
7.6 Thermodynamics and Kinetics of

Gas-Metal Systems

The theoretical treatment of gas-metal systems can become very involved
because of the large number of variables which may have to be considered
simultaneously. These can arise not only from the nature of the atmos-
pheres, temperature (or temperature gradient across the interaction surface
layers) and partial pressures of active gases, but also from the composition
of the metal in terms of its purity, alloying elements and surface treatment,
stresses, vibration, irradiation etc. Fortunately, some of these factors have
very little influence on the equilibria, and need to be considered in specific
cases only. Any full theoretical treatment of these systems invariably must
involve both the disciplines of thermodynamics and kinetics. In real systems
these two can be directly interconnectedl when dealing with gas-metal sur-
face reactions which result in the formation of two or more surface phase
layers. Thus, at the same temperature for a given gas-metal system one can
observe drastically different rates of interaction (linear, parabolic or any
other rate) when the gaseous composition of the atmosphere is altered and
the relative partial pressures of the gaseous components are different. This
drastic effect on the kinetics may result from the formation of different
surface-phase layers which, in turn, may be protective or non-protective.
Ideally, one would like to be able to predict theoretically the composition
and the physical properties of any surface layer which could be formed in
a given gas-metal system as a function of temperature and the partial
pressures of the active gases.

A brief literature survey shows that over the years it has been found that
the simplest and most convenient way of predicting the composition of the
reaction products in these systems may be achieved by means of graphical
thermodynamics. This, at a glance, gives a wealth of information which nor-
mally would require extensive calculation or pages of tables. Therefore, in
this section it is intended to show the construction and use of the three main
types of diagrams which have evolved over the years, namely (1) Ellingham-
type diagrams, (2) Pourbaix and subsequent thermodynamic phase stability
diagrams, and (3) integral free energy of mixing versus concentration
diagrams.

Each of these diagrams can be used with advantage for solving specific
types of problems but it is only with experience that one is able to judge



which of these three types of diagram leads to the most direct solution of a
problem.

The Ellingham - AG0/T or AJA/T- diagrams show better than the other
two types of diagrams the preference for a reaction between a large number
of different metals reacting with a particular gas (e.g. O2, CO, CO2, H2,
NH3, Cl2, HCl, H2S etc.) as a function of temperature. Just by looking at
the relative position of the relevant lines it is possible to assess which metal
will preferentially react with a given gas and how this preference with respect
to the other metals may be affected by changes in the temperature and the
composition and pressure of the atmosphere.

The thermodynamic phase stability diagrams appear to be preferred by
corrosion scientists and technologists for the evaluation of gas-metal
systems where the chemical composition of the gaseous phase consisting of
a single gas or mixture of gases has a critical influence on the formation of
surface reaction products which, in turn, may either stifle or accelerate the
rate of corrosion. Also, they are used to analyse or predict the reason for the
sequence of formation of the phases in a multi-layered surface reaction pro-
duct on a metal or alloy.

The integral free energy-concentration diagrams have proved essential for
the assessment of systems that are sensitive to stress and/or small changes
in chemical potentials of the gaseous phase, prediction of the composition
of non-stoichiometric compounds and the possibility of a composition dif-
ferent to that of the phase shown by the equilibrium phase diagram when
growing as a surface layer. In these particular problems this graphical
method has proved to be superior to the preceding methods as it is based on
the simultaneous fulfilment of two conditions - the lowest free energy
change and a common chemical potential of a given component in all the
phases in contact with each other.

Free Energy - Temperature Diagrams (Ellingham
Diagrams)

The thermodynamic functions which are required to be manipulated for
studying high-temperature equilibria are relatively few in number and the
mathematical equations involved can be reduced to about six. The fact that
consideration will be given here only to high-temperature processes also
leads to a considerable simplification of the algebra. For example, the stan-
dard free-energy change when an ordered compound MX is formed between
metal M and non-metal X is given at temperature T by the equation

AG? = Aff? + J^ AC/7 dr- T^ACpdtnT

where AH$ is the heat of the reaction at the absolute zero and AQ? is the
difference in heat capacities between reactants and products. Above 298 K
a good approximation for the above equation is

AG? = A//f98 - TASf98

where A//f98 and ASf98 are the standard heat and entropy change in the
reaction at 298 K. Thus the free-energy change is a simple linear function of



temperature and diagrams can be constructed which show this relationship
when compounds are formed between say, metals and oxygen2 (Fig. 7.55)*.
These AG/ T relationships are straight lines having changes in slope at tem-
peratures where either the metal or oxide melts, boils or undergoes a crystal-
lographic transformation. These changes in slope can be taken into account
by adding or subtracting, depending on whether the metal or the metal oxide
is involved, the free-energy change for a phase change. Thus for a transfor-
mation t9 the following correction is required:

AG, = AH1- TAS,

-«>•-¥

where T1 is the transformation temperature.
The standard free-energy change for a reaction M + X -»MX is also

related to the equilibrium constant for the corresponding reaction

AT = -̂ - (7.11)
#M #x

by the equation

-AG6 = RTInK= \9-\5T\ogK (7.12)

Substituting for K in equation 7.12 from equation 7.11

-AG6 = RTtnaMX - RT(naM - RTtnax

which can be written as

-AG6 = AfiMX - AfiM - Afix

where A/*, = RTfnaf is the chemical potential of /'.
Thus, as a simple example, when a pure metal Mis in contact with the pure

metal compound MX9 then aMX = aM = 1 and

-AG6 = -Ajix

Furthermore, if an alloy of M is in contact with pure MX,

-AG6= -A^M-Vx

and finally when pure M is in contact with a solid or liquid solution con-
taining MX

-AG6 = A/iMX - AfJix

A chemical reaction can occur only if -AG > O, i.e. if -AG is positive;
in addition the value a = 1 is by definition the maximum activity for a
condensed component where the pure phase is taken as standard state, thus
AfJ, is always negative. This discussion will be restricted to gases where/? ^ 1;
taking p = 1 atm (101-325 kN/m2) as the standard state for the gas, X9 it is
evident that A/*x is always a negative quantity or zero.

* In this section there are a number of AGe — T diagrams in which ACe is expressed in the
original unit of kilocatories, rather than in the SI units of joules. This has been done in order
to avoid the difficult redrawing and recalculating of the diagrams involved.
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Fig. 7.55 Free energy of formation of oxides (after Richardson and Jeffes2)

KEY ® ± 1 kcal M, M : melting point, metal, oxide, resp.
(5) suggested ±3 kcal B, B : boiling point, metal, oxide, resp.
© accuracies ± 10 kcal S, S : sublimation point, metal, oxide, resp.
(9 J ± > 10 kcal T, T : transition point, metal, oxide, resp.

Note: 1 kcal «4.2 kJ

The pressure of oxygen developed by an intimate mixture of a pure metal
and its oxide is conventionally referred to as the dissociation pressure (p02)
and it can be seen that at a given temperature T

-AG? = -A^02 = -19-157-1OgPo2
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Thus the sequence of the free-energy lines in the diagram for a series of
metal oxides shows those with the highest dissociation pressures at the top
(smallest negative values of A/*02) and those with the lowest dissociation
pressures at the bottom, i.e. in the sequence of their stabilities. Clearly if a
pure metal is exposed to an oxygen-bearing atmosphere where the pressure
of oxygen is greater than the dissociation pressure of the oxide at the
operating temperature, the metal oxide will be formed; if the gas contains

H2S/H2 RATIO -|1°4

Ps2,atm

Fig. 7.56 Free energy of formation of sulphides (after Richardson and Jeffes3)

KEY @ ± 1 kcal M, M : melting point, metal, sulphide, resp.

® suggested ±3 kcal B, 13 : boiling point, metal, sulphide, resp.

© accuracies ± 10 kcal S, S : sublimation point, metal, sulphide, resp.

© ± > 10 kcal T, T : transition point, metal, sulphide, resp.
Note: 1 kcal «4.2 kJ
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Fig. 7.57 Free energy of formation of carbides (after Richardson and Jeffes4)

KEY ®\ ± 1 kcal
(D suggested ±3 kcal M' H : melting P°int» element, carbide, resp.

© accuracies ± 10 kcal T, [T| : transition point, element, carbide, resp.
(Qt J ± > 10 kcal B, boiling point, element.

Note: 1 kcal «4.2 kJ

a lower oxygen pressure than the dissociation pressure, the oxide cannot be
formed as a pure phase. It also follows from the equations given above that
an alloy of a metal will require a higher oxygen pressure to form the pure
oxide, and conversely a pure metal can form an oxide solid solution or liquid
slag at a lower pressure than that required for pure oxide formation.
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Similar free-energy diagrams, which can be interpreted in exactly the same
way, have been constructed for sulphides3, carbides4 and nitrides5 (Figs.
7.56 to 7.58).

It is unnecessary to go to the lengths of calculating the oxygen or sulphur
potentials of gas phases in order to use these diagrams in certain simple cases.
Consider the oxidation of a metal by a hydrogen/water-vapour atmosphere.

The reaction involved here is

M + H2O -> MO + H2

Therefore

-AG9 = (A/xMO - AMM) - RTln/7H20/pH2
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Fig. 7.58 Free energy of formation of nitrides (after Pearson and Ende5)

KEY (B) ^ ± 3 kcal M : melting point, element.
© suggeste ± 1Q kcal T JYJ . transitjon point> element, nitride, resp.
© accuracies ± > 1Q Rcal boiling point, element.

Note: 1 kcal «4.2 RJ



Thus when the oxidation of pure metal to pure oxide is being considered

-AG9 = -RTtnpH20/pU2 = -A/xH2o + ^u2

and the oxygen dissociation pressure of the metal/metal oxide is the same as
that of the hydrogen/water-vapour mixture. It is thus a practical advantage
to have a scale around the edge of the diagram showing values of A/x02
(oxygen potential) for various ratios of pH20/pH2.

For a mixture of hydrogen and steam at equal partial pressures, the oxygen
potential will be equal to the standard free energy of formation of water
vapour from hydrogen and oxygen at all temperatures. Therefore, the extra-
polation of the standard free-energy line for the system 2H2 + O2 -» 2H2O
intersects the H2XH2O scale at the right-hand side of the diagram at the
ratio 1/1. The point marked H on the left-hand side of the diagrams (Figs.
7.55 and 7.56) is the extrapolation of the same line to the absolute zero,
and is thus equal to the standard heat of formation of water vapour from
hydrogen and oxygen at 298 K.

When the hydrogen/water vapour ratio is 100/1, the point on the
H2/H2O ratio scale representing this ratio is obtained by subtracting the
chemical potential for a product molecule (i.e. H2O in the reaction
H2 + T O2 -> H2O) at an activity of 1/100 from the standard free-energy
line and extrapolating the resulting line to meet the scale at the point marked
4IO2/!'. It should be observed that the value of the chemical potential for
any substance at an activity of 0-01 is the same as that for oxygen at a
pressure of 10 ~2 atm, and hence can be obtained from the diagram by using
the oxygen potential scale.

From these examples the construction of this scale is apparent, and, as a
corollary, it should be noted that the oxygen potentials of CO/CO2 mix-
tures can be obtained by joining the point marked C on the left-hand side
of the diagram, at the absolute zero of temperature, with the appropriate
CO/CO2 ratios marked on the scale at the right-hand side of the diagram.

A similar scale for pn2s/PH2> is attached to the sulphur diagram, and one
for pCH/Pn2

 to t*16 carb°n diagram, etc.
As examples, it can be seen from Fig. 7.55, by projecting the line which

connects O and the MnO curve at 1 00O0C to the p02 scale, that the dis-
sociation pressure of manganese oxide (MnO) in contact with pure man-
ganese is 10~24atm pressure of oxygen at a temperature of 100O0C.
Similarly, it can be shown from the diagram that MnO is reduced to pure
manganese in an atmosphere consisting of hydrogen and steam in the pro-
portions 104:1 above 100O0C, and in an atmosphere of carbon monox-
ide/carbon dioxide in proportions 105:1 above 1 00O0C.

Referring to Fig. 7.56 it can be shown that the dissociation sulphur
pressure, as S2 molecules, of a mixture of copper and copper sulphide is
10~8atm at about 90O0C, and sulphide is formed on copper in an atmos-
phere of H2/H2S in the proportions 103:1 at all temperatures below 72O0C.

Figure 7.59 shows the standard free energies of formation of metal
chlorides as a function of temperature6.



Temperature (0C)

Fig. 7.59 Standard free energies of formation of metal chlorides as a function of temperature
(after Villa6). Note: 1 kcal * 4 -2kJ

Dilute Metallic Solutions

The metallurgist is concerned with the formation of homogeneous solutions
of small amounts of impurities in metals as well as with the formation of
compounds. The limit of solubility of impurities is frequently very small, less
than one atomic per cent in concentration, and in these dilute solutions
Henry's law is applicable, i.e. the activity of a dilute solute is proportional
to the concentration of solute in the solution. Consider a dilute solution of
an element A which has a high vapour pressure in the pure state at the tem-
perature T, the vapour being monatomic, in solution in element B which has
an immeasurably low vapour pressure at the same temperature. Then if the
pressure of A could be measured unambiguously for a range of dilute solu-
tions it would be found that

p^ = kx^ = k'(A)* (7.13)

"The value of k' obviously depends on whether atomic or weight per cent is used for expressing
the concentration of A.

Changes of state:
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Sublimation point
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where X^ is the mole fraction of A in solution and (A) is the atomic, or
alternatively the weight per cent of A in solution. If the vapour species of
A were di-atomic instead of monatomic, then

P*2 = kx2
A = k'(A)2 (7.14)

which is Sievert's law for the solution of diatomic gases in metals. Similarly
for a triatomic gas, e.g. SO2

Ao2 = **s*o = *' (SXO)2 (7 • * 5>
In such a binary solution, the chemical potential of the solute A/xA and

that of the solvent A/*B are related to the integral free energy of formation
of the solution, AG5, per mole, containing a mole fraction JCA of compo-
nent A9 and *B for component B9 by the expression

AGS = *AA/*A + xBA/*B

Corresponding to the integral heat and entropy of formation of the solution
are the partial molar heats A//, and entropies AS7 of solution of the com-
ponents where

AfJi1 = AHi - TASt

AHS = *AA//A -I- xBAHE

ASS = *AASA + X8AS8

From the algebraic form of these equations it can be seen that the partial
and integral values of a thermodynamic function for a solution are inter-
related simply. Figure 7.60 shows the integral value of a function AZ for a
binary solution, as a function of XB. At any given mole fraction of each
component, the relevant values of the partial properties can be obtained
by drawing a tangent to the integral curve at the given composition of the
solution; AZA and AZ8 are the intercepts of this tangent with the ,4-rich and
B-rich sides respectively. It also follows that AZA is the change in the value
of the function Z for the component A when 1 mol of A is transferred from
the standard state, usually the pure substance, to an infinite volume of the
solution of the given concentration, so that the concentration of each species
in the solution remains unchanged during the operation.

MOLE FRACTION OF B

Fig. 7.60 Relationship between partial and integral properties



In the dilute range of concentration the partial heat of solution, AJT4,
of A would be constant and the partial entropy of solution would be given
by

A5A = tf-/?ln*A (7.16)

where a is a constant, and the standard state for A is pure A.
At higher concentrations, Henry's law no longer applies and activities

must be substituted for the concentration terms. This statement implies that
in the region of solution where Henry's law is valid, the activity coefficient
y of A9 defined by

*A = TA*A = TA(^)

is constant. Further, if we choose pure A as the standard state for A then
7A has a constant value whose magnitude depends on the chemical identity
of A9 whereas if the standard state is the infinitely dilute solution of A then
7A has the constant value of unity in the Henry's law region. The equili-
brium constant for, say, a dilute solution of sulphur in iron in equilibrium
with an H2XH2S atmosphere can be simply expressed7 as

K= (/7H2//7H2S) x (%S)Fe

when an infinitely dilute solution of sulphur in iron is taken as the standard
state.

Solutions in Solid Iron

The dilute solutions of elements in solid iron are, at present, the only system
for which the thermodynamics has been reasonably well worked out experi-
mentally. The remainder of this section will therefore be devoted to the
diagrammatic representation of data for these systems which have been
evolved by Richardson4.

The heat and entropy of solution of a dilute constituent remain constant
when the infinitely dilute solution is taken as the standard state, provided
that the solute obeys Henry's law and that no crystallographic change or
change of state of the solvent occurs in the temperature range under con-
sideration8. Thus within a given range of temperature in which the solvent
remains unchanged, the partial free energy of solution of the solute may be
represented on a free-energy/temperature diagram by a straight line. The
intercept of this line with the free-energy ordinate at the absolute zero equals
the heat of solution, and the slope gives the partial entropy of solution.
However, when the stability of a dilute solution of a substance in iron is
being compared with the stabilities of compounds, it is preferable to use the
pure substance as standard state, in which case the slope of the free-energy
line for the dilute solution of given concentration is given by equation 7.16.
At the temperature at which the solvent undergoes a change in crystal struc-
ture there will be a discontinuous break in the line and, in the new structure,
the free-energy line will have a different intercept at the absolute zero, indi-
cating a change in the heat of solution, and a different slope which indicates
a change in the constant a in equation 7.16 for the partial entropy of
solution.



Fig. 7.61 Carbon potentials in iron (after Richardson and Jeffes4). Suggested accuracy of all
lines ± 1 kcal

By making use of experimental data for solutions of carbon in iron,
Richardson has constructed a free-energy diagram showing the partial free
energy of solution of carbon in a, 7 and 6, and liquid iron (Fig. 7.61) which
is similar to the earlier Ellingham diagram9. The figure is divided by the
broken lines into areas of constant crystal structure of the iron solvent, and
each area is traversed by lines (dotted in Fig. 7.62) showing the partial free
energy of solution of carbon, at a concentration shown on each line, as a
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Fig. 7.62 Superposition of Figs. 7.57 and 7.61 (after Richardson and Jeffes4)

KEY (X) ± 1 kcal M: melting point, element.

® suggested ±3 kcal B: boiling point, element.

© accuracies ± 10 kcal T, [T] : transition point, element, carbide, resp.
© ± > 10 kcal

Note: 1 kcal «4.2 kJ
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function of temperature. The intercepts at the absolute zero, marked a, 7,
6, and liquid, give values for the partial molar heats of solution of carbon
in each crystallographic form of the solvent.

Segregation of Carbides

This diagram may be usefully combined with the standard free-energy
diagram for the carbides (Fig. 7.57) to indicate the equilibrium conditions
under which carbide particles will segregate from a given solution consisting
of an alloying element and carbon in solid iron. Figure 7.62 shows how the
diagram for carbon in pure iron and the diagram for the formation of car-
bides by metals at an activity of 0-01 can be superimposed. The combined
diagram can be used to calculate, for example, the temperature below which
particles of vanadium carbide can be expected to begin separating from an
iron alloy containing vanadium at an activity of 0-01, with respect to pure
vanadium as standard state, and carbon at a concentration of 0-1 wt%.
Since only a small amount of vanadium is present in the alloy, the activity
of carbon at this concentration will be the same as that in pure iron to a good
approximation. Thus the solution diagram needs no amendment. However,
the carbide diagram gives the standard free energies of formation of carbide
from the pure substances and the alloy contains vanadium at an activity of
0-01. It is necessary, therefore, to draw a straight line joining that for
vanadium carbide at the absolute zero, and spaced a distance equal to
19- 15riog 0-01 above this line, across the diagram. (The values of this func-
tion can be read by joining the cross marked C on the middle left-hand side
of the diagram with 'carbon activity' = 10~2 on the right-hand side of the
diagram.) When this line is drawn, it can be seen that the line for

[V]Fe + C - VC

lies above that for 0-01% C in pure iron at temperatures above 84O0C but
is below it at temperatures lower than 84O0C. Clearly then, carbide particles
can begin to form as a separate phase only below 84O0C in this alloy. At
higher concentrations of vanadium in iron the carbide can form, with
0-01 wt% of carbon, at higher temperatures, but not significantly higher
until a large proportion of vanadium, raising the activity of vanadium by an
order of magnitude, is present.

Similar diagrams for sulphides and nitrides can be constructed from the
data given here and the work of Rosenquist and Dunicz10, and Darken and
Gurry11.

Effects of Large Amounts of Alloying Elements

The diagrams which have just been described are of only limited value
because the presence of an alloying element in solution in the iron influences
the thermodynamic behaviour of the solute. Thus it is well known that the
solubility of gases in metals at constant pressure is changed by addition of
alloying elements12, and since this is only another way of saying that the
activity coefficient of the gas atoms in the solution has been changed, we

Mal



might expect this effect to pervade the whole field of alloy-solution
thermodynamics.

The direction in which a given alloying addition will change the activity
coefficient of another dilute solute can be predicted semi-quantitatively
along the following lines13. Let us consider the simple case of a random
solution of atoms A, B and 5, where 5 is the dilute solute, in which the energy
of binding of a given S atom in the solution may be obtained by assigning
a fixed value to the energy of interaction between the A-S and B-S pairs
which are formed and the number of A-B pairs which are broken when 1 mol
of S is introduced into a large amount of the alloy, under the restriction that
the alloy remains at constant composition during the process. It can be
shown that

A//S
A-B = JCAA//S

A + *BA//S
B - *AA/tf-B - xBA//B

A-B

the solution being regarded as so dilute that 5-5 pairs are not formed. We
may then approximate

A//s = /mn7s
in which case

ln7s
A-B=*Aln7s

A + *Bln7s
B-^^

where 7A"B is the activity coefficient of 5 in the A-B alloy of atom fraction
JCA of A and JCB of B9 y$ is the activity coefficient of 5 in solution in pure A9
7S

B is that for 5 in solution in pure B9 and AGABxs is the excess free energy
of mixing of the A-B alloy at this composition. The derivation of this equa-
tion has not been attempted here, and the interested reader should consult
Reference 13 for further details.

It can now be seen that if the A-B alloy is ideal, i.e. AGA_Bxs = O, then

Fig. 7.63 Variation of log 75 in A-B alloy. Curve a, A-B solvent ideal; b, A-B solvent with
AGxs negative; c, A-B solvent with AGxs positive



the activity coefficient of S will be decreased by addition of B if B interacts
more strongly with S than does A, while it will be increased if B interacts less
strongly than A with 5. If the excess free energy of mixing of the A-B alloy
is positive, or, as an approximation, if the heat of formation of the A -B alloy
is positive, then ys will be decreased by the addition of B even when A and
B have interactions of equal strength with 5, and, conversely, 7$ will be
increased if the heat of mixing is negative in these circumstances. The effects
are shown diagrammatically in Fig. 7.63.

This simple expression can be used to obtain only a semi-quantitative idea
of the effect of an alloying element because the assumptions of randomness
and a constant pairwise energy of interaction between atoms are only
approximations to the truth in most systems.

For quaternary and more complex alloys a suggestion of Chipman and
Sherman14 might be used. Chipman's school have made use of the symbol
e£ for the rate of change of In y of the dilute solute, C9 with small additions
of alloying elements, X. Thus for the solution of carbon in iron:

ainT?
dxx

and it has been suggested that for small additions of several alloying elements
to iron, the effect on the activity coefficient of a solute, such as carbon, can
be obtained from the expression15

*£~Y~Z = *X*C + *Y*C + *Z*C

Values of f£ which have so far been obtained experimentally16 are shown
below.

Alloying element Si Cr Mn Mo
e£ = dlnyc/dxx 10 -4-3 -0-5 -0-8

These apply to liquid iron as the solvent.

The Segregation of Carbides from Stain/ess Steel Containing Small
Amounts of Carbon

As an example of the way in which these data could be used, the temperatures
at which carbides separate from an 18/8 stainless steel are calculated for car-
bon contents of 0-1, 0-01, 0-001 and 0-0001 wt%. These calculations,
which of necessity involve several approximations due to our present lack of
knowledge, demonstrate the value of the thermodynamic approach to pro-
blems involving the precipitation of phases which may have a pronounced
effect on the corrosion behaviour of the alloy (see Section 3.3).

The steel will be considered to be an ideal ternary solution, and there-
fore at all temperatures aCr = O-18, 0Ni = 0-08 and 0Fe = 0-74. Owing to
the 7-phase stabilisation of iron by the nickel addition it will be assumed that
the steel, at equilibrium, is austenitic at all temperatures, and the thermo-
dynamics of dilute solutions of carbon in 7 iron only are considered.

The effect of nickel on the activity coefficient of carbon will be neglected
and the effect of chromium will be taken from the value in the liquid state.
From the values quoted above, £§. = — 4-3 at 1 60O0C, and assuming that
the effect of chromium is simply to change the heat of solution of carbon
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in iron then the point 7 on the left-hand side of Fig. 7.61 must be depressed
by an amount

dA//C(T) = -4-576 X 1873 X 0-335 = -12-02kJ

the last term being the change in log 7C at 1 60O0C when xCr = O-18.
Now in the case of chromium carbide separation from the steel, three

possible crystal structures may be taken up, those of Cr4C, (or Cr23C6),
Cr7C3 and Cr3C2. It is necessary first to calculate the free energies of form-
ation of the compounds from pure chromium and carbon. The results are:

23/6 Cr + C -> 1/6 Cr23C6 AG9 = - 16 380 - 1 - 547cal A

7/3 Cr + C -> 1/3 Cr7C3 AG6 = - 13 900 - 2-057cal B

3/2 Cr + C -> 1/2 Cr3C2 AG 0 = -10000- l-397cal C

TEMPERATURE 0C

Fig. 7.64 Carbide formation free-energy diagram for Fe-ISCr-SNi



Since the chromium activity is O-18 for the formation of carbide in the steel,
each of the standard free-energy lines (A0, B°, C°) derived for the carbides
must be corrected (moved upwards) for this lower activity (A', B', C').

Finally, the lines for the formation of these carbides at activities 0-01*
[e.g. A' (0-01), B' (0-01)] are shown in Fig. 7.64 and a summary of the
results of the calculation is given in Table 7.36.

It can be seen from the diagram that a phase consisting of Cr7C3 at an
activity of 0-01 [B' (0-01)] would segregate at 1 000, 720, 550 and 44O0C
from steels containing O-1, 0-01, 0-001 and 0-000 1% carbon respectively.
Phases containing Cr23C6 would be unstable with respect to this segregation
at the temperatures stated, but would separate at an activity of 0-01 at
temperatures of 710, 540, 440 and 37O0C. A Cr3C2 phase might appear at
0-01 activity at the highest carbon content and above 83O0C, and below
1 03O0C.

Now to complete the solution of the problem one would need to know the
solution laws for iron, and a small amount of nickel, in each of these carbide
phases, since equilibrium requires that aFe and 0Ni in the segregated carbide
must be 0-74 and 0-08 respectively as well as aCr being 0-18. At present
nothing is known about these laws except that the metal atoms might well
be randomly distributed in the carbide phase, in which case, as an example,

^Cr7C3
 = X Cr7C3

in the ideal case.
It is known that Cr23C6 can contain up to 25 % iron on the metal atom

sites, and Cr7C3 up to about 60% iron17. Therefore the minimum activities
of Cr23C6 and Cr7C3 have been calculated for these phases of maximum iron
content using the ideal laws to calculate activities from carbide composition.
The free-energy lines which were thus obtained are shown as A '(max} and
D /
D (max.)'

The picture which emerges from this extremely simplified calculation is
that a Cr7C3 phase should always precede a Cr23C6 phase in segregation
from stainless steel and that the latter should appear at a temperature of
78O0C for the carbon content of O-1 wt%.

According to the phase diagram which has gained acceptance for this
system, the Cr7C3 phase never appears at low carbon contents, and a cubic
phase of the Cr23C6 type separates at 90O0C for O-1% [C], and about 50O0C
for 0-01% [C]. These points, together with one for 0-3% [C] are shown by

Table 7.36 Values of AJ-IC for chromium carbides at 1 OOOK

Product

Cr23C6; n = 23/6, m = 1/6

Cr7C3; n = 7/3, m = 1/3

Cr3C2; n = 3/2, m = 1/2

AG0

-17940

-15950

-11400

AG0 - n Ajicr
(JCCr = O- 18)

-17940 + 13000 =
-4940

-15950+ 7900 =
-8050

-11400+ 5060 =
-6340

AG6- rtA/iCr

+ mA/*Carbide(fl = O 'Ol )

-4940 - 1520 =
-4460cal

-8050- 3060 =
-11 110 cal

-6340 - 4580 =
- 10 920 cal



the black dots on the diagram. An agreement between the calculated and
measured temperatures and compositions for carbide segregation could thus
be achieved only by strong departures from the ideal laws in the carbide
phases. Alternatively it is possible that the separation of a Cr7C3 phase has
not so far been observed because of rapid transformation in the solid state
to the Cr23C6 phase which is stable at lower temperatures. Such a trans-
formation has been observed in the a Fe-Cr alloys.

Concentrated Ternary Solutions

When both solutes are present in large amounts, i.e. greater than about 1 at.
% of each, no simple theoretical treatment is available to predict their
mutual effects on thermodynamic properties. In this case, recourse must be
made to the various solutions of the ternary Gibbs-Duhem relation

Jc1 d/i, + X2 d/z2 + X3 d/i3 = O

In order to make any practical use of this equation, a good deal of experi-
mental data are usually required for a ternary system, and it will be found
that, at present, such data are seldom available in the literature. The methods
of evaluation of such data are fully described in the works of Chipman and
Elliott18 and of Schuhmann19.

Thermodynamic Phase Stability Diagrams

Pourbaix's pioneering work20 on the graphical presentation of gas-metal
equilibria and the concept of stability zones and their boundaries between
the various stable compounds lead to the second type of diagrams. Figure
7.65 shows a Pourbaix plot of the log/?02 of a system against the reciprocal
of the absolute temperature for the Zn-O-C systems20. The stability zones
under varying conditions of temperature, pressure and atmosphere composi-
tion are more completely defined than in the Ellingham diagram. However,
the diagrams are considered to be more complex and therefore the object of
this presentation is defeated unless the scale is greatly enlarged.

Over the years, Pourbaix and his co-workers in the CEBELCOR Institute,
founded under his direction, extended these diagrams by including lines for
metastable compounds21. Figure 7.66 illustrates such a presentation for
the Fe-O system over the temperature range 830-2200 K. Pourbaix used
these diagrams as a basis for a discussion of the stability of metallic iron
(solid, liquid and vapour phases), the oxides of iron as a function of oxygen
pressure and temperature from which he explained the protection of iron at
high temperature by immunity and passivation. He also pointed out the
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