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Origins of Calphad
The relations between the various thermodynamic functions and the equilibrium
phase diagram of a binary system had already been described in detail by van Laar
in 1908. Wagner also discussed a number of features of equilibrium diagrams and
their relation to Gibbs energy, enthalpy and entropy values in his book on
Thermodynamics of Alloys (1952). However, it was only with a slowly increasing
accumulation and accuracy of experimental thermodynamic data that more
attention was given to the definition of phase boundaries in an alloy system by use
of thermodynamic calculations.
J.J. van Laar, Z. phys. Chem., 63 (1908) 216; 64 (1908) 257
C. Wagner, Thermodynamics of Alloys, Addison-Wesley, Reading, MA, 1952

Origins of Calphad
In these earlier years of the subject, before the advent of the computer, or even the
desk calculator, binary phase diagrams were, of necessity, derived by constructing
common tangents to hand-calculated Gibbs energy curves, using a ruler.
Kubaschewski and Chart, from their background of experimental thermodynamic
measurements and data assessment, best summarized this approach to phase
diagram construction. However, such a procedure clearly cannot be applied to
systems of more than 2 components.
As the amount of published experimental thermodynamic data increased, more
research groups turned their attention to the definition of phase boundaries in an
alloy system by use of thermodynamic calculations.
O.Kubaschewski, T.G. Chart, J. Inst. Metals, 93 (1965) 329

Origins of Calphad
At the end of the 1960’s and in the early 1970’s a small group of international
scientists were working independently on the computer calculation of alloy phase
diagrams, using as basis the required consistency of experimental thermodynamic
and phase boundary data.
These were the very early days of the computer and these pre-Calphad scientists
were performing what are now considered to be very simple phase diagram
calculations by feeding computers, which occupied entire rooms of large buildings,
with punched cards and paper tape.
The early results of these first computer-calculated phase diagrams were reported,
in sessions devoted to this topic, at two meetings, the first in London, in 1971 and
the second in Münster, Germany, in 1972
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Formation of Calphad
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Following these two meetings in the UK and Germany, propelled by the
enthusiastic and inspiring leadership of Larry Kaufman, coupled with the equally
strong support of Himo Ansara, the groups involved with computer calculation of
phase diagrams received the following letter

First Calphad meeting
The first Calphad meeting was organized and hosted by Larry Kaufman at ManLabs
in Boston from 5th to 9th November, 1973.
The international attendees were accommodated in 3 double rooms ($29 per night)
and 1 single room ($20 per night) at the Fenway Cambridge Motor Hotel.
The scientists invited to attend were Himo Ansara and Claude Bernard (LTPCM,
ENSEEG, Grenoble, France), Oswald Kubaschewski and Ihsan Barin (RWTH, Aachen,
Germany), Philip Spencer and Jack Counsell (NPL, Teddington, UK), Mats Hillert and
Gernot Kirchner (KTH, Stockholm, Sweden).
Apart from Larry Kaufman, others attending from the USA were Harvey Nesor
(ManLabs), John Cahn (MIT), Dick Weiss (AMMRC), Claude Lupis (Carnegie Mellon
University).
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First Calphad meeting (continued)

The meeting was both stimulating and exhausting, with all sessions (8 a.m. to 7 p.m.)
taking place in a windowless room to promote concentrated discussion! Lunch bags
provided the only slight distraction from the continuous, animated scientific
exchanges.
As Ihsan Barin expressed it later – “it was a little like one might imagine a thieves’
kitchen to be, but in this case with calculated phase diagrams being pushed around
the table and three or four binaries being offered for one ternary”.

Recollections from Calphad 1 - Claude Bernard
The following observations were made by the two French participants after the first
Calphad meeting:
It is important to recall that Himo and Claude were for the first time in USA.
We come in Cambridge not for tourism, but we expect to see a little bit Cambridge and Boston.
In fact, the meeting was done in a little room without windows, and I suspect that Larry
wanted to make sure that the attention of the participants was perfect.
The meeting started very early in the morning and as we were in November, everything was dark.
As for the end of the daily sessions -that was after 19 hours- the dark was always there… but
in this latitude, we could easily imagine that in the meantime there had been light.

Recollections from Calphad 1 - Claude Bernard
As for the lunch, the first morning, we expected a short expedition in a neighboring
little restaurant. At ten in the morning, there was no hope anymore. A little “logo page” circulated
with a list of sandwiches and a list of juices and various waters and (of course) no beers. We could,
like that, organize our agapes.
Larry was a charming guy, but the job was the job. But, one evening, we were invited for a good
dinner at Larry’s house and we played table tennis with his sons.
Knowing that, you can just imagine Larry’s situation five month later in Grenoble for the second
CALPHAD meeting. Himo had organized lunches in a nice restaurant on the hill, just over the
campus: the travel and the lunch every day took around two hours…
But the more difficult for him was certainly Calphad IX in “La Sapinière” Quebec, where lunches and
dinners were exceptional, but too much, and at the first presentation in the afternoon, in very deep
armchairs, some participants, like my friend Jack, had problems to stay awake…

Recollections from Calphad 1 - Ihsan Barin
We (Barin, Knacke, Kubaschewski) published the results of our compilation of thermodynamic
data in 1970. During the final phase of completing this book, I noticed that JANAF had already
published a precursor of its comprehensive data book in the USA.
In any case, my activity in thermodynamics led me to the group of experts who deal with the
thermodynamics of inorganic material systems first in Great Britain and France.
After I came to a meeting in Boston in 1973 and was very impressed by the knowledge, drive
and collegiality of Larry Kaufman and other participants. The foundations of CALPHAD were
laid at this meeting. There, in addition to many lively discussions about binary and ternaries, I
can also remember an impressive lecture by J. Cahn. The table tennis game in Larry
Kaufman's house as well as the many professional and personal conversations with
Philip Spencer, Himo Ansara and others remain in my fond memories. CALPHAD has
significantly expanded my knowledge and my contacts with many professionals in several
countries.

Discussion topics at CALPHAD I
Pure elements: lattice stabilities; specific heat of the liquid phase
Binary systems: comparative test calculations for Cd-Sb, Cr-Fe, Ti-Ni, Bi-Sb and Cr-Co
Ternary systems: comparative test calculations of the Cd-Sb-Bi,

Al-Ni-Ti and Fe-Cr-V phase diagrams using binary data and different interaction models.

Substitutional and interstitial solutions: need for structure-dependent description of
interstitial positional entropy

Magnetic contributions: work of Prof. Miodownik
Notation: need to develop a universally acceptable use of symbols

Lattice stabilities (Larry Kaufman)
A major advance in the capability for wider use of thermodynamic phase diagram
calculation techniques was provided by Kaufman, who illustrated the importance
and use of the concept of “lattice stabilities” in calculating phase diagrams.
Lattice stability values – the differences in Gibbs energy between different stable
and metastable crystallographic structures of an element as a function of
temperature – allowed the equilibrium boundaries between the phases of a system
to be calculated more accurately.
Kaufman published an extensive set of data for the Gibbs energy differences
between the fcc, bcc and hcp structures of a large number of elements.
L. Kaufman, H. Bernstein, Computer Calculation of Phase Diagrams, Academic Press, New York, 1970.

Lattice stabilities (Larry Kaufman)

Enthalpy and entropy differences between the hcp
and bcc structures of the transition elements

Status of alloy phase diagram calculations in 1973:
Conclusions from the 1st CALPHAD meeting
§Pure Elements – It was suggested that periodic re-evaluation of the lattice stabilities of metals such as
Mn and Fe should be made. Further, attention should be given to the role of specific heat of the liquid
phase in defining the free energy differences between liquid and solid over a wide temperature range.
In particular, the linear term in the high temperature specific heat should be analyzed.
§Binary Systems – The phase diagrams of the Cd-Sb, Cr-Fe, Ti-Ni, Bi-Sb and Cr-Co systems were
calculated from given sets of thermodynamic properties of mixing by three independent centers using
either the equality of chemical potentials or the minimization of the free energy of the system. The
results showed that, at this stage, the calculated phase diagrams are in good agreement.
§Ternary Systems - the Cd-Sb-Bi, Al-Ni-Ti and Fe-Cr-V phase diagrams were calculated using binary
data and different interaction models. Results obtained for the Cd-Sb-Bi and Fe-Cr-V systems showed
surprisingly good agreement when using the Margules, Kohler and Toop equations. However, there
were differences between the phase diagram of the Al-Ni-Ti system as calculated using the Margules
equation on the one hand and the Kohler and Toop equations on the other.

Status of alloy phase diagram calculations in 1973:
Conclusions from the 1st CALPHAD meeting
§Analysis of interaction models - As indicated in Topic 3, different interaction models can lead to
significantly different results. For the cases considered, the Margules equation tends to lead to lower
thermodynamic properties of mixing than those obtained using the Kohler or Toop equations.
An extensive discussion led to the proposals that the excess free energy of an
interstitial solution be defined relative to an interstitial positional entropy which is dependent on
the structure.
§Magnetic contributions – magnetic contributions to the free energy of substitutional alloys were
considered. The work of Prof. Miodownik on this topic was discussed and it was proposed that he be
invited to contribute at the next CALPHAD meeting in Grenoble.
§Notation – A very wide range of thermochemical notations were in use by members of the Group.
This led to difficulties in understanding and applying specific models. It was suggested that an
attempt be made to develop a universally acceptable notation in which unnecessary symbols
would be avoided.
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Some early Calphadians
Since the early 1970s, the lively interactions between scientists participating in CALPHAD meetings
and contributing to the CALPHAD journal have been a major factor in the very rapid advances
taking place in the field of computational thermochemistry
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Publication of thermodynamic data
resulting from Calphad assessments
Many of the regular and subregular solution parameters parameters
resulting from Kaufman’s original assessments of a large number of
transition metal alloy systems were published in the Calphad journal.
This first appeared in 1977 and quickly became the major medium for
presentation of critical thermodynamic assessments of individual alloy
systems by the ever-increasing number of scientists involved in
computer modelling and calculation of phase diagrams.
The systems under investigation soon expanded from metallic alloys to
other materials and the FACT group in Montreal were at the forefront
in presenting results for oxides and salts. The modelling required for
their thermodynamic description became ever more sophisticated.

Computer storage of thermodynamic data
resulting from Calphad assessments
A French-funded project to develop a thermodynamic data bank for inorganic substances
had been on-going from 1969. The participants were NPL and AEA Harwell (UK), University
of Grenoble and IRSID (France) and RWTH Aachen (Germany). The group was joined by
KTH Stockholm (Sweden), becoming SGTE (Scientific Group Thermodata Europe), with
funding from the EU in 1979.
It is clear that members of SGTE were also committed “Calphadians” and the resulting
symbiosis contributed significantly to the subsequent development of many of the
computational thermochemistry software and data packages now available commercially.
The developers of FactSage, ThermoCalc, MTDATA, COACH & GEMINI, BINGSS, etc. are, or have
been, involved both in Calphad and SGTE activities.
The SGTE data for the elements, compiled by Alan Dinsdale, form an important basis for
nearly all Calphad-type assessments of alloy systems carried out worldwide.

Parameter optimization software
A significant advance in the thermodynamic assessment and calculation of alloy
phase diagrams was achieved when the previous “hand-calculation” procedure
used to achieve consistency between experimentally determined thermodynamic
and phase boundary values was superceded with the publication of the paper
Optimization of phase diagrams by a least squares method using simultaneously
different types of data [1].
The software described in this article was made freely available and in its original,
and later updated versions, has been responsible for assessment work on hundreds
and maybe thousands of systems.
Similar parameter optimization software was written later by Jansson [2].
1. H.-L. Lukas, E. Th. Henig, B. Zimmerman, Calphad 1 (1977) 225-236.
2. B. Jansson, Ph.D. Thesis, Div. Phys. Met., Royal Inst. Technology, Stockholm, Sweden, 1984.

Thermodynamic data provision and assessment
The thermodynamic data needed for phase diagram calculations and as input data in
parameter optimization software are often not directly available. This is in large part
due to the very regrettable decrease in the number of laboratories carrying out
thermodynamic measurements.
The possibility and desirability of using “first principle” methods to obtain missing data
for phase diagram calculations was recognized at an early stage of Calphad and among
the first theoretical physicists to take part in Calphad meetings were Pettifor, Haffner,
Sommer and Miedema. Many others have participated in Calphad later.
However, the situation concerning the provision of “unknown” values means that there
is a real and on-going danger of assessment work being carried out by talented scientists
with sound analytical skills, but an inadequate first-hand knowledge of the experimental
or theoretical difficulties associated with the use of the sophisticated software they are
using.

COST Action 507 (1990 – 1998):
Measurement and evaluation of thermochemical and thermophysical properties to provide a
database for the development of new light alloys
Co-ordination Groups:

A. Experimental thermodynamic investigations
B. Phase diagram evaluations and compilations
C. Thermodynamic assessments and calculations (critical thermodynamic evaluation of relevant binary,

ternary and higher-order alloy systems to produce a set of optimized coefficients for the light metal alloy database)

D. Measurement and compilation of thermophysical data

Signatory Countries providing government sponsorship:

Austria, Belgium, France, Finland, Germany, Greece, Italy, Netherlands, Norway, Portugal,
Spain, Sweden, Switzerland, United Kingdom
Participant: Baikov Institute of Metallurgy, Russia

Industrial Sponsors:
Finland: Outokumpu
France: Pechiney

Norway: Hydro Aluminium, ELKEM, Norsk Hydro
UK:
Alcan, AEA Technology, T & N Technology, Anglo Blackwells, Rolls Royce

COST Action 507 (1990 – 1998):
Key Systems and some applications

Al-Mg-Mn-Fe-Si

cans

Al-Mg-Si-Cu-(Fe)

extrusions, automobiles

Al-Zn-Cu-Mg-(Zr, Cr, RE)

aerospace, transport

Al-Li-Cu-Mg-Zr-(H)

airframes

Ti-Al-Mo-Zr-(Cu, B, C, N, O, Si)

gas turbines

Ti-Al-(V, Cr, Mn, Ni, Fe, Nb),(B, C, N, O, Si)

gas turbines

COST Action 507 (1990 – 1998):
Application of evaluated thermodynamic data for light metal alloy systems to casting and heat
treatment processes

Key system for investigations:
Al-Cu-Mg-Si (+Me)
Partners in measurement and evaluation work:
Inst. f. Anorganische Chemie, Univ. Vienna, Austria (activity & ph. diag.data)
Dept. of Met. and Materials, Univ. Leuven, Belgium (phase diagram studies)
MPI f. Metallforschung, Inst.f. Werkstoff., Stuttgart, Germany (calorimetry)
Lehrstuhl f. Theoret. Huettenkunde, RWTH Aachen, Germany (assessment)
MPI f. Metallforschung, PML, Stuttgart, Germany (assessment)
Centre de Thermochimie et Microcalorim., Marseille, France (calorimetry)
Universidade do Minho, Guimaraes, Portugal (activity data)

Publications illustrating the increasing use of Calphad methodology
Ringberg Workshop on Unary Data for Elements and Other End-members of
Solutions, CALPHAD 19 (1995) 433
The SGTE Casebook: Thermodynamics at Work, ed. K.Hack, Institute of Materials,
London, 1996.
Ringberg Workshop on Thermodynamic Modelling of Solutions and Alloys, CALPHAD
21 (1997) 155
Computer Simulations from Thermodynamic Data: Materials Production and
Development, ed. P.J.Spencer, MRS Bulletin 24 (1999) No.4
Ringberg Workshop on Applications of Computational Thermodynamics; Use of
Thermodynamic Software in Process Modelling and New Applications of
Thermodynamic Calculations, CALPHAD 24 (2000) 55
Ringberg Workshop on Thermodynamic Modelling and Applications,
Zeitschrift fűr Metallkunde 92 (2001) 513

Summary
Calphad can justifiably claim to be one of the major success stories in
the field of materials development over the last half-century. From a
previous “trial-and-error” approach to the design or improvement of a
process or alloy, the “Calphad method” is now widely and routinely
applied as an integral part of the development process. The savings in
time and costs to produce a material of the required composition and
phase constitution have been very significant.
It should be emphasized that the rapid advances made by Calphad
owe much to the scientific stimulation resulting from the close
collaboration maintained over many years by the relatively small (but
ever increasing) number of scientists participating in Calphad
meetings and using the “Calphad method”.

Closing comments
We know that advances in scientific research are made from the shoulders of those who have gone before.
Calphad can look back to the first meeting of just a handful of scientists in Cambridge, Massachusetts and be
proud of how far computer calculation of phase diagrams has come.
In the other upcoming talks and presentations at Calphad Global we will hear about the present exciting
developments that are taking the field further in the direction of materials development.
All of you listening today are involved in these current activities and, in your turn, are providing the shoulders
for others to use as the field advances and expands over the next 50 years.
Good luck with your work!
Thank you very much.

