
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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Fig. 7.65 Equilibrium in the Zn-O-C system (after Pourbaix20)
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Fig. 7.66 Equilibrium diagram for log Po2 = f(\/T) for the Fe-O system (between 830 and 2 200 K) (after Pourbaix21)



value of these diagrams in the fields of geology, metallurgy, corrosion and
catalysis among others.

A convenient way of representing the thermodynamic information for a
given system is by means of isothermal phase stability diagrams which show
the ranges of gas compositions over which a condensed phase can exist either
singly or in equilibrium with another condensed phase or phases. Kellog and
Basu22 for Pb-S-O and Ingraham23 for the Ni-S-O, Fe-S-O, Cu-S-O and
Co-S-O systems, pioneered the use of such diagrams by considering the
relative stability of condensed phases in these systems.

A detailed explanation of the construction of thermodynamic phase
stability diagrams may be found in References 22-25. In this section the basic
principles of construction and interpretation for the specific situation of
gas-metal equilibria will be addressed using a hypothetical system.

Construction of Phase Stability Diagrams

The method of construction of this type of diagram will be illustrated using
the general case of the three component system metal-sulphur-oxygen
(M-S-O) whose values of AG? for the reactions between the various con-
densed phases are given in Table 7.37 on page 7:191.

Assume that at the isothermal temperature of interest the following stable
condensed phases (solid or liquid) can be formed: M, MO, MS, MSO4.
From the Phase Rule it is clear that the maximum number of condensed
phases in contact with each other can be three, in addition to the gaseous
phase (SO2 and O2). Following the suggestion of Kellog and Basu22, the

Log P02-^

Fig. 7.67 Phase stability diagram for a metal-sulphur-oxygen (M-S-O) system at 1 000 K.
(For the thermodynamic data AG? ooo for the various across-boundary reactions, see Table 7.37)
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Table 7.37 Data for the construction of thermodynamic phase stability diagram M-S-O at 1 000 K

Calculated data JrOmAG^000
and the appropriate equations

RemarksLine no.1OgA)2
1Og^SO2

-log A:

AG0J000

(kJ)

Slope
of

boundary

Reaction
Considered

Boundary
Between
phases

independent
of

^SO2

1-16NA-16- 153.2
parallel

to
yaxis

M +7 O2^MOM/MO

2-16-4-1-12+ 229.81M +SO2^AfS + O2M/MS

3-16-4-20-38.31MS + JO2^MO + SO2MS/MO

independent
of

^SO2

4-12NA-24-459.6
parallel

to
y-axis

MS + 2O2^MSO4MSXAfSO4

5-12+ 2-4-76.6i
2MO + SO2 + jO2 = MSO4MOXAfSO4

* Assumed data of AG^000 for the purpose of illustrating the calculation of the position of the boundary lines and triple points A and B see Fig. 7.67



phase stability diagram may be constructed by plotting the sulphiding poten-
tial Iog/?s02 along the vertical axis and the oxidising potential log/702 along
the horizontal axis as in Fig. 7.67. The position and the slopes of the boun-
dary lines between the areas of stability for the condensed phases of the
system are then calculated from the appropriate chemical equations describ-
ing the reactions which take place when one condensed stable phase reacts
to form the other phase. The only thermodynamic data required are either
the standard Gibb's free energy change at the chosen temperature (AG0-) or
the equilibrium constant for the reaction at the given temperature ( K T ) .

Usually, the most convenient boundary to calculate first is that between
the pure metal (M) and the metal oxide (MO), i.e. the M/MO boundary
since it will be parallel to the^-axis. Using the balanced reaction for the for-
mation of the oxide

M + J O 2 ^ M O at 1000 K

and the relationship between AG0- and KT gives:

AG1
0O00= -RTInK1000= -RT\n^^

<*MPo2
2

For pure M and MO by definition aM = aMO = 1.
Converting ln/?02 to log/?02, rearranging terms and substituting values for

AG1
0O00 (Table 7.38), R and 7, the following is obtained:

-153-2 x 103 = 19-15 x 103 x JlOgPo2

or

logA)2 = -16

Since /?S02 does not take part in the reaction, the boundary line between M
and MO is independent of Iog/?s02 and so given by a straight vertical line at
Iog/?o2 = —16, parallel to the >>-axis (line 1 in Fig. 7.67). It should be
noticed that stability areas across the boundary follow the sequence of con-
densed phases shown in the equation, i.e. on the left-hand side of the boun-
dary pure metal is the stable phase and on the right-hand side the pure metal
oxide.

To determine the position of the boundary between M and MS the follow-
ing chemical reaction is used:

M + SO2 ̂  MS + O2

For pure M and AfS aM = a^ = 1
Using equation 7.12:

AG1
0O00 = - 19' 15TlOg^ = 19- 15r(log/7s02 - \ogp02)

/7SO2

Rearranging:

AG0

1OgAo2 - iog/?o2 + Y^JJ!
This is the equation of a straight line of the form y = mx + c when log/?SCh

is plotted against log/702> where y = Iog/?s02, m is the slope which here is



unity, x = log/?02
 anc* ^ is a constant which in this case is AG1

0Q00X^-15 T.
Substituting values for AGV = 229-8 X 103 and log/?02 =

 10~16 (where
the previous line and the new line intersect) gives:

229-8 X l O 3
lo^o2 = 1 9 . 1 5 x l ( )3-16=-4

Thus, the coordinates of the point of intersection (A in Fig. 7.67) of the two
boundary lines M/MS and M/MO are Iog/?s02 = — 4 and log/?02 = —16.

These calculated data are now sufficient to draw the boundary line
between the stability areas of M and MS. This is constructed by drawing a
straight line having a slope of -I-1 from the point of intersection A. Next,
the position of the boundary between MS and MO can be calculated from
the reaction:

MS + JO2^MO + SO2

Thus,

AG1
0O00= -19-15riog^

Po2
2

which, on rearranging, gives

Iogpso2 = 1 Iog;?o2 - 19,|^

The slope of the line is + { and the line is drawn from the point A to the
AfSXAfSO4 boundary to be determined next.

The boundary between the MS and MSO4 stability areas is calculated
from the reaction:

MS + 2O2 - MSO4

Thus

AG1
0O00= -19-15TlOg-^ = +19-15r21og/?o2

Po2

or

-459 X 103

1 0 8 A ) 2 = 19.15X10 3 X2 = - 1 2

Since SO2 does not take part in the above reaction, the boundary between
AfS and AfSO4 stability areas is independent of Iog/?s02 and is given by a
vertical line (4) at Iogp02 = —12 parallel to the Iog/?s02 axis. The intersec-
tion point of the AfSXAfSO4 line (4) with that of MOXAfS boundary line (3)
at point B of Fig. 7.67 completes the stability area of the AfS phase (lines 2,
3 and 4).

Finally, the boundary between MOXAfSO4 is calculated from the
reaction:

MO + SO2 + { O2^ MSO4



Thus

1
AG1

0O00= -19-1571og T
Pso2Pt>2

or

AG1
0OOo I110^So2 =1 9 .1 5 X 1 Q3- JOSPo2

Since this line will start at point B of Fig. 7.67, i.e. when the values of
Po2 = —12 and AGf000 = — 76-6 kJ, one can calculate the value of Iogps02
for the point B by substituting these values in the previous equation:

-76-6 X l O 3 1 ^^
1^= 19-15 XlV ~2(-l2) = +2

Therefore, the calculated coordinates of the triple point for the coexistence
of MO, AfS and AfSO4 are Iogps02 = +2 and log/?02 = -12 and the slope
of the MOXAfSO4 boundary is — 7. The straight line from point B having
slope — Y gives the boundary line (5) between the stability areas of MO
and AfSO4. This completes the construction of the phase stability diagram
for M-S-O at 1000 K.

The stability phase diagrams contain a wealth of information. Using some
selected examples from the literature it is intended to show their range of
application in the field of corrosion.

Control of Gas Composition for Surface Stability

Many industrial applications of materials at elevated temperature involve
their exposure to complex gas mixtures. Usually it is assumed that the main
oxidising species control reaction rates26 by forming protective oxides,
whereas the formation of sulphides, chlorides etc, which may be solid or
liquid, can be detrimental to the performance of the material. In practice,
using steel as an example, the partial pressures of oxygen (p02), sulphur
(Ps2), halogenic gases and the activity of carbon (ac) are controlled by
establishing the relevant safe gas equilibria to prevent sulphidation and car-
burisation of the steel. It is relatively simple to obtain graphically from
AG °/T diagrams and their nomographic scales the ratios of binary equili-
brium gas mixtures H2/HC1, H2XH2O, COXCO2 and CH4XH2 in contact
with a particular metal or condensed phase27. However, in multicomponent
atmospheres it may be necessary to take advantage of specialised computer
data banks and the iterative routines such as MTDATA in use at NPL28

and their facilities for automatically plotting the phase stability diagrams for
metals and alloys relevant to the temperature and gaseous conditions of
interest. Many such centres are available to outside contract50.

In Fig. 7.68 the oxidising and sulphiding potentials of four different atmo-
spheric environments, i.e. conventional coal combustion (A), fluidised bed
combustion (B), conventional coal gasification (C) and coal gasification
using nuclear heat (D), are shown on the thermochemical phase stability



Log Po2 (atm)

Fig. 7.68 Thermochemical stability diagram for the system Fe-S-O at 1 000 K showing the
relative corrosion potentials of the atmospheres in conventional coal combustion (A), fluidised
bed combustion (B), conventional coal gasification (C) and coal gasificiation using nuclear

heat (D) (after Gray and Starr29)

Log p02 (atm)

Fig. 7.69 Thermochemical stability diagram for the 310 stainless-steel-S-O system at 75O0C
(from Gray and Starr29 after Natesan and Chopra30)
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diagram for the Fe-S-O system at 1 000 K29. From the position of the four
areas (A, B, C, D) shown on the diagram, the aggressiveness of the environ-
ment can be seen as it increases with decreasing p02 and increasing pS2.
Thus the corrosivity of the different atmospheres increases from process A
to D. However, in such an evaluation of the aggressiveness of atmospheres
it is necessary to take into account the differences in the feedstock and other
process conditions employed29.

Figure 7.69 and 7.70 show the phase stability diagrams at 1 023 K for the
310 stainless-steel-S-O system and that for the Cr-O-S system relevant to
Incoloy 80OH alloy, respectively. Comparing these diagrams it is apparent
that the boundary between steel AISI 310 and Cr2O3 is at a slightly lower
oxygen potential (about -27-5) than that between Incoloy 80OH which has
the same boundary at -26-5 oxygen potential. However both these
diagrams illustrate how convenient it is to obtain the composition of the
atmosphere at the isothermal temperature within which each particular
phase may be formed. Obviously, this information is particularly useful
when assessing the critical gas composition at which the protective Cr2O3
oxide can be expected to be stable. However, it has been observed that at low
oxygen pontentials the gas compositions must be made more oxidising by
about two to three orders of magnitude than those predicted by the equili-
brium values; this is possibly because of kinetic effects31. Figure 7.70 gives
the additional kinetic phase boundary separating the stability area of Cr2O3

and the adjoining stability areas. This observation was confirmed from XPS

Log p (O2) (atm)

Fig. 7.70 Phase stability diagram for the Cr-O-S system on Incoloy 80OH at 1 023 K showing
thermodynamic and kinetic boundaries (after Natason31)
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Fig. 7.71 An activity diagram showing the competing formation of sulphides and oxides on
chromium. The XPS data (lower) show how sulphide replaced oxide as the surface anion when
oxide samples were heated in the gas composition marked on the O-S diagram, implying that
the boundary should be moved. (Reprinted with permission from Pergamon Press; after

Huang33)

work where it was established analytically32 that there was a definite boun-
dary shift to a higher oxygen potential (Fig. 7.71).

Phase Stability Diagrams with a Liquid Phase

There are many examples of these diagrams being used to predict or assess
the disruptive effect of a liquid phase at different oxygen potentials on the
protective properties of oxides. In Fig. 7.72 the stability of Al2O3 is shown
in equilibrium with liquid Na2SO4 as a function of the oxygen activity and
the acidity of the liquid salt, at 1 273 K. This stability phase diagram shows
that the oxygen potential boundary between basic fluxing and the stable
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Fig. 7.72 A thermodynamic phase stability diagram for Al-O-S species in the eqilibrium with
liquid NaISO4 at 1 00O0C as a function of the oxygen activity and the acidity of the salt (after

Stringer34)

oxide is Iog00 = — 8 approximately, whilst acid fluxing and the stable
oxide is Iog00 = I7 approximately.

In recent work35 phase stability diagrams were used to evaluate the effect
of molten Na2SO4 on the kinetics of corrosion of pure iron between 60O0C
and 80O0C by drawing a series of superimposed stability diagrams for
Na-O-S and Fe-O-S at 60O0C, 70O0C and 80O0C and thus to account for
the differences in the corrosion behaviour as a function of temperature.

Phase Stability Diagrams and the Formation of Volatile Halides

Another problem in high-temperature corrosion can be the effect of the for-
mation of volatile metallic halides which can, in turn, disrupt the integrity
of a protective surface oxide. Figure 7.73 shows that in the Ti-O-Cl system
at very low oxygen potentials, volatile TiCl3 can be formed directly from
TiO and Ti, whereas from Fig. 7.74 it is clear that in the system U-O-Cl at
45O0C the volatile chloride cannot be formed directly from the oxides.

Phase Stability Diagrams for Two or More Metals

These isothermal diagrams can be used to consider the phase stability areas
for more than one metal in contact with a common atmosphere and thus to
assess the condensed phases which can be stable under the prevailing condi-
tions. Figure 7.75 shows-a stability diagram having phase areas for Co-S-O
(solid lines) and for Cu-S-O system (broken lines). From this diagram23 it
can be seen clearly that at 950 K at certain gas mixtures, pure metals Co and

Lo
g 

p S
2 (

at
m

)
Basic
fluxing

AIO2-

Oxide
stable

AI2O3

Acid
fluxing

Al3+

AI2S3

Loga0



Log Po2 (atm)

Fig. 7.74 Composition ranges in the U-O-Cl system at 45O0C (after Knacke36)
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Fig. 7.73 Composition ranges in the Ti-O-Cl system at 3940C (after Knacke36)
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Fig. 7.76 Superimposed simplified thermodynamic stability diagrams for three elements with
oxygen and sulphur at 8710C. The shaded rectangle indicates possible activity ranges in coal

gasification atmospheres (after Stringer34)
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Fig. 7.75 Superimposed predominance area diagrams at 950 K for the Co-S-O system (solid
lines) and the Cu-S-O system (broken lines). Within the area A, CoSO4 and CuO are the stable

phases (after Ingraham23)
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Fig. 7.78 Thermodynamic stability diagram for some oxides and sulphides at 1 000 K (after
Lions38)
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Fig. 7.77 Thermodynamic stability diagram for the Fe-Ni-Cr system at 1 143 K, assuming
metal activities to be unity. , phase boundaries involving Fe; -—, phase boundaries involv-
ing Ni; , phase boundaries involving Cr. The location of environments 1, 2, 3, and 4 are

indicated by X (after Stott and Smith37)
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Cu will be unaffected by the atmosphere, whilst at other atmospheric com-
positions the pure oxides will be stable. Figure 7.76 illustrates a simplified
diagram34 at 8710C for three metallic elements Cr/Mn/Ni-S-O in a heat-
resisting alloy; the range for coal gasification is also included. It is clear that
Cr2O3 is stable in all these atmospheres, but NiS will be stable under these
atmospheric conditions above 62O0C in the form of a eutectic liquid with Ni.
Thus, an alloy of Cr and Ni may produce either of these phases or their mix-
tures leading to corrosion problems.

Figure 7.77 shows a diagram for the three metals Fe, Cr, Ni as a function
of sulphide potential against oxygen potential. This diagram has been used
to select atmospheres in the study of high-temperature corrosion in which
relatively small changes in oxygen and sulphur have a marked effect on the
kinetics of corrosion, scale morphology and scale composition of 34Fe-
39Ni-27Cr alloy ingots. The atmospheres selected for the study are shown
in Fig. 7.77 as Xl, Xl, X3 and X4. Figure 7.78 shows the stability diagram
at 1 000 K for Al, Ti, Si, Cr and Fe sulphides at oxidising potentials between,
Iog/?o2» —10 and —50 and suphiding potentials, log/?S2, between O and

log Po2 (atm) log Po2 (atm)

Path 3 Path 4

Fig. 7.79 Five possible reaction paths on a schematic thermodynamic phase stability diagram,
and the corresponding distribution of phases in the reaction systems (after Stringer34)
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-25. Isobaric lines for Iogps02 ranging from O to -40 are also included
in the diagram as straight lines38. The diagram was produced for a
study aimed at finding improved materials which would be immune to
sulphur corrosion and lead to the increased efficiency of thermal and nuclear
power stations. From Fig. 7.78 it is clear that the oxides are unstable under
high sulphur pressure and very low oxygen pressure. It is also clear that the
formation of SO2 has to be taken into consideration as the reaction between
sulphur and oxygen significantly lowers the oxygen activity; under high
sulphur pressure and low SO2 pressure only some oxides are stable (Al2O3,
TiO2 and SiO2), and the oxides of Fe, Co, Ni and perhaps Cr are
decomposed.
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Phase Stability Diagrams and the Sequence of Phases in Surface
Interaction Layers (Reaction Paths)

A number of authors39'40 have indicated how the stability diagrams may be
used to suggest or explain the possible sequence of phases in surface interac-
tion layers formed during gas-metal interactions. Stringer and Whittle41

suggested the concept of the 'reaction path' on the stability diagrams which
enables prediction of the sequence of phases in surface layers formed when
the activity of the oxidant follows a certain path through the various stability
areas. Figure 7.79 shows five possible paths in a stability diagram for the
,4-S-O system. Stringer34, using the reaction path graphical method in the
,4-S-O system and the five possible paths shown in Fig. 7.79, accounted for
the following sequence of interaction phase layers: ASO4/AO/AS/A,
ASO4/AS/AO/A, ,4SO4MOM or ,4SO4MSM and ,4SO4MOMS7-
,4OM.

The slopes of the reaction path lines, between the point P (giving oxygen
and sulphur activities in the gaseous atmosphere) and Q (initial oxygen and
sulphur activities in the metal A)9 are determined by the relative diffusion
rates of the species in the phases. From the diagram it can be seen that small
differences in slopes can result in significantly different distributions of
phases. Stringer34 points out that only the lack of precise knowledge of dif-
fusion coefficients prevents accurate calculation of reaction paths, and
therefore these diagrams, at the moment, are more useful for the interpreta-
tion of oxygen and sulphur potential from the observed phase distributions
than for predictive purposes.

It is also clear that small changes in the position of points P and Q can have
a significant effect on the phase distribution in the surface layers. From the
diagrams it is also seen that, when the metal A is saturated with oxygen and
sulphur, and therefore the point Q is located at the corner of the rectangle
giving the stability area of the metal A9 then the innermost phase layer will
consist of a mixed sulphide and oxide layer.

log p0o (atm)

Fig. 7.80 A schematic thermodynamic phase stability diagram for the ,4-C-O system, show-
ing three reaction paths. Paths 2 and 3 are only possible if gaseous diffusion in pores in the oxide
product results in a carbon activity increase through the scale, as shown in Fig. 7.81 (after

Stringer34)



Figures 7.80 and 7.81 illustrate the use of a reaction path graphical method
for systems where the surface oxide is porous. Figure 7.80 shows the phase
stability diagram for a metal-carbon-oxygen (A-C-O) system. Considering
reaction path 1 between P and Q it follows that only the metal oxide AO
could be formed. However, if the oxide is porous, gaseous molecules of
CO2 can now penetrate to the metal surface (see Fig. 7.81) and thus, follow-
ing the reaction CO2 4- A -* AO + CO, there must be a gradual increase in
the CO partial pressure towards the metal/metal oxide interface within the
porous oxide. Figure 7.80 shows the effect of the change of the COXCO2

ratio on the carbon and oxygen activities. If the carbon activity rises high
enough (see reaction path 2) carburisation may be possible, or even carbon
deposition if ac exceeds unity, as shown in path 3 Fig. 7.80.

Fig. 7.81 A sketch illustrating how gaseous diffusion processes in pores within an oxide layer
can result in an increase in the CO/CO2 ratio, and hence the carbon activity, through the layer

(after Stringer34)

Phase Stability Diagrams and the Effect of Temperature

Figure. 7.82 shows a three-dimensional phase stability diagram for the
Fe-S-O system between 800 and 1 000 K. These diagrams are obtained from
a knowledge of the variation of AG^ for the different reactions which des-
cribe the appropriate phase boundary. In general, changes in temperature
may have a significant effect on the areas of stability. These may become
larger or smaller as the temperature is increased. A detailed description of
the method for their production and interpretation may be found
elsewhere23'42'43.

Integral Free Energy-Concentration Diagrams

As mentioned earlier, this type of diagram may be useful for the quantitative
thermodynamic assessment of gas-metal systems which form non-stoichio-
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CO2 + A —^AO + CO CO2 CO

CO + CO2

A AO
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Fig. 7.82 Predominance volume diagram for the Fe-S-O system for the temperature range
800-1 000 K (after Ingraham23)

metric condensed phases and which are sensitive to relatively small stresses
in the condensed phases or small changes in chemical potentials44, in the
gaseous phase and other physical or chemical effects that can be expressed
in terms of energy45 (e.g. irradiation, vibrations, gravity, grain size, pene-
trating liquids, variation of surface tension, magnetic effects46 etc.). It will
be shown that any effect that slightly alters the relative position of integral
free energy-concentration curves may have a drastic effect on the equili-
brium and disturb the stability or the composition of the condensed phases.

In this sub-section it is intended first to outline the theoretical basis of
these diagrams by considering a simple metal-y4-gas-£ binary system fol-
lowed by a quantitative treatment of a hypothetical metal M (at. wt. 50) and
oxygen binary system. Finally the application of these diagrams will be
illustrated using the Ti-C, Fe(5)-Zn(y) and Fe(5)-Zn(/) systems.

The key to an efficient use of these diagrams is the understanding of the
properties of a common tangent to two or more free energy-concentration
curves and in particular the information which may be obtained from the so-
called 'tangency rule'. It is therefore intended to develop the tangency rule
using a simple isothermal binary system of a pure solid metal A and a pure
gas B at 1 atm pressure having two non-stoichiometric solid compounds
denoted by phase I and phase II. Figure 7.83 shows the AGm-concentration
diagram for this system. The vertical axis y, represents the isothermal free
energy changes (AGm) - which are obtained when one mole of a mixture
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Fig. 7.83 The graphical method for obtaining equilibrium compositions from free energy vs.
composition curves at a given temperature. Points of contact give equilibrium compositions X\

for phase I and X^ for phase II

having a given composition is formed. The horizontal axis gives the composi-
tion of the mixture in mole fraction, of the gas B. On the left-hand side of
the scale we have XA - 1 (i.e. pure metal) and the concentration of the gas
XB = O, whereas on the right-hand side of the scale XA = O and XB = 1 (i.e.
pure gas B at 1 atm pressure) since X^ + X^ = 1. The integral free energy
changes with concentration for phases I and II are shown as AG1 and AGn
curves, respectively.

Using the diagram it is now possible to predict quantitatively the
equilibrium composition of the two condensed phases when in contact with
each other, i.e. when growing as solid layers on the surface of the metal A.
According to Gibbs47, in a two-component system any condensed phases at
equilibrium will have to satisfy simultaneously two energy conditions,
namely (1) the mixture of the phases will acquire the lowest overall free
energy, and (2) the chemical potential (or partial molal free energy) of a par-
ticular component must be the same in all the phases that are in contact with
each other. These two conditions are now sufficient to predict the exact com-
position of condensed phases at equilibrium with each other.

Gibbs' definition of the chemical potential47 of the gaseous component B
in a mixture at constant temperature T and pressure p is given by

(TF*) =(^B)T>p=(*GB)Ttp\ °XB I TP

Therefore this partial differential represents mathematically the tangent to
any AG-concentration curve. In our case for a common tangent to AG1 and
AGn we must have not only a common slope

^ = ̂  = m
dxl Ax2

but also a common intercept on the AGm axis. Thus the equation for
a common slope and intercept in Fig. 7.83 must be of the form

Mole fraction of gas



y\ — y2 — In(X1 — X2). It can be shown48 that the intercept of this tangent
on the y axis where XB =_1 (pure gas B at 1 atm pressure) gives the
numerical value of AfiB = AGB for 1 mol of B dissolved in a mixture of AB
having a composition of the point of contact of the common tangent to any
AGm-concentration curve. Similarly, the intercept of the same tangent on
the y-axis atXA = l (pure metal) gives the numerical value of Ap A = AGx,
i.e. the chemical potential (or partial molal free energy) of 1 mol of metal A
dissolved in the phase having the composition given by the point of contact
of the tangent to the AG-concentration curve.

In Fig. 7.83 using the common tangent construction the equilibrium com-
positions of phase I-phase II at their boundary are found, from the points
of contact, to be respectively XB = X1 and XB = X2.

Figure 7.84 shows a more complicated isothermal, binary system con-
sisting of metal M and gaseous oxygen O2 at temperature of 1 OCOK. The
free-energy-concentration diagram for the system shows four condensed
phases, the first being a solid solution of oxygen in the metal, followed by
non-stoichiometric condensed phases of nominal compositions M2O

X, MOX

and MO2. Using the tangency rule, it will be shown that each of these
oxides must have a region of homogeneity over a range of composition in
which it will be the sole stable phase. In Fig. 7.84 the vertical axis represents
the isothermal free-energy change associated with the formation of one mole
of the M-O mixture of a given composition, expressed in mole fractions of
the metal (XM) and oxygen (X0), shown along the horizontal axis.

When a pure solid metal M is in contact with a gas containing oxygen, at
first a solid solution of oxygen in the metal is formed. The Gibbs free energy
of mixing (AGm) for the corresponding concentrations of oxygen in the
solid solution are shown by the curve a-b-c. Note the section a-b of the curve
is the only part which can be determined experimentally, whereas the section
b-c, representing a supersaturated solution is either extrapolated from the
a-b section or calculated theoretically. The values of the free energies of mix-
ing, producing any possible phase, can now be calculated using computer
techniques49 in conjunction with the appropriate thermodynamic data
coupled with the relevant phase diagram. It is worth noting that there are
already a number of powerful programs50 which, in conjunction with
stored thermodynamic data, can be used to calculate theoretically these
curves for an ever-increasing number of binary, ternary and even quaternary
systems.

Once the solid solution is produced a surface layer of M2O
X oxide phase

will be formed, having an excess of the metal. This new phase has a separate
AGM20x-concentration curve shown in Fig. 7.84 by d-e-f-g. This curve is
followed by that of AGMO* phase shown by h-i-j-k. Finally a layer of MO2
will be formed, and its free-energy-composition curve is shown by l-m-n-o.
Applying now the tangency rule, by drawing common tangents to neighbour-
ing AGm-concentration curves, the range of stability of the oxides is deter-
mined. As the chemical potential of the oxygen A/i0 or AG0 is fixed by the
oxygen pressure in the atmosphere, the equilibrium composition of the
MO2 oxide layer exposed to the atmosphere is obtained by drawing a
tangent to the AGMO* curve with an intercept on the AGm axis when X0 - 1
equal to the value of the oxygen chemical potential of the atmosphere
(i.e. in our case = jRT\np0l where p02 is the oxygen pressure in the
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Fig. 7.84 Free energy diagram for a binary system consisting of metal M and gaseous oxygen O2 at a temperature of 1 000 K
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atmosphere - here 1 atm and pure O2, therefore Api0 = 0). Thus a tangent
from the point AG0 = O to AGMO

x gives the equilibrium composition. The
mole fraction of oxygen in the MO2 can now be read off the composition
axis. The point of contact, n, gives the oxygen equilibrium composition
X0 = O • 7 in MnO2^. The mole fraction of the metal M is XM = 1 - X0 = O - 3.
Therefore the equilibrium composition of the outermost oxide layer will
be M0.3O0.7 with respect to an atmosphere consisting of oxygen at 1 atm
pressure.

The common tangent between AGM02 and AGMO* gives points of contact
for MO^ X0 = 0-675 and XM = 0-325 and X0 = 0-55 and XM = 0-45 for
MOX (see Fig. 7.84). Similarly the equilibrium compositions on the MOX

and M2O
X boundary are found by drawing a common tangent to the AGMOx

and AGM20x curves. The points / (on the AGMO* curve) and/(on the AGM20x
curve) give the equilibrium compositions M0.525O0.475 and M0.675O0.325 for the
two oxides at their boundary. Finally the equilibrium compositions at the
boundary between the solid solution and the adjacent oxide layer (M2O

X)
are found by drawing the common tangent to AGM20x and AGSS. Points b
(on the AGSS curve) and point e (on the AGM20x curve) give the respective
equilibrium compositions. Thus, the maximum solubility of oxygen in the
metal is found from the point b to be X0 = O • 045 and the composition of
the M2O

X in contact with the saturated solid solution is M0.735O0.265.
Closer examination of Fig. 7.84 shows that each of the non-stoichiometric

oxides has a region of homogeneity over which the compound is the sole
stable phase. It has been observed, from a number of gas-metal systems, that
the lower oxides (here M2O

X and MOX) usually show a wider region of non-
stoichiometric behaviour than the higher oxides (here MO2).

Regions of Homogeneity of Non-stoichiometric Oxides in the Surface
Interaction Layers and the Effect of Oxygen Pressure on their Range
of Stability

In Fig. 7.84 each oxide has two points of contact produced by common
tangents. These two points predict the range of composition within which
each of the oxides is the sole stable phase. Thus the composition of MO2

oxide will vary from an oxygen mole fraction X0 = O • 7 on the surface of
the oxide exposed to the oxygen atmosphere to X0 = 0-675 at the
MO2/MOX boundary. It is also clear from the diagram that as long as the
oxygen chemical potential remains between A/x0 = O (i.e. p02 = 1 atm) and
A)Lt0 = -34kJ (i.e. p02 - 2-8 x 10~4atm) the outermost surface oxide
layer will consist of an MO2 oxide phase. However, as the pressure of the
oxygen is lowered to between 1 and 2-8 X 10~4atm the equilibrium oxygen
contents in the MO2 surface layer decrease predictably from X0 = 0-7 to
X0 = 0-675.

The exact equilibrium concentration of oxygen in the MO2 oxide in
contact with the gas phase can be obtained by first calculating the oxy-
gen chemical potential in the atmosphere, using the relationship A/*0 =
jRT?np02, and then drawing a tangent from that point on the X0 = 1 axis
to the AGMOx curve. The point of contact with AGM0^ curve will give the
composition of the MO2 in contact with the atmosphere at the/702. It is also



Fig. 7.85 Common tangent method applied to AG" ref |Ti bcc The value of the free
< i ' x i | - x > c graphite-

energy of formation of stoichiometric TiC (ref.: Ti b.c.c, C graphite) calculated from this equa-
tion (after Teyssandier et at.51)

evident from Fig. 7.84 that, once the pressure of oxygen falls below the
critical p02 = 2-8 x 10~4atm, the MOl oxide phase cannot form since no
common tangent can be drawn from the new oxygen potential point to
AG^o2 curve without intersecting other AGm-concentration curves. It is
also worth noting that any change in the oxygen pressure in the atmosphere
from p02 = 1 atm to the vicinity of p02 = 2-8 X 10~4atm will have no
effect on the compositions of the MOX, M2O

X and solid solution phases.
Between oxygen pressures of 2-8 x 10~4 and 8 x 10~10atm the outer-

most oxide layer will consist of the MOX phase. Its exact surface composi-
tion can be predicted by using the common tangent in the same manner as
described for MO2. From Fig. 7.84 it is clear that, as the oxygen pressure in
the atmosphere is reduced the composition of the surface oxide layer will
vary in a predictable manner from X0 = 0-55 to X0 = 0-475.

Once the oxygen pressure falls to between 8 x 10~10 and 3 • 04 x 10" I5atm,
the M2O

X oxide phase will be the only stable phase whose outermost surface
layer composition will change from X0 = 0-325 to X0 = 0-275. Below an
oxygen pressure of 3-04 x 10~15atm no oxide will be formed and the
equilibrium solubility of oxygen in the solid solution for a particular oxygen
pressure can be predicted once again using the tangency rule.

AGm-Concentration Diagram and the Range of Stability of TiC at
190OK

Free-energy-concentration diagrams have been used in the study of the ther-
modynamic influence on the non-stoichiometry of the solid titanium carbide
deposited from H2-CH4-TiCl4 gas mixtures at 1 90OK51. The authors show
how, from the partial pressure measurements of Ti vapour over a range of

AGcal/mole

C Tl



solid non-stoichiometric TixC (1_x) compositions, the free-energy-concen-
tration curves were calculated as a function of their composition. Figure 7.85
shows one of the plots obtained for AGTixC(1_x) together with two tangents
drawn to the free-energy-concentration curve. One tangent from the point
AG = O (on the left-hand side vertical axis, i.e. for TixCn _ x ) at equilibrium
with C-graphite), and the other tangent from AG = O (right-hand side ver-
tical axis, i.e. for TixCn.^ at equilibrium with solid b.c.c. pure titanium
metal). The compositions at the two points of contact obtained from the
tangency rule predicted the equilibrium compositions of titanium carbide.
On the left-hand side of the diagram, i.e. on the C/TixC(1 _x ) boundary, the
equilibrium composition was found to be Ti0-51C0149 and that on the right-
hand side, i.e. on the TixCn _x)/Ti boundary, was found to be Ti0.66C0.34.
Thus the thermodynamic range of homogeneity of the f.c.c. TixCn _ x ) non-
stoichiometric TiC was found to be between XTi = 0-51 and XTl = O• 66. In
practice these predicted values were found to be correct at the outer boun-
daries of the deposited titanium carbide. It is interesting to note that, using
the thermodynamic data for AG71xC0-^ and then applying the common
tangent method, computer calculated limits of the range of stability of the
non-stoichiometric phase were: ^Y71 = 0-49-0-67, fitting well with the
observed limits of XTl = 0-51-0-66.

&Gm-Concentration Diagrams and the Effect of Physical and
Chemical Factors on the Composition and Stability of Surface
Interaction Layers (Fe(s)-Zn(n and Fe(s)-Zn(v) Systems

There are a number of examples in the literature where, during gas-metal or
gas-liquid-metal-surface reactions, certain phases, shown in the relevant
equilibrium phase diagrams, do not form. In other cases the composition of
these phases may be different from those expected from the normal
equilibrium phase diagram. In all these cases neither AG°-T diagrams nor
the phase stability diagram proved to be of much use, and therefore attempts
have been made to apply the AGm-concentration diagrams to analyse
thermodynamically the reason for the differences between the phases
obtained under laboratory experimental conditions, such as in the study of
equilibrium phase diagrams, and those encountered on a large industrial
scale, during which the phases were formed as surface layers. For example,
in the Fe(5)-Zn(/) system the protective outermost f-phase layer, which
according to the equilibrium phase diagram should be a stable phase up to
53O0C, does not form during galvanising above about 4950C resulting in a
rapid linear rate of attack of the steel and an unacceptable quality of
galvanising.

Because of the financial importance of this process to steel producers
(about one-third of all the steel produced in the world is subsequently
galvanised) a great deal of research has been carried out throughout the
world to establish the 'true equilibrium phase boundaries' in the Fe(5)-Zn(/)

system and the critical temperature of stability of the f phase. Since the
AG0-T diagrams or the phase stability diagrams could not account for
these discrepancies in this system, AGm-concentration curves were used for

Mal
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Fig. 7.86 Free-energy-concentration curves for Fe(S)-Zn(/) at 5050C under (a) equilibrium
conditions, (b) pressure conditions and (c) galvanising conditions (after Mackowiak55)
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both the Fe(5)-Zn(/) and Fe(5)-Zn(y) systems shown in Figs. 7.86 and 7.87,
respectively.

The AGm-concentration curves for Fe(5)-Zn(/) at 5050C were calculated
for the liquid phase 17, and for the condensed phases from experimental
results described elsewhere52. In the construction of these diagrams it was
assumed that the position of the AGm-concentration curve for the liquid 77
phase remained unaffected by pressures and stresses and therefore was the
same in all three diagrams Fig. 7.86A, B and C. The AGm-concentration
curves for all condensed phases (F, F1, S1, f) were then fixed with respect to
the AGliquid curve by the constraint imposed by the use of the common
tangent rule. For clarity three separate diagrams were produced. Figure
7.86a shows the situation under equilibrium conditions, as during the study
of the equilibrium phase diagram53. Figure 7.86b shows equilibria under
compressive' pressure54, and Fig. 7.86c shows curves under galvanising
conditions where the tensile stress in the f-phase layer has altered the AGm-
concentration curve for the f phase in the upward direction.

Comparing Fig. 7.86a and b, it is clear that the reason for the dramatic
increase in the solubility of iron at 5050C from the normal equilibrium value
of O-15% to 0-31% iron by weight under pressure resulted from the slight
upward movement of the AG-concentration curve for the f phase, whereas
the position of the liquid rj phase remained the same in both cases. It is also
worth noting that the composition of the f layer at the f/liquid boundary is
6-97% iron by weight which is higher than that shown in the equilibrium
phase diagram (6-18% iron). There is also an increase in the contents of iron

Mole fraction of iron

Fig. 7.87 Construction showing position of free-energy-conservation curves of F, FI, 61, f,
and rj phases for the Fe(5)-Zn(v) system at 793 K (after Mackowiack55)
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in both the S1 phase and the f phase at the 5/f boundary. Figure 7.86c
shows that under galvanising conditions the AGm-concentration curve for
the f-phase (shown by a broken line) is above the common tangent between
the AGm for the rj liquid phase and d{ solid phase and therefore the f phase
is unstable under these conditions.

These three diagrams show clearly how a very small change in the relative
position of the AG-concentration curves for the different phases can have
a dramatic effect on the composition and stability of the solid phases in the
Fe(J)-Zn(/) system. A detailed discussion of these diagrams can be found
elsewhere55. In addition, Fig. 7.86 shows that any physical effects in the
solid phases, which can be expressed in terms of energy, can be added to the
AGm-concentration curves. Thus the curves can be corrected for these
effects and the resulting new equilibria from the shift of the AG-concentra-
tion curves (i.e. change in composition of phase, their stability, etc.) can be
predicted simply by the use of the tangency rule.

Figure 7.87 shows a AGm-concentration diagram for Fe(5)-Zn(i;). It was
constructed from the experimental data shown in Table 7.37. The method
of construction is described elsewhere44. Figure 7.87 can now be used, by
applying the constraints imposed by the tangency rule, to explain why in Fig.
7.88a and b, where the chemical potentials (shown in the diagram) of zinc
vapour varied between O and — 1 -81 kJ mol"1, the total interaction surface
layer consisted of F, F1, d{ and flayers; in Fig. 7.88c at a chemical potential
only slightly lower (-2-11 kJmol"1) only T and T1 layers were present
whilst at — 2 - 5 5 kJmol"1 only a F outermost layer was formed.

The micrographs in Fig. 7.88 show clearly how from a knowledge of the
AGm-concentration diagrams it is possible to select the exact reaction con-
ditions for the production of tailor-made outermost surface phase layers of
the most desired composition and thus of the optimum physical and che-
mical properties for a given system. In addition it shows that according to
thermodynamics, there can be predictable differences in the composition of
the same outermost phase layer prepared at the same conditions of
temperature but under slightly different vapour pressures.

Similar results, to the Fe-Zn system were obtained in the Ti(5)-Al(/) and
Ti(5)-Al(l;) system where, in the solid-liquid couples some of the expected
surface layer phases were not formed, whereas in the solid-vapour system
it was possible to obtain all the phases56 and predict from the AGm-concen-
tration curves the compositions at the different layer phase boundaries.

In the literature some basic relationships have been derived correlating the
physical effects on phase and their influence on the value of AGm-concen-
tration curves45. These mathematical relationships may be used for 'correc-
ting' the AGm-concentration diagrams. Thus Castleman58 used the Gibbs'
principle (tangency rule) to calculate the equilibrium of the metallic phases
growing in Al-U and Ni-Al systems under different hydrostatic pressures.
He derived an equation for the change in free energy of a phase on compres-
sion. De Boer59 considered the thermodynamic effect on the dissolution of
solids under a simple pressure systeip (homogeneous and isotropic). Other
research workers47'60'61'62'63 attempted to correlate the effect of stresses and
strains, using mechanical theories, with the thermodynamic consideration of
equilibria.

The effect of grain size on the value of molal free energy change was also
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Fig. 7.88 Scanning electron micrographs of cross-sections through interaction layers with
superimposed Fe and Zn Ka line scans across the layers (a) Sample 2 (x 210); (b) sample 3

(x 550); (c) sample 4 (x 760); (d) sample 6 (x 1 000) (after Mackowiak and Short44)

considered by de Boer who derived an expression for the difference in
molal free energy as a function of its crystal size40. It is beyond this short
section to present a full account of all the relationships which may be found
in the literature and which may be used to correct the AGm-concentration
curves for effects such as vibrations, irradiation, acceleration, capillarity
and any others which can be expressed in terms of energy.

J. C. B. ALCOCK
E. EASTERBROOK
J. MACKOWIAK
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Appendix 1

Some Centres Available to Outside Contracts
General Reference:
Metallurgical Thermochemical databases
Contact C. W. Bale and G. Eriksson
Canadian Metallurgical Quarterly
VoI 29 No 2 pp 105-132 (1990)

For details of ThermoCalc Database:
The division of physical metallurgy
KTH S-IOO 44 Stockholm
Sweden:
Contact Birgitta Jonsson

Tel: +4687909140
Fax: +468 100411
Email: bosse @ matsc.kth.se
Datapack (X.25): 24037101046

For details of MTDATA, contact the National Physical Laboratory
(NPL)
Queens Road, Teddington TWIl OLW UK
Contact Hugh Davies

Tel: +4481 977 3222 ext 6497
Fax: +4481 943 2155
Email: RHD @ UK.Co.NPL.Newton

For details of CHEMSAGE:
GTT mbh Kaiserstrasse 100
5120 Herzogenrath 3
Germany
Contact Bob Fullerton-Batten

Tel: +492407 59533
Fax: +492407 59661



In Australia the CSIRO operate a data base in conjunction with the
NPL:
CSIRO Thermochemistry System
PO Box 124
Port Melbourne
Victoria 3207 Australia
Contact A. G. Turnbull

Tel: +61 3 6470211
Fax: +61 3 6470395
CSIRONET: (node *MXDIA)

For further information on F*A*C*T:
The Ecole Polytechnique
Box 6079 Station A
Montreal
Quebec
Canada H3C 3A7
Contact A. D. Pelton

Tel: +1-514-340-4770
BITNET: J799 @ Polytecl

For general information in the USA:
Alcan Cambridge Technology Center
21 Erie Street
Cambridge Mass 02139 USA
Contact Larry Kaufman

Tel: +1 617 349 1721
Fax: + 1 617 354 0395

For THERMODATA:
The University of Grenoble
Domaine Universitaire BP 66
38402 Saint-Martin-D'Heres
CEDEX France
Contact B. Cheynet

Tel: + 33 76 427690
Email: EARN/BITNET: BCHEYNET @ FRGREN81

Additional databases:
THERMOTECH
Surrey Technology Centre
40 Occam Road
The Surrey Research Park
Guildford GU2 5YH
Contact N. Saunders

Tel: +44483 502003

J. MACKOWIAK
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