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PREFACE

The conference on Industrial Use of Thermochemical Data,of which this book
is the proceedings, was organised with the purpose of bringing those wishing
to apply inorganic and metallurgical thermodynamics to practical problems
together with those whose aim is to provide the necessary information, both
reliably and in a convenient form. In 1971 when National Physical Laboratory
last organised a conference on a similar topic, the use of computers formed
only a small part of the conference subject matter. With this thought in
mind a stated aim of the conference organisers was to illustrate the in-
creasing potential of computer based methods. Accordingly there are papers
on their use ranging from assessment of raw experimental data, through cal-
culation of equilibria and phase diagrams to the modelling of complete

industrial processes.

The purpose of this book is essentially the same as that of the conference.

On the one hand it is to provide for technical management and development

staff a key to the sources of data and methods and examples of their use in
overcoming practical problems, demonstrated by the data needs for efficient

and safe use of nuclear power. On the other hand this book will help

students and researchers to appreciate industrial problems and the contribution
they can make to these problems. The book can also do what the conference
could not, provide a solid source of information with references to the
literature, hard copy and on-line data sources and organizations able to

undertake sponsored research.

The papers have been divided into four groups, each with at least one keynote

paper.

1. TFundamentals and databanking.
2. Chemistry and chemical vapour transport.
3. Phase diagrams and phase relationships.

4, Steel making, slags and ceramics.

The range of industries covered is very wide and the subject matter of the
book is highly interdisciplinary. Thus the book cannot be regarded as a
text book, covering all aspects of inorganic and metallurgical thermodynamics
and their applications. In order to increase its general utility a subject
index is provided. The reader should consult the notes at the head of the

index before using it.



The editor would like to thank all those who have contributed to the
conference and this volume: the authors, especially of the keynote papers,
the other conference organisers Mr R P Miller of NPL and Drs K J Matterson
and R Thompson of Borax Holdings Ltd., representing The Chemical Society,
colleagues at NPL, Dr T G Chart, Mrs F H Putland, Mrs J M Ellender,

Mr A T Dinsdale and Mr G O'Neill, and Mr A G Cubitt of The Chemical Society.

T.I. Barry

vi



CONTENTS

Fundamentals and Databanking

Fundamental Aspects of the Use of Thermodynamic Data
By M. Hillert

Meeting Industry's Real Needs for Accurate Thermo-
dynamic Properties
By E.F. Westrum, Jr.

Inorganic and Metallurgical Databanks: Their Aims
and Future
By T.I. Barry

Some Aspects of the Development of a Prototype Inter-
national Databank
By C.B. Alcock and E. Goetze

Calculation of Prodominance Area Diagrams and Their
Use in Extraction and Process Metallurgy
By I. Barin, R. Gallagher, and M. Lemperle

Influence of Temperature and Pressure on the Chemical
and Electrochemical Equilibria of the Iron-Oxygen
System

By M. Powrbaix

Use of Predominance Area Diagrams for Phase Stability

and Mass Transport in Complex Chemical Vapour Transvort

Systems
By B.I. Noldng and M.W. Richardson

Critical Evaluation of Thermochemical Data on Gaseous
Oxides
By E.M. Marshall and J.B. Pedley

Chemistry and Chemical Vapour Transport

The Use of Thermodynamic Data in the Development and
Design of Inorganic Chemical Processes
By S.P.S. Andrew

vii

15

26

37

44

55

75

83

91



The Production of Fluorocarbons by High Temperature
Processes
By M.H. Rand

Thermochemistry of the Desulphurisation of Industrial
Flue Gases
By D.R. Glasson and P. '0'Nezll

The Evaluation of Thermal Data for Compounds Used in
Metal Halide Lamps
By D.E. Work

Calculations of the Distribution and Diffusion of
Chemical Species in a High Pressure Discharge
By D.A.J. Mottram

Changes in Chemical Constitution during Irradiation of
Nuclear Fuels in Fast Breeder Reactors
By P.E. Potter and M.H. Rand

Some Gaseous Transport Reactions within Oxide Fuel Pins
of Fast Breeder Nuclear Reactors
By J. Edwards and P.E. Potter

Thermodynamic and Experimental Feasibility of Decontam-
inating Thorium-Uranium Fuels by a Volatilization
Technique

By 0.N. Carleon, P. Chiotti, and L. Shiers

The Use of Thermodynamics in the Design of Hydrometal-
lurgical Processes
By A.R. Burkin

The Need for High Temperature Themodynamic Data on
Aqueous Systems
By D.J. Turner

Phase Diagrams and Phase Relationships

Utilization of Data Bases and Computer Techniques for
Solving Metallurgical Problems
By L. Kaufiman

The NPL ALLOYDATA Bank: Its Use in the Calculation of
Phase Diagrams for Superalloy Development
By T.G. Chart, A.T. Dinsdale, and F.H. Putland

viii

105

118

139

149

160

169

180

215

235



Thermodynamic Calculations in the C-Cr-Fe-Ni System
By I. Ansara and M.H. Rand

Thermodynamic Modelling of Alloy Phases and the
Calculation of Phase Diagrams
By Y.A. Chang

The Use of AGm/Conc. Diagrams for the Prediction of
Surface Reaction Products in Solid-Liquid and Solid-
Vapour Metallic Systems

By J. Mackowiak

The Application of Thermochemical Data to the Production

of Tungsten, Tungsten Carbide, and Tungsten-Copper
Powders
By F.R. Sale

Thermodynamic Considerations of the Production of
Cobalt/Tungsten Carbide Mixture by Direct Gas Phase
Réduction/Carburisation Reactions

By T.D. Halliday, F.H. Hayes, and F.R. Sale

Thermodynamic Influence of the Non-stoichiometry of
Titanium Carbide on its Chemical Vapor Deposition
Domain

By F. Teyssandier, M. Ducarrior, and C. Bernard

Thermodynamics of Precipitation of Carbides and Nitrides

in High Strength Low Alloy Steels
By M. Hoch and Y.S. Chen

Theoretical Investigation of Equilibrium Nitride
Forming Reactions in Liquid Iron Alloys with Special
Emphasis on Method of Calculation

By R. Franz-Stern, I. Stern, and G. Bogdanid

Steelmaking, Slags, and Ceramics

A Thermodynamic Approach to the Utilisation of Slags
and Ceramics
By P. Grieveson

Development of Thermal Deburring
By C.F. Knights and R. Perkins

ix

246

258

267

280

291

301

312

325

330

358



Thermal Effect of Solid Alloying Additions to Liquid
Steel
By M. Olette and J.M. Steiler

Vapours in Equilibrium with Glass Melts
By B.B. Argent, K. Jones and B.J. Kirkbride

Thermal Balance of the Blast Furnace Operation
By J.M. Steiler and R. Capelani

Blast Furnace Model Development and Application in the
British Steel Corporation
By J. Kyle

Conference Résumé
By E.F. Westrum, Jr.

Subject Index

368

379

391

403

416

421



Fundamental aspects of the use of thermodynamic data

Mats Hillert
Div. of physical metallurgy
Royal Inst. Technology
100 44 Stockholm, Sweden

Abstract

The fundamental basis which is needed for the calculation of equilibrium
is very limited and the difficulties encountered by students and engineers are
largely of mathematical nature. Due to the high calculating capacity of a com-
puter, it should be possible to construct a computer program based on simple
thermodynamic principles and not using various tricks and mathematical opera-
tions in order to handle different kinds of equilibria. A method is suggested
by which such a computer program may be constructed. |t seems to be capable of
calculating the equilibrium under many different circumstances. In the future
there will probably be programs available which are so general that the user

only needs a basic knowledge of thermodynamics.

Introduction

When considering what fundamentals are required in order to use thermo-
dynamic data for practical purposes it may be helpful to consider thermodyna-
mics as a game and to consider the question how one can learn to play that game
well. For inspiration we may first look at another game, the game of chess. The
rules are very simple to learn but it was always very difficult to become a
good player. This situation has now changed due to the application of computers.
Today there are programs for playing chess which allow any beginner to beat al-
most any expert. It seems reasonable to expect that it should be possible also
to write programs for playing thermodynamics, programs which should be almost
as good as the very best thermodynamics expert.

In order to teach a computer to play chess one must instruct the compu-
ter about the rules and teach the computer some strategy. |f the strategy is
primitive, it may also be necessary to teach the computer a number of tricks to
be used in special situations, in particular during the opening part of the
game. However, the better the strategy, the less tricks are required. In the
game of thermodynamics, the question is whether such a good strategy could be
found that no tricks would be required. In order to find such a strategy it is
necessary to go back to the fundamentals of thermodynamics and to find a way to
instruct the computer about them, such that the same instruction can be used
by the computer in various kinds of situation

In order to simplify the discussion, we shall only consider the calcula-
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tion of equilibria under constant temperature and pressure. In principle, the
problem is then to find the minimum of Gibbs energy of the system under consi-
deration. This can be done directly with a computer using a so-called hill-
climbing technique. However, it requires special tricks in many cases. For
example, if one wants to calculate an equilibrium under a constant value for
the chemical potential of one component, one can use the trick of introducing
an artificial phase which consists of that component alone and has the pre-
scribed chemical potential. A more complicated example is the case where one
likes to calculate the equilibrium between some prescribed phases without pre-
scribing anything about the content of the system.

A second type of strategy makes use of equilbrium conditions expressed
in terms of chemical potentials. The resulting system of equations is solved
either directly or after an initial elimination of the chemical potentials.

In the former case the main drawback is that there will be a very large
number or equations which must be solved simultaneously when the system con-
tains many phases and many components. In the latter case, the new system of
equations takes different forms for different cases and it may not be possible
to find a general strategy.

The various methods which have been suggested were recently reviewed by
van Zeggeren and Storey (1). Since then Ericsson (2,3) has suggested a new
method based upon the equilibrium conditions and using an initial elimination
of the composition variables. The remaining system of equations only contains
one equation for each phase and one equation for each component in the system.
That method seems tohave some advantages and will be further developed in this

paper. The new development was recently outlined (4) and will now be given in
more detail.

Analytical derivation of the equilibrium conditions

In order to define the state of a system one needs several properties.
Some of the most important ones are the pressure P, volume V, absolute tempera-
ture T, entropy S and internal energy U. In addition, it is useful to define
the following related quantities

Enthalpy H=U+PV (1)
Helmholtz energy F = U - TS (2)
Gibbs energy G=U+PV-TS (3)

From the second law of thermodynamics it is known that

ds 2 do/T (&)
where dS is the change in entropy of a system at temperature T when it re-
ceives the heat dQ from the surroundings. The equality holds for a reversible
change and the inequality for a so-called natural reaction. If the system is
under pressure P, there may be an accompanying change of volume dV and the

amount of work performed by the system is then PdV. According to the first law,
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du + PdV - TdS < 0 (5)
For a system at rest in a state of equilibrium there can be no natural reaction

and we thus find

du = -PdV + TdS (6)
The following relation thus holds at equilibrium

dG = d(U + PV - TS) = vdP - SdT (7)
We can thus find the equilibrium state from the condition

dG =0 (8)

provided that pressure and temperature are kept constant. The present treatment
will be limited to that case.

P and T are intensive properties and V and S are extensive properties, It
follows from the relations already given that U, H, F and G are also extensive
properties. The value of G for a poly-phase system is thus equal to the sum
over all the phases

G =26 (9)
i
By the same reason, the Gibbs energy of a phase is proportional to the number

of moles in the phase, n%. By introducing the molar Gibbs energy of the phase,

(¢} .
Gm, we can write

a _ a0
G =nG (10)

It is also evident that G* varies with the amount n® as well as with P and T.

Eq. 7 should thus be modified as follows,

o _ 36 g™ ac® a
dG = (3F~)T,na dP + (3T_ P’ dT + (;:E)P,Tdn (11)
3G Y
where (-ST')T’“(! =V (]2)
3G _ el
(ETF—)P,na = =S (13)
Gy = (14)

ana P,T m

For a multicomponent phase, the Gibbs energy should vary with the amount of each

component and we can write

d6® = v¥dp - s%dT + £6%dn® (15)
s J 0 J
J

where G? is the partial Gibbs energy for component j
o

o 3G

G, = (7 16

j (anj)P,T,nk (16)

The subscript n, indicates that the amounts of all the other components are
kept constant. Let us now consider a poly-phase equilibrium state in a system
with a given amount of several components, A etc. The distribution of the
components on the various phases is unknown but for the total amount of each

component we have
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Zn; - (17)

We would now like to find the state of equilibrium under constant P and T and
should thus calculate the minimum of G. In view of the side conditions given
by eq. 17 for each component the minimum can be found by the use of the Lag-
range multipliers, one for each side condition. By denoting them as up etc we
formulate the function

L=26" 4+ Zu (n, - Zn}) (18)

i g g

and calculate the minimum of this new function. The following kind of equations

are obtained:

a

AL _ 3™ _ ~

2;73 = ;;75 N =0 (19)
A "a

The partial derivatives are taken with all the other variables constant. All
the n} and uj can be calculated by solving the system of equations formed by
eqs. 17 and 19, altogether c + cp equations if c denotes the number of compo-
nents and p the number of phases.

It is evident from eq. 19 that the partial Gibbs energy of a component
must have the same value in all the phases at equilibrium. That value is de-
noted by H, ete and is usually called the chemical potential of the component.

The fact that the partial Gibbs energy must have the same value in all
the phases isoften applied directly when calculating phase equilibria. That
procedure is identical to eliminating the multipliers from eq. 19 as the first

step in the calculation

o _ B _ ___

6o =G =

o _ B _ ___

GB = GB = (20)

A system of equations is thus obtained, which can be used to calculate all the
n;. After the equilibrium state has thus been calculated, it is possible to
calculate the chemical potentials of all the elements present in the system
by inserting the n} values in some of the expressions for G}.

This procedure cannot always be used. A complication arises as soon as
there is some restriction to the variation in composition of a phase, which
may occur for instance if the atomic sites in the phase belong to different
sublattices. It is then impossible to express dz analytically using the deri-
vative of & with respect to n® because all the other n? cannot be kept con-

A
stant.
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The use of mole fractions

In order to derive the equilibrium conditions in a more general way, one

can introduce the mole fractions to describe the composition of a phase,
o s, O o, o
Xy = nA/);nJ. = nA/n (21)

For each phase we now have a new side condition,

):x‘J?‘ =1 (22)
J
The previous side condition for each phase, eq. 17, is now written as
ii
In x, = ny (23)

i

A new set of multipliers, one for each phase, )\a, must be introduced due
to eq. 22 and one can calculate the equilibrium state by finding the minimum
for the following function, which makes use of the molar Gibbs energy from eq.
10,

L=2n'G +Zu(n, - zn'x)) + 2l (2xt - 1) (28)
i m j J ) i J i :J
d
By putting the partial derivatives equal to zero we now obtain two types of
equations,
oL o o
—— =G_ - Iu.x. =0 (25)
an* ™ oy
o
3G
I (26)
ax axe
A A
Eq. 25 is usually written as
o o
G = IX.u.
m = 2% (27)
J
or ¢* = Zn?u. (28)
PR
J
By differentiating eq. 28 we obtain
d6® = zn%dy. + Iu.dn® (29)
) ) PR
J J
Comparison with eqs. 15 and 19 yields the Gibbs-Duhem relation
£n%du, - v¥P + s%dT = 0 (30)
jJ J

This is a useful relation between the variations in the intensive properties, P,
Ts “A etc. In a phase with c components their number is c + 2 but due to the
relation only ¢ + 2 - 1 of them may be regarded as independent. In a system
with p phases, there will be p equations like eq. 30 and the number of inde-
pendent intensive properties in such a system is thus given by

f=c+2-p (31)
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This is Gibbs phase rule and f is regarded as the number of degrees of freedom.
In many cases, the state of a system is defined by fixing some extensive pro-
perty. Gibbs phase rule can be derived for such a case as well but should then
be used with care.

The new multiplier in eq. 26, 2%, can be identified using the well-known

computational rule for the partial Gibbs energy of a solution phase

=% = g%l EEE 4 EE; (32)
Ha = 8a T By T2 Sl
J j A
We obtain
A%/n® = @ - ol BG: (33)
n” =G .xj = 33
j ij

However, it should be emphasized that the equilibrium state can be calculated
by first eliminating all the multipliers and it is not necessary to concern
oneself with their interpretation. In particular, it is possible to eliminate
e by taking the difference between eq. 26 applied to two components in the

same phase and one thus obtains a relation which is sometimes useful:

aci acﬁ
My = vy = - B (34)
*n 9%

The advantage of eqs. 25 and 26 as compared to eq, 19 is that a stoichio-
metric phase can be handled without changing the strategy. Eq. 26 will simply
be left out for such aphase but eq. 25 applies, In order to handle a phase with
some variable compositions but also some restrictions, the method outlined in

the next section can be used.

Phases with sublattices

For a particular phase or problem it may be convenient to introduce new
types of mole fractions. A particularly useful method is to introduce the
occupancy on lattice sites, y:s. For each kind of site there is a condition
;y?s =1 (35)

J
and there will be a corresponding multiplier, 2*%. These sites form a sublattice
and there will be a multiplier for each sublattice. It must be noticed that the
fraction of vacant sites ysz must be included in the summation. Our first side
condition, eq. 17, is now written as

?nifais y;s =n, (36)
where ais is the number of lattice sites of type s per one formula unit of the

phase i and n' is the amount of the phase measured as the number of formula
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units. The minimum should now be calculated for the following function,
L=2n'G +Zu(n, - 2Zn' 3a'% . yi®) + 202 5(5yi® - 1)
i ™oy s J is 5!
(37)
Grin is the value for one mole of formula units of the phase. The following equa-

tions are now obtained

§5a= G - Zuza™yl® = 0 (38)
on j Js J
o
oG
oL _ a® M u n%a®s 4 3OS _ 0 (39)
os as A
ay N

Eq. 38 is identical to our previous eq. 25. However, it should again be empha-
sized that the individual chemical potentials cannot always be uniquely defined
for a phase with sublattices if it is not in equilibrium with some other phase.

Eq. 32 takes the following form when there are sublattices:

_ a0
al - Up + a2 He + ... = GA c
al”a2..
0 o o
oG 3G 3G
- ny®® D M T, (40)
L N 3 al 3 a2
J Y Ya Y
G(:\ c may be regarded as the chemical potential for the compound A ]C IREE
al“a2... o

As a simplification we have here written aal as al etc. It is thus impossible
to use any one of the eqs. 39 in order to identify the A multipliers. However,

by adding such equations, one for each sublattice in the phase, one obtains

fim o, 2,
)SZA /n=al'uA—3a]+a2-uc-3—ﬁ+... (41)
Ya Ye
By using eq. 40 we thus find
as, o o as BG(:]
I/t = 6 - Iny, (42)
m hi as
s sj ayJ.

It may again be emphasized that the multipliers may be eliminated as the first
step in the calculation of an equilibrium. As a consequence, it is not essen-

tial to concern oneself with their interpretation. In particular the 225 multi-
plier for any sublattice can be eliminated by taking the difference between the

equations obtained by applying eq. 39 to two elements in that sublattice:

y st o
g~ ug) = —r - — (43)
Y VB

The quantity Hp = Hg may for instance be cf practical value for the construc-



