On Binary P-T Phase Diagrams

A. BLOCK-BOLTEN and DONALD R. SADOWAY

A thermodynamic analysis of the concentration and temperature dependencies of oxygen pressure in
metal-metal oxide systems is presented. The resulting binary P-T phase diagrams show the various
species in the context of relative reducibility not only for pure elements and compounds but also for
the solutions and intermediate compounds which form. It is not necessary to presume a model for
the thermodynamic behavior of solid and/or liquid solutions in this treatment. The Cr-Cr,O; sys-
tem is presented as an example. Verification is found in the previously reported data on the V,0,-

V,0s system.

I. INTRODUCTION

THE search for alternative graphical representations of
thermodynamic properties in binary and multicomponent
systems is not new. Indeed, the method described herein is
based upon two independent earlier efforts: those of Darken
and Flengas. In their work on the equilibria between iron,
oxygen, and various oxides Darken and Gurry displayed the
relevant phase boundaries on a plot of 1/7 vs log Po,."
Those who study high temperature corrosion are familiar
with such thermal stability plots. However, the tempera-
ture range of interest is narrow, and the various species
appear as discrete chemical substances.”> Some twenty
years after the Darken and Gurry publication Flengas began
analyzing plots of log P vs 1/T in terms of a series of
isopleths or so-called “pressure trees”.” This approach per-
mits experimental verification in the form of detailed vapor
pressure studies on a variety of reactive metal chloride
systems.”™ Unfortunately, neither treatment was fully ex-
ploited by others.

The purpose of the present report is to extend and modify
both the Darken and Flengas treatments to demonstrate their
application to “mainstream” systems of metallurgical inter-
est. Specifically, the isopleth construction of “pressure trees”
is used to make a binary P-T phase diagram. In doing so,
it must be emphasized that it is not necessary to presume a
model for the thermodynamic behavior of the solid and/or
liquid solutions which form. Furthermore, binary P-T phase
diagrams show the reacting species in the context of relative
reducibility instead of in the context of state of matter and/or
crystallographic modification as in the case of conventional
phase diagrams, i.e., T vs X plots. From the standpoint of
process design and optimization, the two types of phase
diagrams (P-T and T-X) complement one another, each pro-
viding vital information.

Brewer and Searcy have examined the behavior of various
gaseous species over liquid Al,O; and a mixture of liquid Al
and solid Al,05.” Knacke and Neumann used a similar ap-
proach in the analysis of oxide and sulfide systems of lead
and zinc.® However, in all cases partial pressures were those
In equilibrium with pure elements or pure compounds.

This article presents as examples the detailed thermo-
dynamic analyses of two oxide systems: Cr-Cr,0; and
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V,04-V,0s, and treats the solutions and intermediate com-
pounds formed by the principal compounds in question.

II. THE THERMODYNAMICS
OF OXIDE SYSTEMS

A. The Cr-Cr,05 System

Figure 1 shows the schematic representation of the phase
diagram of the Cr-Cr,0; system. This representation follows
closely that reported in the literature with the exception of
allowing herein for a range of nonstoichiometry in Cr,0;.>°
The various temperature-composition zones or phase fields
have been labeled. Figure 2 shows the complete oxygen
pressure plot for the Cr-Cr,O; system. For the most part it
is schematic, as there were few data in the literature on the
oxygen pressures associated with the various phase equi-
libria in the system. In the low temperature range below the
eutectic, oxygen pressures were estimated by extrapolation
of data reported by Mazandarany and Pehlke' (see inset
of Figure 2).

To explain the derivation of the “pressure trees” of Fig-
ure 2, the behavior of several representative solutions will
be followed as they are heated through the various phase
fields labeled in Figure 1.

Zone I is the region of nonstoichiometry in Cr,O; and, as
such, is a solid solution of Cr in Cr,0; designated «. The
phases present are O, gas and the « solid solution. The
equilibrium in this phase field may be written as

2C0(@) = 5 Ci@ + O (1]

where the lines under Cr,O; and Cr denote that each is in
solution. The free energy change for the reaction is

4
AG = AG° + gRT In ac,

2
+ RT In POZ - EJ)'RT In aCrZO3 [2]

where the activities of Cr and Cr,0; are with respect to the
pure solids, and it is assumed that the fugacity of O, is equal
to its partial pressure. At equilibrium AG = 0, and Eq. [2]
may be rearranged as

4 2
RT In P,, = —AG° - —?’—RT In ac, + ?RT In ac,o, [3]
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Fig. 1— Schematic representation of the Cr-Cr,O; phase diagram.
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Fig. 2—Binary P-T phase diagram for the Cr-Cr,O5 system (schematic).
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The temperature dependence of oxygen pressure is then

4 2 —
— ° o - + -
21n P, AH® = 2 AHe: + 5 Ao,

T R [4]

where AH® is the enthalpy of decomposition of pure solid
Cr,0; into pure solid Cr and O, gas at a pressure of 1 atmo-
sphere (101.325 kPa), and AHc, and AHc,,0, are the partial
molar enthalpies of mixing of Cr and Cr,0;, respectively. If
the temperature dependence of AC, is neglected, for a solu-
tion of any composition in zone I a plot of log Pg, vs 1/T
should be linear with a slope of (—AH® — 4/3 AHc +
2/3 AHcro,)/2.3 R.If AC, is strongly dependent upon tem-
perature, the plot is nonlinear. However, even with pro-
nounced variation in AC,, the degree of curvature can be
expected to be slight. From the phase rule, the variance of
the system in zone I is 2. Thus, solutions of different com-
positions should have different equilibrium oxygen pres-
sures. The higher the oxygen content of the solution, i.e.,
the higher Xc,0,, the higher the equilibrium Po,. If AH®
is assumed to be large relative to AHc and AHc.o,, in
zone I a series of effectively parallel straight lines as shown
in Figure 3(b) should represent the oxygen pressure above
the solutions as selected in Figure 3(a). Table I summarizes
these conclusions.

Zone 1II is the two-phase region below the eutectic tem-
perature and between pure solid chromium and the a solid
solution. In Figure 1 the right-hand boundary has been
stylized as being effectively an isopleth. Because the vari-
ance of the system in this phase field is unity, specifying the
temperature is sufficient to fix the pressure. Thus, at a given
temperature any mixture in zone II will have the same oxy-
gen pressure, independent of its composition. Accordingly,
the oxygen pressures for the entire range of mixtures of zone
II fall on a single curve when plotted as a function of tem-
perature and composition.

Zone L is the all-liquid region where the phases present
arg, oxygen gas and a homogeneous melt of Cr and Cr,0s.
The variance of the system in zone L is 2; hence, as in
zone I, one expects Po, to be a function of both tempera-
ture and composition. For any given concentration the
plot of log Po, vs1/T should be linear with a slope of
(—AH®° — 4/3AH + 2/3AHc,,0,)/2.3R, where AHc, and
AH,0, are the partial molar enthalpies of mixing of Cr and
Cr,0,, respectively, in the molten solutions formed. AH® in
this case differs from that of Eq. [4]:

AHO[S] = AIJDM] + 4/3 AfusI—ICr - 2/3 AfusHCr203 [5]

Figure 4 indicates what happens when a solution of com-
position X, is heated through zone III. At temperature Ty, a
molten solution of Cr-Cr,O; of composition X,, is in equi-
librium with an a-solid solution of composition X,,. The
relative amounts of each phase are given by the lever rule
applied along the tie line, A-A. As temperature increases
from T, to T, the composition of the a-solid solution
changes to a greater Cr,0; content. The effect of this shift
in oxygen content is to make the log Po, vs1/T plot non-
linear, as shown in Figure 4(b). The previous description of
the behavior of solutions in zone I showed that heating at
constant composition, X,, from A to B should give a straight
line on a plot of log Po, vs 1/T. Since at Ty, X,, is at A
which is lower in oxygen content than A, Py, at A must be
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Table I. Summary of Equilibria in the Cr-Cr,0s System
Zone' Equilibrium’ -~ Variance? Curvature® Compositions* Remarks
I 2/3 Cr,04(s) = 4/3 Cr(s) + O, 2 linear X, X, none
I 2/3 Cr,04(s, sat a) = 4/3 Ci(s) + O, 1 linear provided that X3 — X1, «is the O-rich solid solution
a/(a + Cr) boundary of Cr and O which bounds
is an isopleth Zone 1II
I 2/3 Cry0s(l, sat @) = 4/3 Cr() + 0, 1 positive X3, X, none
IV 2/3 Cr,0s(]) = 4/3 Cr(l, sat pure Cr(s)) + O, 1 negative X6 — X1, degree of curvature depends
upon slope of liquidus
V. 2/3 Cr,05(1,sat L,) = 4/3 Cr(l, sat L,) + O, 1 negative Xs — Xio curvature governed by shape of
O-rich edge of miscibility gap
VI 2/3 Cr,0s(l) = 4/3 Cr(l, sat pure Cr(s)) + O, 1 negative X thermodynamically, Zones IV
and VI are identical
L 2/3 Cr,05() = 4/3 Cr(l) + O, 2 linear X; — X, none

‘Zones are defined in Figure 1.

*Variance defined by Gibbs phase rule.

*Curvature defined as 9* log Po,/d(1/T)>.

‘Compositions as-labeled in Figure 1.

*The notation, “sat o’ means “saturated with respect to phase a”.

lower there than at A (recall that in zone I the variance is two
and Py, is a function of both temperature and composition).
At Tp, the a-solid composition has shifted to higher oxygen
content so that its concentration is identical to X,. Thus, at
Ty the oxygen pressures in equilibrium with both solutions
must be equal. Figure 4(b) shows this with two curves: the
higher pressure straight line belonging to the homogeneous
solid solution of composition X, and the lower pressure line
with positive curvature (8% log Po,/d(1/T)? > 0) that of the
a-solid solution which lies on the boundary of zone III.
Furthermore, since the variance in zone III is one, all solu-
tions regardless of composition will show the same oxygen
Pressure dependence on temperature. This is shown in Fig-
ure 2 as the common curve GF, which has as its upper limit
the congruent melting point of stoichiometric Cr,0;.
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It is to be noted that GF is deliberately nonlinear. Further
justification for not simply connecting points G and F with
a straight line is given by Pelton and Schmalzried,"> who
described the general topology of potential vs potential dia-
grams and their relationship to potential vs composition
diagrams (see Figures 4(a) and 4(b) in Reference 12).

Figure 5 shows what happens when a solution of com-
position X is heated through zone IV. At temperature 7, a
molten solution of Cr and Cr,0O; of composition X,, is in
equilibrium with pure solid Cr. As the temperature increases
from T, to T3, the composition of the melt changes to lower
Cr,O; content, i.e., X, < X,,. Since the liquid is the only
oxygen bearing condensed phase in this case, the shift to
lower Cr,0; concentration will control the oxygen pressure
in the gas phase so as to make the plot of log Po,vs 1/T
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Fig. 5—(a) Phase diagram detail of zone IV liquidus, (b) temperature
and concentration dependences of oxygen pressure in the region of
zone IV liquidus.

nonlinear with negative curvature. Figure 5(b) compares fhe
pressure curves for two liquids, both initially of composition
X,, at T,. One melt is heated at constant composition, X,
through zone L. A straight line is expected on a plot of log
Po, vs 1/T. The other melt, which is equilibrated with pure
solid Cr, follows the composition of the liquidus. At T,
X, <X,,;thus, Po, must be lower for the Cr-saturated melt.
Accordingly, the plot of log Po, vs 1/T for the latter is
nonlinear with negative curvature, as shown in Figure 5(b).

Zone V is the miscibility gap. The phases present are
oxygen gas and two molten phases, a Cr-rich metal phase
and a Cr,O;-rich oxide phase. With a variance of 1, oxygen
pressure is fixed by temperature alone and is independent of
composition along any isotherm. In this sense the situation
is similar to zone IV. In both zones the oxygen-rich liquid
at the right boundary of the phase field becomes depleted of
oxygen as the temperature increases. With the same ratio-
nalization given in Figure 5, it is expected that in zone V the
oxygen pressure will have negative curvature. In Figure 2
this appears as the segment DC.

When solutions of conjugate composition, such as X5 and
X0, are heated from room temperature, Po, is expected to be
the same for both of them up to the temperature of the
boundary of the miscibility gap. At temperatures greater
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than this, the system is in zone L, the single-phase liquid
region. Since Xc,0, is greater for X than for Xy, Po, must
be greater above solution § than solution 10. In both cases
the temperature dependence of Py, in zone L is linear, the
two lines diverging from a common point at the temperature
of the boundary of the miscibility gap. The difference in
slopes in zone L is related to the difference in the partial
molar enthalpies of the two solutions. Furthermore, the very
existence of a miscibility gap can be predicted from oxygen
pressure data. Figure 2 shows that with pressure lines in
the all-liquid region tending to intersect at temperatures
above the eutectic, a liquid phase miscibility gap must re-
sult. Otherwise, below the temperature of intersection the
oxygen pressure would be greater over the solution with the
lower oxygen content. Instead, below the temperature of
intersection the two solutions have a common equilibrium
oxygen pressure and thus become conjugates of one another
across the miscibility gap at temperatures down to the mono-
tectic. The same predictive capacity applies in the identifi-
cation of solid phase miscibility gaps.

B. The V204-V205 SySl‘em

Figure 6 shows a schematic representation of the phase
diagram of the V,0,-V,0s system."'*" Figure 7 shows the
complete oxygen pressure plot for the system. The diagram
integrates data from eight different studies'®> to produce
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Fig. 6 — Schematic representation of the V,04-V,0s phase diagram.
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a binary P-T phase diagram, following the guidelines of
isopleth construction presented in Section II-A of this paper.
The various solid solution phases have been designated by
lower case Greek letters and are defined in Table II which
summarizes the relevant chemical equilibria in this system.
Figure 7 shows several characteristics which were not
present in the simpler Cr-Cr,O; diagram. For example, zone
IV is the two-phase region bounded by the vanadium-rich
B-V30, solid solution and the oxygen-rich y-V¢O,; solid
solution. For the most part the phase boundaries do not
change composition with temperature. However, as the tem-
perature is raised near the V,0; peritectoid, the right-hand
boundary of zone IV changes composition with tem-
perature. In zone IV the variance is one, and at any given
temperature there is one oxygen pressure common to all
compositions. The equilibrium is :
4V30:(Byar) = ZVGOB(YBsa() + O, (6]

where the solid solutions are saturated with respect to one
another. When the composition of the 8-V,0; solid solution
shifts to higher oxygen content upon heating, the pressure
plot shows upward curvature from the low temperature lin-
ear behavior in this zone. In this respect the situation is
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10*/ T (K™

similar to that of zone II in the Cr-Cr,0; system described
in greater detail earlier. This is shown in Figure 7, where the
oxygen pressure in equilibrium with the y and 3 solutions is
linear with 1/T to W', and then is nonlinear. Solutions
spanning the composition interval, W' to J, will be affected
in this manner. Another example of such curvature can be
found in Figure 3 of Reference 27. -

The literature shows V;0; to be tentatively nonstoichio-
metric.™" This can be verified through the measurement of
oxygen pressure in equilibrium with solid V50, and V0,;.
Linear behavior right up to the V0, peritectoid would tend
to show that this compound is stoichiometric or that devi-
ations from stoichiometry are slight. On the other hand,
pronounced curvature would demonstrate a significant range
of composition for V;0;. The same analysis holds for VO,
and V,0, in relation to zones VI and XIII, respectively.

In view of the wide ranges of temperature, composition
and oxygen potential described, plus the experimental diffi-
culties associated with working with this system, the agree-
ment among the data in Figure 7 and the consistency with
the thermodynamic analysis are excellent. Several things are
worth noting. Firstly, V,0, is nonstoichiometric and con-
sequently over a very narrow range of composition the oxy-
gen pressure changes dramatically. Figure 7 shows that at
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Table II. Summary of Equilibria in the V,04-V,05 System
Zone' Equilibrium® Variance® Curvature’ ’ Compositions* Remarks
I 6 V20s(s) = 4 V304(s) + O, 2 linear X408, X2.470  1NODE

I 6 V20s(s, sat B) = 4 V304(s, sat @) + O,

1

linear provided that

a/(a + B) boundary
is an isopleth

III (a) 6 V,0s(s) = 4V304(s) + O, 2 linear
(b) 4_Y_3Q7(S) = 226913(.5') + O, 2 linear
v 4V304(s, sat y) = 2Ve¢Ois(s, sat B) + Oz 1 linear up to Ty,
above Ty~ positive
curvature
Vv (a) 4_\_]397(5) = 2X6913 + 02 2 linear
(b) 2VeOi3(s) = 12VO0,(s) + O, 2 linear
VI 2 V6Ois(s, sat 8) = 12VO,(s,sat y) + O, 1 linear up to Ty,
above T positive
curvature
VII (a) 2VeOi3(s) = 12VO0,(s) + O, 2 linear Xo0
(b) 14VO,(s) = 2V;015(s) + O2 2 linear X 904, X2.0
VIII 3 V,0s(s,sat y) = VeOis(s, sat a) + O, 1 linear provided that X5 408, X2.470
a/(a + v) boundary
is an isopleth
IX  3V,0s(,sat a) = VeOus(l) + O, 1 positive X5.479
X 3V,0s(l) = VeOis(l,sat y) + O, 1 negative X5 408
XI 2V,0s5(l) = 4VO,(l,sat 6) + O, 1 negative X5 408
XII 14@2(1) = 227913(1,331 8) + 02 1 Hegative X1‘9,X1<994,X2v0
XIII 14 VO, (s, sat €) = 2V;05(s, sat 8) + O, 1 linear up to Ty, Xio
above Ty positive
curvature
L 2V,05(l) = 4VO,(I) + O, 2 linear all

« and B are the O-rich and
V-rich, respectively, solid
solutions which bound Zone II

none
none

B and vy are the O-rich and
V-rich, respectively, solid
solutions which bound Zone IV

none
none

v and & are the O-rich and
V-rich, respectively, solid
solutions which bound Zone VI

none
none
«, 7y defined above

none

¢ is the V-rich solid solution
which bounds Zone XII

g, 6 defined above

none

'Zones are defined in Figure 6.

*Variance defined by Gibbs phase rule.

*Curvature defined as 9° log Po,/d(1/T)".

“Compositions as labeled in Figure 6.

°The notation, “sat & means “saturated with respect to phase .

1300 K, the oxygen potential spans some four orders of
magnitude in the 6 region. At the same time, the oxygen
pressures measured over two-phase mixtures containing
V,0, all lie on a single line regardless of composition. This
is shown both for the 8-¢ solid-solid phase boundary,' and
for the 8-liquid phase boundary.'®" The data confirm this
behavior again in the case of the a-B solid-solid phase
boundary. "% Secondly, Block-Bolten’s data'’ show a
relative minimum at the V40,3 peritectic temperature, a fea-
ture predicted by the thermodynamic analysis presented
herein. Furthermore, the curvature of the oxygen pressure
line, EC, between the V30, peritectoid and VOy; peritectic
temperatures is so negative that over this temperature range
oxygen pressure actually decreases with increasing tempera-
ture. Such behavior has been measured in other systems,
such as NbCl;-KC1.?* On the other hand, at temperatures
above the V¢Oy; peritectic the oxygen pressure increases
with temperature while tending toward negative curvature.
This suggests that the slope of the liquidus above the V4Oy3
peritectic temperature is much steeper than below. In other
words, above the V¢O,; peritectic the increase in pressure
due to the increase in temperature is not outweighed by
the decrease in pressure due to the shift in the composition
of the oxygen-bearing condensed phase to lower oxygen
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content. Thirdly, the extrapolation of the oxygen pressure
line reported by Fotiev and Volkov®® for the V¢Oy3-V,0,
equilibrium meets Block-Bolten’s data' at the peritectic
temperature. This means that the oxygen-rich boundary of
the V¢O3-V,0, two-phase field on Figure 6 (zone VI) must
be effectively vertical. In view of this, one wonders whether
V0,3 may not be stoichiometric. Fourthly, the extrapolation
of the &-¢ and 6-liquid phase boundaries as well as the
isopleth at the exact V,0, composition (labeled X,, in
Figure 7) suggests that at the V,0, peritectic temperature,
1967 °C, the oxygen pressure should be approximately
6 X 1072 atm. Fifthly, data reported by Suito and Gaskell”
in"the all-liquid region are consistent with isopleths derived
for the corresponding compositions. Finally, at the con-
gruent melting point of stoichiometric V,05, 685 °C
(labeled A on Figures 6 and 7), the oxygen pressure is
calculated to be 1.3 X 107* atm.”

III. CONCLUSIONS

In this article the isopleth construction of “pressure trees”
has been used to draw binary P-T phase diagrams in two
oxide systems of mainstream metallurgical interest. It is
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