, oxides, etc.), but the present work shows that
~30,000 with limited experimental support, satisfactory
predictions of met ble phase ranges can be made.
//n... Hex Amargh Cub
so.o00 ke ™4 4 1 |
u 0.240 0.480
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Summary

~ There have been rapid advances in software
packages for simulation of the thermodynamics and
kinetics of materials development and processing.

> These advances must now be matched through
increased support for the measurement and critical
ass nent of “missing data” required for the
simulations.

Database development is essential for full
implementation of thermodynamic calculation
potential in many areas of materials technology:

N

u3anuz The Spencer Lirvig 5
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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 itsaims:

* ldentifies focus areas for database development

* Landolt-Bornstein 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

Application of Thermodynamics to Alloy
Design and Development

Charles J. Kuehmann
QuesTek Innovations LLC
Evanston, lllinois
March 21, 2002
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Materials by Design®

Process - Structure Modeling

Computational Materials Dynamics (CMD™)

Macro
. P Dynamics Models | Process Models
Thermodynamics
Bk Allotropic Transformations
{2~ Chemical (TC}) Martensite
{3 Elastic Balnite
Surface Ferrite
Kinetics
Precipitation
Bulk (DIGTRA) Numerical Langer-Schwanz
Imerfacial Humerica
Defect

: Coarsening
Saldiication
Schell
Electronic
Canduction

1-D simulations w/ diffusion
Liquid density

x0g|oo] Jybigwie

4| Elastic Modulus
Molar Volume

PuesTex

INNOVATIONS LLEC

Marerials by Design®

How CMD Programs are Used?

. .. Better .
e 7 Engineering "~
M« - \“
(‘ Modeling Scientists ]\‘;‘L p
K ) = Model Parameter AR
D Determination from 5
'.' B Available Data i - Design Sensitivity Study T (5'
H = Quick and Robust Thermo-  [4] « Program Automation and Fast E C'.I
H
v L Cale/DICTRA and Visualization and Data 4
[ . . . 1
LS Numerical Calculations Analysis R E,-
LS H
L I8
\/ {
% g
]’_v; | CMD Graphical User Interface in Tel/Tk | A ?’
2 : L fE
A “-_ CMD Programs of Mechanistic Models e
T ‘\‘ with an Object-Oriented C++ Structure ;ﬂ S
A ", for Fast and Rebust Implementations 4
Que E'T:E‘._ = Materials by Design®
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Available Multicomponent CMD Models for
Ferrous Alloys

Process-Structure Models
+* Displacive Transformation —
= Martensite M, 1,
* Bainite B,. TTT/CCT
« Tempering Microstructure —
= BCC/Fe,C Paraequilibrium
= Carbides. Intermetallics and FCC
Dispersion Formation Models
«# Precipitation Kinetics
® PrecipiCale™ 3D General
Precipitation Program
= Coarsening Rate Model
+* Microsegregation (Scheil) and
Macrosegregation (buoyancy)
+* Grain Growth Model, Grain Refining
Dispersion. Homogenization and
Austenitization Desi
«* Grain Boundary Seg

Structure-Property Models
Jasic Physical Properties
= Liguid Density and Solid Lattice

Py nd Thermal Expansion
= BCC/FC hear Moduli
= Electrical Resistivity
= Thermal Conductivity
strength Model Including Solid
Solution, Grain Size, Precipitation
(Shearing, Bypassing) Strengthening,
S Prediction

:ss Model
ain Boundary Cohesion
% Multicomponent Corrosion Resistance
Model

Note: not all of these models are
implemented

QuesTen
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More About TCIPC

P— As CMD programs currently use
User Operation Environment D g Tt -
(e.o.. GUL iSIGHT) I'CIPC to incorporate Thermo-

Cale/DICTRA, this implies:
T ¢ * Program can not run without

I'hermo-Cale and DICTRA
« User need to have proper
A A A privilege and setup for running

User Application Program (C++)
Including Other Numerical Codes

v ¥ v T'hermo-Cale and DICTRA in
ICIPC order to run CMD programs
(Implemented i ANSI C/C++) with
UNIX System Calls

T* Inter-Process Communication

N A

| Thermo-Cale | | Thermo-Cale

: Intra-Process Communication

DICTRA

Running as DifTerent Processes,

Terminated when User Program

is Finished

FuesTeEx
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PrecipiCalc™ Input/Output

Input —

» Alloy Composition

+ Prior Heat Treatment
Condition

+ Thermal Cycle

» Fundamental Quantities
(Bulk and Surface
Thermodynamies, Lattice
Parameters, Mobilit

Driver Program

Output —

PrecipiCalc
AP|

Particle Size
Distribution versus
Time (Mean Size.

» Numerical Param

Volume Fraction. and
Number Density)

Compositions of Matrix
and Precipitate

Marcersals by Design®
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Modeling Structure of PrecipiCalc™ Software
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Basic Multicomponent PrecipiCalc™ Equations

s with transient nucleation (incubation time 1)

F;A}»‘{\( ;'qul AC, f = T @ -T

cofanalscg] <foge oo
... component, component | s balanced

r=]ac]
] -

withm = 1...

(2

I§

g o)

Jinandi, /.

1=F
[ T (Rydr + €71 g1 where g =

i

Mass Balance &

)

R particle radius {— time Fﬂ‘f
Jii.th — particle frequency distribution (1/m?) ! matrix
N_— total number density of particle { 1/m*) particle

men l'[u]g(\_’

i

p— chemical potential €7 — Gibbs 3
diffusivity matrix

(", — solute concentration

o surface energy
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Future CMD Extension — Integration with
iSIGHT/DEFORM to Achieve Component-Level
Materials and Processes Design

aimSIGHT

Process Integration and Design Optimization

I
I I
DEFORM™-HT CMD Software System

I'hermal-Mechanical Finite + Process-Structure Models
Element Component Level * Structure-Property Models

Simulation

PrecipiCalc "™ software, a component of CMD system, has been
successfully integrated with this manner in DARPA AIM (Accelerated
Insertion of Materials) initiatives for Ni-based superalloy.

The Materials Genome Initiative

« Priorities
— Thermodynamic Databases

— Mobility extensions
—  Molar Volume

« Treatments for accuracy and variation and their
propagation

« Efficient database development methods
— New experimental techniques
— Optimal integration of quantum mechanics

Aues TeE~ Materials by Desian®
INNEIVATIDI;IE I_LD-

Fueslex Materials by Design®
INNDOVATIONS LLG

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 [1 "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
Jor Ni- Base Superdlloys

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 Diffission Data

Y precipitation during Heat treatment Protective coating
non-isothermal cooling optimization applications
s
H
Y g
s
o
Distance across dendrite ‘
l Cooling & Heating Prevent diffusion during extended
. . . y+v EW service times at high temperatures,
[ ] . [ ] . u § I
LI I ] %—'—o—.—.—' . '
5
| B | . o

Distance across dendrite

NIST

Diffusion in a Binary Alloy

Diffusion Datobase Development

Fick's first law for Flux, J

J= —D$
dx
Fick's second law (conservation of mass)
dc_d [} ac

dt  oxO ox[l
If D is independent of composition

o
c, 2
8| ke _pdc
= ot X
g |
§ \ If Semi-infinite sample, Error function solution,
() 3
Position, x X
’ c(x,t) = A+ Beer—H
>0 SVt
Temperature dependence D =D, expBQH
NIST ORT O

> Inputs:
— Thermodynamics
— Diffusion experiments (unary, binary, ternary systems)
« Tracer diffusivity,
« Intrinsic diffusivity,
« Interdiffusion coefficients

> Output: Diffusion mobilities
— Composition-dependent
— Temperature-dependent

v Validation
— Diffusion correlations (Activation energies)
— Extrapolation to higher order system
« Diffusion coefficients
« Multicomponent diffusion profiles

NIST

Multicomponent Thermodynamics
Cdiphad Approach

Experimental phase diagram, Determine Gibbs Energy» Calculated phase
Thermochemical data » G =1(x,T,P) diagram

Temperature
Gibbs Energy
Temperature

Composition Composition Composition

G’=G°+G

Binaries » Ternaries» Quaternaries » nth order
systems

ideal + Ga(ces

NIST

o ration Dependent Diffission Coefficient

® Assume all partial molar volumes are equal <

e . o=
® Assume a vacancy diffusion mechanism \V

n1

® Fluxin1-D —n
Ji =~ Di oer
J 0z

* Interdiffusion coefficient (chemical diffusivity) _n
Di = Di —Din

¢ Intrinsic diffusivity o - " 5o x pMpw
RO T a0

®  Mobility W .
Mi = RTepr__sTQEWhereAQ = f(o,T) andMi = f(o,T)
n L o o
e AQ :EXPQ +%§1xpm Q
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Assessment of Diffusion Mobilities

- — Compare experimental [ Simulate diffusion process ]
Estimate Mobility ==y | =4 - llated D ‘Adjust Mobility ¢
[

Examples of Fits for Binary Interactions
Ni-Al-Cr-Co-Hf-Nb-Mo-Re- Ta Ti W

Ni-Co Interdiffusion Interdiffusion with Ni

@ Data from Ustad and Sorum, Phys. Stat. Sol. A 285 (1973) 285. T
. , s | clotusa | 45 | - T=1000°C
Experimental Mobility M=f (c.T) Calculate diffusion I 1400 °C g O A5pcooesen2000000000, 4
diffusion data ! Coefficients D = f(c,T) E Ll ° L
R 8 [ msc, e e ] Eusy ]
= ; a w yooo00o0000000°0°°
6l
T e | B sk o . 1 3 =
E = —1 165 | B
gg | iy : J W
: = © 1160 °C g 17 9 Do om Kemi e, Aca. er. 46, (1558) 4843 ]
: 2 O Data from Karunaraine et a, Mater. Sci. Eng., A281 (2000) 225,
g s , ‘ ‘ ‘ 175 ; : ‘ ;
) 20 40 60 80 100 ) 0.02 0.04 0.06 0.08 01
Atomic Percent Ni Weight Fraction
biziziEe Composition
Previous assessments: Ni-Al-Cr Engstrém and Agren, Z. Metallkd. 87 (1996) 92.
A Ni-Al-Ti Matan et al., Acta mater., 46 (1998) 4587.
_M E:AQ _ .
M, =g/ ORT QwhereAQ = (e, T) andM; =1 Current assessments:  Ni-Co, Ni-Hf,Ni-Mo, Ni-Nb,Ni-Re, Ni-Ta, Ni-Ti, Ni-W
inary: Q7 =6Q +¢,Q’ +cc (A +(c —¢,)B +(c —¢;)’C" +... Co-Cr, Co-Mo
NIST For a binary: Q Q JQ‘ ' J(A @ J)a @ J) ' ) NIST C. E Campbell, W. J. Boettinger, U. R. Kattner, Acta Mat, 50 (2002) 775
.
Assessment of Ni-W enc e . .
s o im0z o 55 e i Interdiffusion data ‘ J
-Q
e ) » For a pure metal =17
P TR LR R R P Ry
; r%%ﬁfﬁﬁmmﬁ Element | Crystal Tw K Tu K Tu K (fce) | Activation | -Q/RTy, (fec) | -QIRTy (fec)
© S 245 F e o B Structure (fcc) | (kaufman) |  Energy (SGTE) | (Kaufman)
T < H ’ﬁi?ﬁﬁqnin(ii” (3Imole)
s H [EX) -
2 g S0 ppaapie i iRREEIIIY] Ni fec | 1728 | 1728 | 1725 [ -287000 | 20.0 20.0
£ 3 . %mmﬁyu& A fcc [9335[9335| 931 | -142000 | 183 18.4
‘O e []
B et samresiores wreaior 710t T2t a0 o0 Cr becc [ 2133 | 1475 | 860 | -235000 [ 19.2 32.9
% ey, B ow  ow  om  om  m co | hep |1770| 1768 | 1768 | -286175 | 195 195
R S e e o e Hf hep | 2504 | 1952 | 2076 | -235350 | 145 136
5 . :
S w ‘Activation energies in the fcc phase Mo bec | 2895 | 1740 | 1530 | -254975 | 17.6 20.0
Y
= . ) Nb bec | 2468 | 1300 | 1170 | -274328 | 25.4 28.2
s AQL =X QU +%, QN + %Xy AV
g —_— — — Re hep | 3459 | 3084 | 2830 | -382950 | 14.9 16.3
- * — Ni W 0 AN W
3 AQ, =Xy Qu X, Qy + XXy "Ay Ta | bec | 3206 1416 | 1540 | 268253 | 228 20.9
S — Self activation energies Ti hep | 1946 | 900 | 1421 | -256900 | 34.3 21.7
I L T —— Optimized parameters w bec | 3695 | 2229 | 2230 | -311420 | 16.8 16.8
6210 6410 6610° 6810° 710° 7.210° 7.410°
NIST (1/emperature) (K) NIST

Comparison with Ni-Co-Cr-Mo Data at 1300°C”

Composition (Atomic Percent) ~Ni 4, 2 /
Ni = balance Du x10“nf/s
cr Co Mo Measured Calculated
NIST Thermotech
-
24.2 24.1 74 75515 102 10.7
22.7 24.5 74 9.7+19 10.1 10.6
20.8 250 74 9.9+20 985 10.3
184 256 72 101+ 2.0 956 10.0
15.2 258 74 8.2+ 16 935 9.74
108 26.2 74 6.9+ 14 8.95 9.25
6.4 27.1 77 6.4+13 8.4 859
32 479 77 6.8+ 14 4.94 5.03
Diffusion
coefficients N
26.8 17 6.6 8.9+18 10.3 0 103
thermodynamic
e 26.5 44 6.4 6.0+12 961 9.78
fixed diffusion 26.3 74 6.6 48+10 8.96 9.22
mobility database.
258 19.8 71 3707 701 753
258 214 71 42:08 6.83 758
259 16.2 71 33+07 747 793
~co Stalker, Mol
222 3.7 6.2 2.0+ 04 -2.26 q -4.69 oG etal, Trans
NIST 65 239 76 17+03 -2.37 -2.27

Redwe(n—I)Diﬂllsiderix(tlzg.VC

René-N4 (x10-14m2/s)

Al Co Cr Mo Nb Ta Ti
+1195 +1393 +34.83 +34.34 +4243 +5150 +4951
-1137 +1700 -825 -567 -555 -183 -7.10
-426 -537 +1367 -321 +893 +991 +825
Mo -8.33 -0280 -0426 +7.57 -055 -036 -017
+031 +025 +066 +0.27 +2405 +074 +085
-068 +033 +053 +024 +026 +076 +050
+163 +135 +494 +494 +625 +657 +2362
-181 _-062 _-055 -060 -122 -083 -070
René-N5 (x1014m2/s)
Al Co Cr Hf Mo Re Ta
Al +9316 +1392 +3346 -651 +3342 2544 +4863
Ni = dependent variable Co -651 +27.22 -856 -2764 -495 -511 +387
Cr +415 -423 +2102 -625 -022 -078 +1381
Hf 08 +007 +170 +2621 +152 0.87 +237
Mo -035 -030 -030 -1905 +771 -025 -013
Re -075 -032 -036 -259 -025 +008 -051
Ta -003 +033 +098 -417 +064 +086 +7.75
NIST =118 .05 =054 451 039 011 076
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René-N4/René-N5 at 1293°C.for 100h

» Databases used
— Thermodynamics:
Thermotech
— Diffusion mobilities:
NIST Ni-mob

René-N4 | René-N5

Y Y

>
6.35 mm

Mass Fraction

<>
6.35 mm

Double geometric grid: 200 points

René N4/René-N5 Diffusion Couple at 1293 °C

Cr profile Al profile

0065

0055

Mass Fraction Cr
Mass Fraction Al

0045

1000 500 0 1000 Distance (um) Distance (um)
Distance (um; . .
(m) René-N4 | René-N5
T - e )
poration, . M. s = 6.35mm 6.35mm chelings

René-N4/René N5 Diffusion Couple at 1293 °C

René N4/René-N5 Diffusion Couple at 1293°C

Ti profile Ta profile Re profile W profile
0.035 T 008 T T T 007 : . :
003 3
0.065
0.025
E 002 E g 2 06
H g H £
% 0015 % .; §
= = g ﬁ 0,055
001 =
0.005 005
?ww -500 o 500 1000 -1000 -500 o 500 1000 0.045
-1000 -500 0 500 1000
Distance (m) Distance (um) pisancs G Distance (um)
René-N4 | René-N5 René-N4 | René-N5
Howmet B Howmet
Castings == actha
NisT 6.35 mm 6.35 mm e e MNIST 6.35 mm 6.35 mm Casﬂms
L) i L] rd
]
Porusity Prediction René S§IN-100; 1000h at 1150°C
) )
01 ‘ Back scatter image; 100 h 2
- T T T T T T T T T
O o !
1
005 1
15 At 1150 °C equilibrium
S phase fractions
ol g
. [
oz o * René-88:f,=1
L P —
oos [ 1 g 10 * IN-100: f,=0.638 f, =0.362
Rene-N4 : Rene-N5 <
on L ‘ i ‘ ‘ René-88 | IN-100
-0.0004 -0.0002 0 0.0002 0.0004 5
Distance (m)
[Maximum gives location of pore formation] 0 4
4400 -300 200 -100 O 100 200 300 400
Howmet René-88 Distance (um) IN-100
Castings =~
NIST

Experimental data from J. C. Zhao, GE-CRD, Schenectady, NY
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René 8§/IN-100; 1000hat 1150°C

H eatTreatm entO ptin ization :
Solidification ofN i-11A14 5Ta @t% )

18—

16

14

12 -

Atomic Percent Co

Average Fraction of Co

Fraction of Co
|

o

in \/7

400
René-88

NIST

-200 0
Distance (um)

200 400

IN-100

Solidification Path

[ Solidification assumptions \

« Cocling rate = 8K/s
=A2=95um

* Microstructure evolution

t=0s

Os<t<4s

Mole Fraction Al

i t>4s

1+ | .
\‘—m;. Iy o a1

Mole Fraction Ta

0z

Solidification of Ni- 11Al-45Ta(at. %)
Phase Fraction Evolution

Inciient Meltina Predicti

Cooling Curve

1680 T T T T T

1670

< T
s 1660 Sotaus
g \ T5“W ():
8 1650
£
5
2
1640

NIST

o o
> )
T

Phase Fraction y
o
>

02

Distance (um)

K Simulation Setup \

« Used composition and phase Ni-11Al-4.5Ta (at.%)

fractions from solidification 1665 T T T T T
calculation.
1660

T

« Assume linear heating rates Solidus

beginning at 800 K

1(s)
L 10 (K/s)
1658 1000 (K/s) 100 (Kis)
* Assume y fraction is in
equilibrium with y matrix at

each grid point.

1650 [T

1645 [

« Assume incipient melting
occurs at the center between

1635 L L L L L

0.01 (Kis)

1640 [ - - =mmmmmm oo 4

Incipient Melting Temperature (K)

0.0001 0001 001 0.1 1 10

¥ (kisyr

dendrites. W\/

N2

1000

Optimized Heat Treatiment

( For Ni-11Al-4.5Ta alloy

solidified at 8 K/s

» Heat from 800 K to
1655K at 1 K/s

> Hold at 1655 K untilt =
1325 s (At=4705)
Homogenous

l microstructure

NIST

08

Phase Fraction Yy

o

20 40 @ a0 100 120
Time (5)

Distance (um)

Summary

» Database Development
— Ni-base superalloys:
* Ni-Al-Co-Cr-Hf-Mo-Nb-Re-Ta-Ti-W (Fe)
* FCC (y) phase, Y, 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
— Y 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: -Q/RT,, =17.

Porosity prediction: Position of maximum in vacancy flux gives position for maximum pore formation.
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Incorporation of CALPHAD Calculationsinto Phase Field Modeling
William J. Boettinger, NIST, Gaithersburg, MD
Phase Field Modeling using Thermodynamic Traditional Materials Science Approach:
and Mobility Databases Example: Solidification
e Sharp vs. Diffuse Interface Modeling Ya . .
« A few examplesof Phase-Fidd Modeling | Subjects petched together | 7 . TipKinetics
* Phasefield variable: artificid or natural order parameter? E\T *TipTemp. < T,
) * Core composition > kC
« Freeenergy functions \ 0

¢ Gradient Thermodynamics
— Interface Energy
* Mobility Parameters
— Phasefield
— Diffusion
« Addition of other fields
— Elasticity
— Electrogtatic

NIST

Microsegregation
* Core composition > kC,
+ Solid Diffusion

[*

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

NIST

Sharp vs. Diffuse Interface

Solid Liquid

—>

Sharp Interface Moddl « Solve diffusion equationsin solid and liquid
« Match solutions a interface; interface conditions
C « Difficult ‘moving boundary’ problem

* Add new variable and equation; ¢ (x,t)

« Solve new egn. and modified diffusion egn.
over entire domain

» No boundary conditions at interface

C « Easy to program (new large computer)

‘vl

Diffuse Interface Moddl  «+

Dist
IStence NIST

Microsegregation (Warren and Boettinger, 1996)

D¢D, =105 Dy/D, =101

NIST

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

Simulation of y' Precipitation w/Coherency Strains
Y. Wang, D. Banerjee, C.C. Su, (OSU) & A. Khachaturyan, (Rutgers)
ActaMat. 46 (1998) 2983
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Active researchers. Phase Field Modeling Phase Field vs. Order Parameter(s)
attempting “ Calphad” Thermodynamic Databases _— /

«If thermodynamic database treats the phases together
« e.g. chemical miscibility gap, order-disorder

* Y. Wang, D. Banjeree, C.C. Suand A.G. Khachaturyan, Acta « Natural order parameter(s)
Mat. 46(1998) 2983. Nl-NI3A| polynomal 4 sublattice stress » Thermo. between the phasesisnot artificial
« U. Grdfe, B. Bottger, J. Tiaden, S.G. Fries, Mod. & Sim.  Can get gradient energy coefficients from bulk thermo!
Mat. Sci. & Eng. 8(2000) 871. TQ interface Ni-Al-Cr-Co Ti » Need interatomic dimension / interface coordination # s
solidification . .
. « If thermodynamic database treats the phases independently;
e 1. Loginova, G, Amberg, J. Agren, Seattle 2001 TMS - eg., liquid - solid
* Miyazaki, Calphad 25 (2001) 231. Discrete |l attice Fe-Co-Al + Need to introduce artificial * phase field parameter, @
and InGaAsP, w/stress * Introduce energy hump (W) between the phases and
« L.Q. Chen, C. Wolverton V. Vaithyanathan, Z.K. Liu, MRS gradient energy coefficientsto get interface energy/
Bulletin 26(2001) 197. Al-Cu 6'& 6 * ppt. First principles adsorption consistent with experiments.
free and interface energy used to get phase field parameters.
NIST NIST
What is the Phase Fidd 90 Gradient Thermodynamics
variable for solidification?| - v—> a o2 2 O '
K - Zo 2+ ccnd?
- — Y F=f,dCam 5 Dol + 3¢’ v
4
Distance &:M—S‘;Dz(pzo
. 50 09
oF _of

2 2
= -£Cc[] c=constant
dc oc

Rough Interface

09 _ 00t _ 220 M, = Interface  Kinetics
ot ) — Diffus -
o _ . £ ;. % M. = Diffusion Mobility
= -2 _
G T R
Coupled C iard & Cahn-Allen Equations
NiST
NIST
Combined Alloy Free Energy Function for independent a & 3 phases All oy Free Energy Function

| Wheeler, Boettinger, McFadden: | For equilibrium far from the interface

f(p,c,T)=(1- M)f“(c,THMfﬁ(c,T) afzo
P CULC) %
Interpolating functi 008
inepidinguion "] o
p(6)=9¢°(6¢? ~15¢ +10) ——2- °“ /
a(g)=¢20-¢)

B
COMMON
TANGENT PLANE

024

00 0.00 H
00 02 04 06 08 10 e

Alternate method: gm0 T
Kim, Kim & Suzuki, Phys. Rev E 60(1999) 7186. @ SOLID *=="—
NIST LiQuin PURE A

NIST
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Interface Energies via Thermodynamic Functions; natural order parameters

Dregia& Wynblatt, ActaMet. 39(1991)774
Ternary Regular Solution Ag-Au-Cu with Q; heats of mixing

F = [{f (e, )+, (00 +K, (06 e, )+ (0, Fav

kn = szd ZQ13 o T
k :ZZVdZQ 010 § ® {001) 1000 K
2 i 4 23 o .t ]
k12 =2Z, (Qm +Q, - le) g
S o0oe R
B

d = interatomic distance

Z = interface coordination number
=3for {111} 0.02
=4for{100}

0.00 PR PR
0 0102 03 04 05 06 07 08

cl-

Similarly, gradient energy coefficients  Braun, et a. Phil. Trans. R. Soc Lon. A (1997)
can be obtained for order/disorder cases! Wangetad., ActaMat.(1998)

Diffusion Mobility Parametersfor
Phase-Field Calculationsfor M ulticomponent Alloys

 Phasefield models are usually derived in a volume fixed frame.
« A particular component, say ‘n’, is picked to be the solvent.
» One needs mobilities, L; “(¢), for the dynamic constitutive law.

n-1 Y 5F n-1 Y f X ,.“,Xn_ n-1 Y
Ji=- LijTXiZJZLijD (lBXJ. l)E:JZLijD(IJj_IJn)

Using the mobility matrix, M, obtained for each phase,
the L” matrix for that phaseis given by

=

L" = PMPT (matrix multiplication)
where
Rj = 6ij -X

« Ther|L"(@=p(o)L,"+(1-p(@)L; |
whereL, "and L," are for each phase.

Elastic effects: Cubic = Tetragona Transformation

3 field variables,

\ 4

v v v v
n,=1 n,=0 n,=0 n,=0
n,=0 n,=1 n,=0 n,=0
Ns=0 ns;=0 ns=1 N;=0

\4 v A\ v

Domainl Domain2 Domain 3

= [ & O

Stress free strain, function of n; add elastic energy to free energy functiona

Electrochemistry
U 1 K 2L
F.Cow)= [ @C) 5w+ 10l v
F Helmholtz free energy
fy Helmholtz free energy per unit volume

phase field
concentration of species j

¢
C
7] electrostatic potential
p

charge density

phase field gradient energy coefficient

Application to Electrochemistry, Jon Guyer at NIST

Conclusions

> | electrode electrolyte

T
© -10+
=}
20

0.10-| Ay =-012V
> 0% AP = 0.00V
o

AP = 012V
T 1

0.0 0.2 0.4 0.6 08 10

« Phase field calculations are based on thermodynamic functi onsand
afew smple dynamic postul ates.

« Calphad evaluations are idea input data for phase field
calculations.

« For thermodynamicsinvolving natural order parameters, gradient
energy coefficient and hence interface energies can be calcul ated.

« 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
equilibriain diverse materials. The first of these, held at the 130" 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 131% TM'S 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 thisfield 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
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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. Gonisand R.D. Shull
(eds.), TMS, Warrendale, PA, 2002, pp. 215-223.

11. Research in Progress under the Y ucca Mountain Site Characterization Project at Lawrence
Livermore National Laboratories, Livermore, CA.
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Recent Developments in Anode
Materials for Lithium Batteries

M.M. Thackeray, J.T. Vaughey, and L.M.L. Franssen

Lithium-ion batteries, preferred for
their high energy and power, also present
several chatlenges. Of particular concern
are unsafe conditions that can arise in
lithium-ion cells that operate with a
Jfully lithiated graphite electrode. If the
cells in those batteries are overcharged,
especially in large-scale applications,
shermal runaway, venting, fire, and
explosion could result. This paper
examines research into alfernative,
intermetallic electrode materials.

INTRODUCTION

State-of-the-art lithium-jon batteries
can pose a danger, particularly for

typically between 4.2V and 3.5 V, thus
providing high energy and power.

METAL ALLOYS AND
INTERMETALLIC COMPOUNDS

With respect to negative electrode
(anode) materials. metal alloys or
intermetallic compounds are attractive
alternatives to graphite because they
canbe selected to operate between 0 and
1 volt above the potential of metallic

centered-cubic (fec)structures (Figu

However, in LiAl the aluminum a
no longer assume the same posi
as they do in the parent alumi
structure; the phase transition req
the diffusion of both aluminum
lithium: atoms, which leads to a strw
that may be defined in terms of
independent fee aluminum lattices
intersect with two independent
lithium lattices. The volume expa

lithium.
particularly the binary systems, Li M
(eg. M = Al Si, Sn, Sb. Pb) have
already been thoroughly investigated.!
Unfortunately, metals have very dense

large-scal uch as electri
vehicles. Safety concerns arise from the
following cell chemistry features:

At the top of charge, the lithiated

graphite electrode operates very
close to the potential of metaliic
lithium, which is highly reactive

* Thedelithiated Li, ,CoO, electrode

can release oxygen

» The electrolyte usually contains a

flammable organic solvent.

Cells that are overcharged can lead
to thermal runaway, venting, fire, and
explosion. For these reasons, the voltage
of every fithium-ion cell in a battery
pack has 10 be controlled by electronic
circuitry to prevent the cells from
becoming overcharged. Extensive
research efforts are, therefore, under
way worldwide to find alternative
electrode materials and non-flammable
electrolytes for these batteries

Lithium-ion batteries use a carbon
negative electrode and a lithium transi-
tion metal-oxide positive electrode, the
preferred materials being graphite and
LiCoO,, respectively. A fally lithiated
graphite electrode, LiC,, provides a
specific capacity of 372 mAh/g that
translates (o a volumetric capacity of
818 mAh/m! based on a density of
2.2 g/ml. Li,C/Li,_,CoO, cells operate

tructure
to be accompanied by large changes
in volume and by major structaral
rearrangements. The severe crystal-
lographic changes that occur during
charge and discharge of the cells lead
to the i isi ion of the

that the transitic
nearly 200% per aluminum &
1t is not surprising, thercfore.
aluminum clectrodes do not ma
their structural integrity onelectrocher
cal cycling

Considerable effort has been made
overcome the limitations of intefmeta
electrodes by using composite mate
als, in which an electrochemica
active phase is embedded within

intermetallic structures, insulating layers
on the surface of the electrochemically
pulverized electrode particles, anda loss
of electronic particle-to-particle contact.
These effects seriously compromise
the cycling efficiency and cycle life
of lithium cells. A good example is
aluminum, which reacts with lithium
at approximately 300 mV vs. lithiom
according to the reaction:

Li+Al - LiAl (¢4

Both aluminum and LiAl have face-

inert phase. ™ Aw
known example is SnO,? which rea
with lithium in two distinet stages:

4Li+Sn0 - Sn+2L,0

xLi+Sn e LiSn(x<44)

The first reaction, in which Sa0
reduced to metallic tin, is imeversi
becavse it is difficult to remove
lithium electrochemically from
nsulating Li,0 matrix.® The secc
reaction, which can involve the fort
tion of several phases in the Li

20
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® - Copper
o= Tin
® - Lithium

Li,CuSn

"Li; gIng Sb"
(HT-phase)

stem. is reversible. Although the
pacity retention of $nO electrodes is
‘mificantly superior 1o a pure LiSn
stem, the composite electrodes display
arge, ireversible capacity loss on the
st cycle, which has precluded their
plication in Tithium-ion cells. Other
mposite electrodes, such as FeSn,, in
rich Li Sn operates within an inactive
n (or FeSnC) matrix, have been found
show similar limitations *

Graphite and LiCoO, electrodes show
od cycling behavior because they
erate as insertion electrodes (i.e.,
hium can be inserted in and out of their
uctares without significant structural
mage or decay). With this in mind,
‘gonne National Laboratory recently
gan to seek intermetallic structures
it could accommodate lithium with
nimum structural change, that is, the
tent and lithiated structures should
ow a strong structural relationship
ward one another. Several com-
wunds with interesting structure-
sctrochemical property relationships,
ve been identified. Those compounds
clude CuSn,” 1nSb* Cu,Sb,™
n,Sb, and MnSb.*

INSERTION ELECTRODE
PTIONS
Cu,Sn,

Cu,Sn, (Cu, ,Sn)™® has a nickel-
arsenide-type structure in which 20%
of the interstitial sites are occupied by
copper; it reacts with lithium to form a
stablelithiatedzinc-blende-typestructure
Li,CuSn according to the reaction

10Li+ Cu,Sn, — 5 Li,CuSn + Cu (4)
The ideal nickel-arsenide tozinc-blende
phase transition, shown in Figure 2,

may be regarded as topotactic because
the CuSn zinc-blende framework can be

obtained if 50% of the tin atoms in the
nickel arsenide (CuSn) component of
the parent Cu S, structure are displaced
into neighboring interstitial sites. The
displacement of the relatively large tin
atoms during the transition Timits the
kinetics of the reaction and leads to
hysteresis, particularly during charge.
The copper atoms that reside in the
interstitial sites of the nickel-arsenide
framework are extruded from the
structure during Reaction 4. The nickel-
arsenide to zinc-blende phase transition
is accompanied by a 59% expansion
in crystallographic volume. Further
lithiation of Li,CuSn displaces the
remaining copper from the structure
o yield Li, $n:

24Li+Li,CuSn - Li, Sn +Cu (5)

Cu,Sn, electrodes have a rechargeable
capacity of approximately 200 mAh/g
when cycled between 1.2 V and 200 V
vs. lithium (ie., if the reaction is
restricted essentially to Reaction 4).
Although this does not compete with the
specific capacity of graphite electrodes
(theoretical value = 372 mAh/g), the
volumetric capacity that is obtained
experimentally from Cu,Sn, during
Reaction 4, that is, 1,360 mAh/ml
(based on an average electrode density
of 6.8 g/mi) is significantly superior to
the theoretical volumetric capacity of
graphite (818 mAh/ml).

InSb

The recognition that a zinc-blende
(diamond-like) framework such as
CuSn in Li,CuSn provides a cubic,
three-dimensional interstitial space
for lithium immedately prompted the
investigation of zinc-blende structures
such as AISb, GaSb, and InSb as
possible electrode hosts for lithium 312
The performance of InSb electrodes is
particularly noteworthy. The overall
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Stable and metastable evaluation of the Cu-Co-Fe Phase diagrams

M. Bamberger, A. Munitz*, L. Kaufman** , and R. Abbaschian™,
Materials Science and Engineering, Technion, Technion City, Haifa, ISRAEL
*Nuclear Research Center-Negev P.O. Box 9001, Beer-Sheva, ISRAEL 5848
**14Q Clark Road, Brookline, MA 02445-5848, USA
“'Department of Materials Science and Engineering, University of Florida, Gainesville,
Florida, 32611 USA

The Thermo-Calc SSOL database for the Cu-Co-Fe ternary system was modified

Figure 2a) Computed Iacthexmal saction & 1450C swrounded by the edge hinary
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1.4 L 3 INSLIZINLI7 LI3SB modified database, the solidus and the liquidus temperatures were calculated. Very
4: IN3LI13 LI3SB i i
1.2 12 | 5:IN3LIM3 INLI2 LI3SB good agreement was obtained between the and the exp ital data. The
10 8 & ?; L{"é}"" k,lasﬁ&m LI3SB two-melt separation and the compositions of the two melts were calculated
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o i * 4 | Recently, interest has been growing in extension of solid solubility of alloys
= 0.4
'6 0.2 2 2.547 ¢ Sh= o yg exhibiting metastable miscibility gaps, such as Cu-Co alloys. Such materiais are known
% ’ JS | biden, Sdes, Liro9¥ to exhibit giant magneto resistance (GMR)"?, namely a large drop in the electrical
11 :
w04 I sl Fhrow, lia 0 resistance under the influence of a magnetic field. For example, a supersaturated
-0.2 - . ;ﬂi—? - CugoCo4p solid solution annealed at 440°C for different durations exhibits an increased
0.4 fnss | GMR of up to 11% at room temperature. Itis believed that the heat treatment caused
06 a9 e solid-state spinodal decomp 1, which is responsible for the enhanced GMR.
-~ 0‘2 D[:; DIB 0 '8 1 0 ? “"\:-:“ Previous studies showed that supercooling of Cu-Fe, Cu-Co or Cu-Fe-Co alloys beyond
’ ’ ) ' ’ = 3 a certain limit results in metastable separation of the melt into two liquids, one Cu rich
MOLE_FRACTION LI + S ) o8 i §
f Tasdoz \L_ {called L.2), the other Co or Fe rich (called L1)® ™. Liquid phase separation and
Sk Shg formation of metastable phases were observed during rapid cooling of these alloys.
However, there is only meager information on the stable ternary Cu-Fe-Co diagram.
Recently, some experimental data for the melting temperatures were published
concerning the Cu-Co-Fe system". Based on the Fe-Cu™® and Co-Cu®®® binary
phase diagrams, approximate isothermal sections have been constructed®.
The present work is aimed at obtaining a reliable database for the Cu-Co-Fe
system, and to perform consistent calculations of the stable phase diagram.
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Thermodynamic Modeling of the Zr-O System

Raymundo Arroyave, Larry Kaufman , and Thomas W. Eagar

Department of Materials Science and Engineering,Room 4-134
Massachusetts Institute of Technology, Cambridge, MA 02139 USA

. it.edu larr com tweagar@mit.edu

Abstract. In this study, the complete zirconium-oxygen system has been critically assessed at 1at. from
300°C to liquidus T hemnical and phase disgram data were used to
model the Gibbs free energies of seven phases. Additionally, the ordered interstitial HOP-based solutions
were included and considered as simple line compounds. By using the PARROT module in Thermo-Calc,
it was possible to optimize the parameters of the models used to describe the Gibbs free energies of the
HCP, BCC, liguid, y 2103 ;.8 ZrO;-, snd a ZrOy_; phases. The Gas phase was considered to behave
ideally. Although phase diagrams including the stoichiometric zirconia phases have been assessed, this is
the first time, to the best of our knowledge that a complete assessment of this system is published.
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Figure 2. Calculated Isothermal Sections in Nb-Ti-Cr at 1800C,
1600C,1500C and 1300C.Two-Phase Regions are
identified by Tie-Lines,Three-Phase Regions by
Triangles and Single Phase Regions are labled.
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Figure 3.Calculated Binary Phase Diagram Components of
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Figure 4. Calculated Isothermal Sections in Ti-Al-Cr at 1500C,
1300C,1200C and 1000C.Two-Phase Regions are
identified by Tie-Lines,Three-Phase Regions by
Triangles and Single Phase Regions are labled.
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Figure 13.Calculated Isopleth constrained by the
Conditions that weight%Cr=4wt.%Al
and wt%Ti=3wt%Cr.
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System at 1200C.
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Validation of Thermo-Calc Database with Experiment
Experimental versus Calculated Temary Phase Diagrams (Ni-Cr-Mo)

G
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from D. 5. Bloom and M. J. Grant,
J. of Metals 8, 261 (1954)

Equilibrium and Scheil Results for Solidification
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Kinetics of Alloy Phase Transformation: TTT Diagrams Ltg
Preliminary results from DICTRA: application to temporal evolution of ordering in Ni-Cr
NI-Cr Alloy: fee Solid Solutlon —> NI; Cr Ordered Phase : 10% transformation
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Experimental input is required to validate thermodynamic quantities and
diffusion coefficients that are used in the combined software Thermo-Cale-
DICTRA 1o predict kinetics of phase formation as summarized in TTT diagrams.

o " -

0t w' -

I 100 -
gw‘ gw' g”‘

104 10 10

w1 83K, 5%0C 1 J00K,535¢ | | 803K 530C
CDW‘" T 0 g (D.." W m;';:‘;er- W w0

1P P I 10 10 10 10 1%
THS)

o w0 "
Wt w'
10t 1wt

w| F?3K, 500c

W FooK, 423C Y dook, 327C

10,
TR W e 1 mrw WO P P 00 w0t wigly 0 0 i @ 100 10w o
Lo T T™EGS) That(u0

(eacy
. 0
0! ot
1w 10%
108 100
w0t w0 4
:: SFOK, 307C “: SYpk;, 267C
LI IE IR :TM:TMJ*T-"«D L2 I S T
T™E (520)

TIME (55)

@@ SETUP FILE FOR CALCULATING A Ni2Cr/AUSTENITE(fcc)
©6 TRANSFORMATION IN A BINARY Ni-Cr ALLOY.
a8

@e¢ THE INITIAL STATE IS AN AUSTENITE OF 100micron THICHNESS.
@@ THE COMPOSITION OF THE AUSTENITE IS Ni-33at$Cr.
88 APTER AUSTENITISATION THE SPECIMEN HAS BEEN QUENCHED DOWN

66 TO 273X. THE SYSTEM IS ASSUMED

@@ BOUNDARY CONDITIONS (CLOSED SYSTEM IS DEFAULT) .
e

8@ Ni2Cr IS EXPECTED TO GROW INTO
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the Ni-Cr System
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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 accournt.

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

Acceleration — Thoughts for Discussion

= Industry Needs: reliable predictions, fast database construction
= Need faster & cheaper ways to perform thermodynamic assessments
= Expenmental determination can be 1000X faster — diffusion multiples
= Thermodynamic assessment is likely to be the time-iimiting step
« Need mons efficient ways to parform assessments
ent on individuals
d sublatice modals for al Intermatallic phases
* Boller oplimizaton sofl
+ Leamn from ather
= APDIC F ASM ! NIST
+ Ab Inltio calculation inputs
* Support measurements of thermodynamic quantities (AH, Cp, etc.)
» Only & few labs in the world are doing it - Need sustained support
* National [ international strategy in experimental mapping of phase diagrams
* Expanded applications
* Pradiction of ather properties = interfacial anergy,
* Funding strategy / Voice to fundi ies &
» Coardinatad affort — industry invelvement (tasting, data, critical phases, ate.)
+» Data quality appraisal mechanism [ systam

]
man genome mapping
ehsite/database

= Thermodynamic calculation is performed daily
« Database & accuracy are key for big impacts
3G, Zhao  HIST Workshop ¢n Thammo & Diffusion Database. March 21-22, 2002

Acceleration — Thoughts for Discussion
Diffusion multiples

Diffusion Multiple Approach

INTOE NI

Mo Fe

Funded by AFOSR & GE
J-0 Zhan  NIST Workshop on Thermo & Diffusion Database, March 21-22, 2002

Acceleration — Thoughts for Discussion
Diffusion Multiple Approach

10 Phase diagrams from a single sample

Diffusion Multiple Approach for Efficient Mapping of Phase Diagrams I
Funded by GE

J-C. Zhao  MIST Workshop on Thenme & Diffusicn Database, March 21-22, 2002

Acceleration — Thoughts for Discussion

Phase Prediction Summary | Testing of thermodynamic database

Gamma Prime Predictions: TCP Predictions:
= Good agreement with measured = Hit and Miss
values: (Stdev = 25°C)
75 cases tested (51 GE + 24
litaratura)
et .
& Caen & Ehan A
o 10 & Dharwadhu ‘."
":-: : ;"ml- o I"f.
H
F3
o?: 120k o
i
PR 22
2 oo /"
L
- o W00 e o 1300 1400
Measured 7* Sobeus ("G}

Funded by DARPA & GE
J-C, Zhao  NIST Workehop on Thenmo & Diffusion Database. March 21-22, 2002

Acceleration — Thoughts for Discussion

ExamE!e: Nimonic 263 Testing of thermadynamic database

11 ———————————————S 1| (S
E Ni i 1 . Liparduf
F Nimonic 263 _ 1 o0 o sordal | Uit
1000 - 4 pog Y A
P . : 1 07 fec (7 \ 3
o S0 gl = = 0.6] Nimonic 263 Liquid,
-E E /“_ som 1 504 L
4 soof T MGy d o |
E E oo oo o 8 E W&o E
o0 o -start n-start é"l? -
enoEcumd v sl sl sl sl ol o =0 i MC I
10910110 10" 102 10* 104 105 10° 07 :

400 600 "800 1000 1200 14001600
Temperature, "C
Thermo-Calc™ + Ni-database
Nimonic 263: Ni-20Co-20 Cr-6Mo-2 Ti-0.5A1-0.6Fe-0.06C (w/o)

= Long-term stability data are extremely important I

Time, hrs

« Good agreement for v, 1, carbides; poor for |

S0, Zhae  MIST Workshop on Thermo & Delusion Dalabase, Masch 1.2, 2007 Funded by GE

Acceleration — Thoughts for Discussion

ExamE!e: Nimonic 263 Testing of thermadynamic database

TR S T e
E Nimonic 263, o ool [t
1000F A Rt feofy) 0% |
o F ¥+ MC . 551 \ I
@ 900k rm o X Nimonic 263 Licuicl
2 | e asa |
& 800 V' Mot By Bo. L
] o oo ooo o B |
" 200k
2o o o astart n-start -
&0 O T R PO s ST (LA Foi'e [
10910110 10" 102 10* 104 105 10° 07 B

40 1000 1200 14001600
Temperature, "C

Thermo-Calc™ + Ni-database

Nimonic 263: Ni-20Co-20 Cr-6Mo-2 Ti-0.5A1-0.6Fe-0.06C (w/o)

= Long-term stability data are extremely important I

Time, hrs

« Good agreement for v, 1, carbides; poor for |

S0, Zhae  MIST Workshop on Thermo & Delusion Dalabase, Masch 1.2, 2007 Funded by GE
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Acceleration — Thoughts for Discussion Acceleration — Thoughts for Discussion
Testing of thermodynamic database
Improvement Needs for Ni-data

Systems for Improving TCP Description  Diffusion multiples

Pure elemeant multiples to gat

Stability of TCP phases: critical data to resolve TCP
Good A Cos: aiibibagiary = Important for the long-term issues

stability of superalloys

prediction i . 4
= Very time-consuming to evaluate

: e
predlchur;é_

= in alloy development pragrams Multicompanant multiples to:
. g « Accurate prediction would +test the diffusion database
" ~7 TCP phases o o Sormposticns fo fast s
e . significantly shorten the alloy eompasiicng 1o jast the
- (o, n, P, Laves) s
s,

itation models
compositions io map new
alloy space

S development time P
— = " e
\ﬂ « Current database is not good
Ni - enough for reliable prediction
Ma, W, Re, Cr, Co.

- 16 critical ternary systems
« Many binary & multi ponent diffusion profiles
+ Nead thermodynamic and diffusivity assessments

= Lack of experimental phase diagram data is the major need in
improving the thermodynamic parameters of TCP phases
+ Diffusion multiple approach will accelerate phase diagram mapping

o Funded by DARPA & GE
funded by DARPA & GE 1 Zhao  NIST Workshop on Themo & Diffusion Databass. March 21-22, 2002

J- Zhan HIST Workshop on Thermo & Diffusion Database, March 21-22, 200

Additional points made by speaker:

Predictions of TCP phases for Ni-Base systems with currently available thermodynamic databases are
not very reliable [0 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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