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The heat of reaction and equilibrium pressure for both the oxidation and reduction reactions, 
(1/7)Pr,O, + (l/7 - x/2)0, = PrOz-z, have been measured by means of a Tian-Calvet-type 
calorimeter and thermal balance. The results of equilibrium pressure measurements under isothermal 
conditions show a reproducible and unsymmetrical hysteresis loop. The unsymmetrical hysteresis 
loop is interpreted as due to a diierent pattern of intergrowth formed during oxidation and reduction. 
The ordered intermediate phases (Pr,O,,-3 are intergrown coherently at the unit cell level with each 
other but not with the disordered (Y phase (Pro,-d. The role of coherent intergrowth in both symmetric 
and unsymmetric hysteresis loops has been discussed. The partial molar enthalpy (-AI?,3 is 
about 58 kcal/mole of O2 in the Pr,OB phase; it increases slightly as O/Pr increases, then 
increases sharply to about 85 k&/mole of Oz around Pro,,,. No difference in partial molar 
enthalpy is observed between the oxidation and reduction paths within the experimental error, 
even though different equilibrium pressures are observed depending upon the path. The slight 
increase in the partial molar enthalpy in the “two-phase” region is attributed to the interaction 
term of the different domains using the same regular solution model used to account for the 
hysteresis observed previously. The sharp change in --a4 around Pro,,,, is believed associated 
with the phase change from the coherently intergrown ordered phases to the disordered (Y phase. 
The difference between the partial molar entropy on oxidation and that on reduction is explained 
by both the regular solution model and the usual thermodynamic treatment using the data of 
isothermal hysteresis. 

1. Introduction 

The higher praseodymium oxides belong 
to a fluorite-related homologous series. The 
intermediate phases of this series have nar- 
row composition ranges and ordered struc- 
tures (l-4) at low temperatures. At higher 
temperatures and higher oxygen pressures, 
a widely nonstoichiometric, disordered 
phase with fluorite structure (5, 6) becomes 

* On leave from the Department of Nuclear Engi- 
neering, Faculty of Engineering, Nagoya University, 
Nagoya, Japan. 

stable. The phase diagram of praseodym- 
ium oxide by Hyde et al. (5) is shown in 
Fig. 1. Thermodynamic studies of the phase 
transformation between these phases have 
shown that reproducible hysteresis loops 
are followed, when a phase reaction cycle 
is carried out between two phases (5, 13). 
Chemical hysteresis is far from being un- 
derstood in spite of its frequent occurrence 
in phase transformations. In order to under- 
stand the nature and mechanism of this 
phenomenon it is necessary to have a de- 
tailed knowledge of the structural and ther- 
modynamic relationships of the end mem- 
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FIG. 1. Phase diagram of praseodymium oxide (see 
Ref. (5)). 

bers of the phase reaction and the 
characteristics and kinetics of their inter- 
growth behavior. A thermodynamic model 
for the hysteresis loop has been proposed 
(12) in which the gross features of the main 
hysteresis loop are reproduced. A study of 
the relationship between thermodynamics 
and kinetics during hysteresis has been 
pm-used (23). 

The direct observation of the heat of 
reaction at known pressures (compositions) 
provides the most important thermody- 
namic properties, ti4, Ae,, and ASo,, 
respectively the partial molar enthalpy, 
Gibbs free energy, and entropy of oxygen 
in the oxide. This kind of measurement has 
been made in systems such as ZrO, (14), 
MnO,,, (25), UOzr+r (16), and CeO,-, (17). 
Oxygen partial pressure measurements as a 
function of temperature together with com- 
positional measurements have also pro- 
vided values for tioz, Aeoz, and AS,,, in 
systems such as PuO,-, (28), NbOz+l (29), 
AmO,-, (20), and CeO,-, (21). In systems 
where reversible hysteresis exists, it is 
difficult to get accurate partial molar en- 
thalpy values from the temperature depen- 
dence of pressure because the log PO, vs 
l/T plot shows appreciable scatter of the 

data. In the present study, the direct heat of 
reaction along the hysteresis loop between 
the well-ordered L and the disordered (Y 
phase has been measured and the derived 
ti,, and AS o,values have been interpreted 
using the thermodynamic model for hyster- 
esis. 

2. Experimental 

2.1. Calorimeter 

An isothermal twin microcalorimeter of 
the Tian-Calvet type used in these experi- 
ments (22, 23) has been described else- 
where. Some modifications of the specimen 
chamber were made to allow study of a 
solid-gas reaction. The quartz reaction 
tubes, with i.d. 19 mm and length 86 cm, 
are connected to a vacuum system through 
stopcocks and capillary tubes. The sample 
container is made of 20 platinum dishes 
18.8 mm in diameter and 6 mm deep 
stacked within a platinum support. Oxygen 
gas is accessible to the oxide through 0.03- 
mm spaces between the dishes. The calori- 
metric sample is 13.8368 g of praseodynium 
oxide in the form of PrO,.,,,,. A correction 
for the heat effect due to gas introduction is 
eliminated by introducing the gas simulta- 
neously into both the sample and reference 
sides. The calorimeter is calibrated by 
dropping a piece of platinum into the sam- 
ple chamber using a quartz tube of the same 
size. The enthalpy change for platinum 
between 713°C and room temperature is 
calculated using standard reference data, 
thus providing a calibration factor. The 
pressure was read by means of a Datamet- 
tics electronic manometer. The analog sig- 
nal of the pressure was accurately digitized 
using a digital voltmeter. 

The 99.9% pure oxygen was supplied by 
the Liquid Air Company and used without 
further purification. The praseodymium ox- 
ide was furnished by Research Chemical 
Division of Nucor Corporation as 99.999% 
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pure with respect to other rare earths. 
Typical percentages of impurities of other 
elements are Si,Fe < 0.01 and Mg,Ca < 
0.005. This oxide was dissolved in 5 N 
HNO, and the solution neutralized to 1 N 
HNO, by the addition of NH, gas. The 
oxalate was precipitated using oxalic acid. 
The washed precipitate was decomposed to 
the oxide upon heating at 1000°C for 48 hr. 

2.2. The Thermogravimetric Study 

Thermodynamic measurements of pra- 
seodymium oxides (between the L and (Y 
phases) also were carried out using an 
Ainsworth thermobalance, as described 
elsewhere ( 13). The same oxygen and oxide 
sample used in the calorimetric study was 
used. The sample consisted of 2.4285 g of 
Pr%14. 

3. Results 

3.1. The Heat Efect Due to Gas 
Introduction 

The heat effect associated with the intro- 
duction of gas into the calorimeter has been 
studied by adding oxygen gas to or pumping 
it from one side of the calorimeter or admit- 
ting it to both sides simultaneously. Figure 
2 shows the results. When 710 Torr of 
oxygen . is introduced to one side, a 
significant exothermic effect of 1.49 cal and 
a baseline shift are observed. When it is 
evacuated an endothermic effect of 1.35 cal 
is observed. The heat effect due to gas 

FIG. 2. The heat effect due to gas introduction or 
evacuation in the calorimeter (the integrated area 
corresponds to heat generated or released). 

introduction would be AnRT, where An is 
the effective number of moles of gas, R is 
the gas constant, and T is the absolute 
temperature. In the present case the effec- 
tive volume is taken as 50 cm3, AnRT = 
1.13 cal. This is to be compared with the 
1.49 or 1.35 cal observed. The larger values 
observed may be due to differences in heat 
transfer coefficient on the two sides, con- 
vection, or an error in estimating the effec- 
tive volume. The agreement is considered 
satisfactory. After evacuation, 420 Tot-r of 
oxygen was introduced to both sides of the 
reaction tube simultaneously with only a 
negligibly small disturbance in the baseline 
(see Fig. 2). Therefore, the only correction 
to the observed enthalpy which needs to be 
made is that arising from the reacting oxy- 
gen. 

3.2. The Zsothermal Hysteresis Loop for 
the Phase Transition L to (Y 

The composition of praseodymium oxide 
was measured as a function of pressure at 
713°C by two different methods. One, ob- 
tained thermogravimetrically, is shown in 
Fig. 3a. The other, shown in Fig. 3b, was 
determined by measuring the pressure 
change when oxygen gas was absorbed in 
or released from the solid in the calorime- 
ter. Agreement between the two different 
measurements is excellent. The shape of 
this hysteresis loop is not symmetrical, in 
contrast to the transition between the L 
(Pr,O,& and 5 (Pr,O,J phases (13). This 
loop becomes markedly narrower as it ap- 
proaches the (Y phase. 

3.3. The Partial Molar Thermodynamic 
Quantities for the Transition between the 
6 and (y Phases 

Examples of the calorimetric measure- 
ments are given in Table I. After the system 
has reached equilibrium the oxygen pres- 
sure is increased suddenly to both sides of 
the reaction tube, and the compositional 
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FIG. 3. Isothermal hysteresis loop between I and (Y 
phases at 713°C by (a) weight measurement using 
Ainsworth thermal balance; (b) pressure measurement 
in the calorimeter. 0, Oxidation path; A, reduction 
path. 

change and heat generated are measured. 
According to Boureau and Kleppa (24)) the 
partial molar enthalpy, AHo,, should be 
equal to Q/An taking into account the work 
done by the gas; Q is the heat absorbed and 
An is the number of moles of gas absorbed 

FIG. 4. The partial molar enthalpy as a function of 
composition. Two-phase regions are between arrows. 
B series: 0, oxidation; 0, reduction. C series: A, 
oxidation; A, reduction. E series: 0, oxidation; n , 
reduction. 

by the solid. The reaction rate was fast in 
the one-phase region and a stable baseline 
was obtained within 70 min after the initia- 
tion of the reaction. In the two-phase region 
more than 2 hr was required to obtain a 
stable baseline. As seen in Fig. 4, within the 
experimental error, no difference in partial 
molar enthalpy is observed between the 
oxidation and reduction paths even though 
different equilibrium pressures are ob- 
served depending upon the path. The par- 
tial molar enthalpy throughout the two- 
phase region has a value similar to that of 
the L phase. It then suddenly becomes 
higher as the (Y phase is formed. The partial 

TABLE I 
SOME EXAMPLES OF THE CALORIMETRIC RESULTS 

Experiment 
number 

co-1 
co-2 
co-3 
CR- 1 
CR-2 
CR-3 
CR-4 
CR-5 

Initial Final Compositional Average Absorbed 
pressure pressure change Ax composition x heat 

(Tom) (Torr) (X 10-S) in Pro, (Cal) 

10.09 60.30 1.723 1.71486 -2.128 
60.30 154.56 2.264 1.71686 -2.804 

154.56 212.01 7.016 1.72292 -8.934 
803.36 582.58 -2.640 1.79011 4.551 
582.58 394.56 -3.329 1.787 12 5.703 
394.56 273.07 -3.189 1.78386 5.448 
273.07 228.41 - 1.867 1.78134 3.141 
228.41 214.20 -9.004 1.77590 11.301 

Partial molar 
enthalpy 

(kcal /mole of 
03 

-30.05 
-30.13 
-30.98 
-41.94 
-41.68 
-41.57 
-40.93 
-30.54 
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FIG. 5. The partial molar Gibbs free energy as a 
function of composition. 0, Oxidation path; A, re- 
duction path. 

molar free energy AI?,, is obtained from the 
isothermal hysteresis curve shown in Fig. 3 
using the relationship hcoz = RT In PO,. It 
is plotted against composition in Fig. 5. 
From AGo* and tioz, the partial molar 
entropy, ASo,, can be calculated, using the 
relationship 

The results are plotted in Fig. 6, where the 
hysteretic effect is most apparent below a 
composition of Pro,.,,. There is a sharp 
change at the transition point between the 
region of single-phase CY and the two-phase 
regions. 

4. Discussion 

4.1. Models 

Point defect or clustered point defect 
models have been invoked to explain the 
partial molar thermodynamic quantities, 
AC,,, and AHOt, in systems such as MnO,,, 
(13, vo,,, (29, and NbO,,, (8). The 
point defect model should not, however, be 
applied to compounds such as the rare 
earth oxides, R ,,0Znm2, having extended de- 
fects. 

Recently Manes and Parteli (26) pro- 
posed a “tetrahedral defect” model for the 
thermodynamic quantities of fluorite-re- 

FIG. 6. The partial molar entropy as a function of 
composition. The two-phase regions are between ar- 
rows. 0, Oxidation path; A, reduction path. 

lated compounds R nOzn-2 and ROz+. They 
assume a complex of the tetrahedral defects 
in a spherical envelope of space as the 
extended defect. This model seems inap- 
propriate for the fluorite-related rare earth 
oxides encountered here since the ordered 
intermediate phases are believed to consist 
of superstructures of { 135}, planar arrays 
of paired oxygen vacancies along [I 1 l] 
across the metal atoms in the plane (Z-4). 
The short-range order in the (Y phase has 
yet to be determined but it is believed to 
consist of local arrangements related to that 
of the ordered phases. 

None of the existing statistical mechani- 
cal models appears to be applicable to the 
compounds R nO,,-, (n = 7- 12) which have 
extended defects of the type described 
above. In a previous paper (12), a regular 
solution model was used to account for 
hysteretic behavior. It predicts the gross 
features of hysteresis but it cannot, for 
example, account for the fact that truly 
constant temperature regions are never ob- 
served in hysteresis loops associated with 
rare earth oxide systems. Furthermore, it 
gives a narrower compositional range of 
hysteresis than that observed when tabu- 
lated values of AH” and AS” are used. 
Nevertheless, we will apply this model to 
hysteresis in the partial molar thermody- 
namic quantities observed in this study. 
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Before applying the model to the experi- 
mental data of this study involving an or- 
der-disorder transition, let us examine the 
isothermal rather than the isobaric hyster- 
etic behavior in the simpler system between 
the L and 5 phases. This reaction can be 
represented in the following form: 

MO, + GO, = MO,+p (1) 

When we let MO, = A and MO,+B = B the 
Gibbs free energy for the system would be 

G = ~oz~ooz + NAP’A + NBLLB 

+ (NANB/N)r + Nkfl& In X, 

+ (1 - &J ln (1 - &Jl, (2) 

where N, and N, are the numbers ofA and 
B, respectively; poA, poB, and PO, are the 
bulk chemical potentials ofA, B, and oxygen 
gas, respectively; l? is the net interaction 
energy between A and B; N = N, + N,; 
N, is the number of moles of oxygen gas; 
and h is the chemical potential of the 
oxygen gas (CL+ = kT In P,J. G is mini- 
mized by holding the total of the metal 
atoms, N, and the oxygen atoms [2 N,,, + 
UN, + (a + b)N,] constant. The result is 

+ r (1 - 2XB) + kT In &. (3) 
B 

There are three roots (X,) of this equation if 
we choose the proper values for pB - pA 
and I. Taking stable and metastable solu- 
tions (ignoring one unstable root), we get 
the hysteresis curve. When this equation is 
applied to the isothermal hysteresis curve 
between L and 5 at 535°C (11) we have the 
results shown in Fig. 7, where the experi- 
mental curve is also given for comparison. 
(Here b = 0.064 and (pA - CLB) and I are 
assumed to be 170k and 1676k, respec- 
tively, as they are in the isobaric transition.) 
A constant pressure (chemical potential of 
oxygen aas) nlateau is observed in the 

2:- kg {X, lnX, 

+ (1 - XJ In (1 -X,)}. (4) 

G then becomes 

G = No+o, + NAPA + Nspg 

+ NANB Nr+ N+ {X, In X, 

+ (1 -X,)ln(l -x,)1. (9 

-- II- Minimizing G, we get 

-“L 
171 173 1.75 1.77 

o/ Pr 

FIG. 7. Isothermal hysteresis loop between L 
(Pro,,& and <(PrO,,,,d phases at 535°C. -, Exper- 
imental data: ---, model (r = 1676k, pLA - ~g = 170k 
in Eq. (3)); . . . . . , model (r = 240k, pA - pB = 170k in 
Eq. (6)). 

model similar to the constant-temperature 
region observed in the isobaric hysteresis 
(12) when plotted against composition, at 
variance with the experimental curve. A 
narrower compositional range of hysteresis 
is also observed in the model. In this calcu- 
lation the entropy term in Eq. (2) is proba- 
bly overestimated, because in the actual 
rare earth oxides, MO, and MO,,, do not 
act as elementary units. Rather m of these 
are associated as the elementary unit mak- 
ing the configurational entropy term of Eq. 
(2) 
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+ r(1 - 2X9) +k;lnj+. (6) 
B 

If we now assume that the unit cell is the 
elementary unit, m is 7 for the L and 9 for 
the 5 phase. If we take m to be 8 as an 
average for both phases and solve Eq. (9, 
we get the hysteresis curve shown in Fig. 7, 
where (pA - pB) and I are assumed to be 
170k and 240k, respectively. We can see 
from Fig. 7 that the compositional width of 
hysteresis approaches that observed but is 
still short. This means that we still overesti- 
mate the entropy term. 

One of the many simplifying assumptions 
in the model is that the elementary unit 
size, m, is the same in both phases. Relax- 
ing this assumption leads to the following 
results. If one uses m equal to 7 and 9 rather 
than the average, the effect in the calcula- 
tion is to shift the hysteresis curve up 
slightly without changing its form. Indeed, 
any choice of parameters in the above 
model will result in a horizontal slope to the 
hysteresis loop (at variance with observa- 
tion) (12). Work is under way on a domain 
model of hysteresis which will overcome 
this dilhculty. 

High-resolution electron microscopic 
studies (27, 29) on the rare earth oxides 
in the two-phase region reveal coherent 
intergrowth of the two phases as thin 
layers or microdomains only a few unit 
cells wide which seem to act as elemen- 
tary units. In any case, the elementary 
unit is much larger than the unit cell and 
the entropy term has been overestimated. 
In order to estimate the entropy term 
properly, the domain theory of hysteresis 
must be developed. 

4.2. Hysteresis and Partial Molar 
Thermodynamic Properties 

As we have seen in the last section, the 
regular solution thermodynamic model 

gives a gross picture of hysteresis and we 
might also expect that it would give a 
qualitative interpretation for the partial mo- 
lar thermodynamic quantities. 

4.2.1. Isothermal hysteresis. As can be 
seen from Eqs. (5) and (6), the net interac- 
tion term I must be significant in order for 
hysteresis to occur. The increase of free 
energy due to this term is compensated for 
by an increase in the configurational en- 
tropy term. In order for the entropy term to 
be significant in the two-phase regions, the 
“domains” of the two phases should be 
disordered on a sufficiently small scale. 
From high-resolution transmission electron 
microscopy studies (27, 29) of the two- 
phase regions, a coherent intergrowth of 
thin layers of each phase is observed to be 
stacked in a disordered way. From these 
considerations, we may conclude that co- 
herent intergrowth of two phases results in 
hysteresis. 

The structures of the L and 4 phases dBer 
only in the b-axis length. Hence the struc- 
tures are coherent in the a-c plane making 
intergrowth relatively simple and leading to 
a symmetrical hysteresis. In contrast, in the 
L--(Y region (see Figs. 3 and 5) iosthermal 
hysteresis is not symmetrical, but is wider 
in the neighborhood of the L phase than in 
that of the (Y phase. In the (Y phase, there is 
no long-range ordering of the oxygen va- 
cancies, whereas in the L phase there is 
ordering of the [ 11 l] oxygen vacancy pairs 
across metal atoms in { 135}F planes. Thus, 
completely coherent intergrowth between 
the L and CY phases cannot occur and hyster- 
esis would be expected to be minimized. 
Since hysteresis does occur, something else 
must be happening in the so-called “two- 
phase region.” 

The shapes of the hysteresis loop in Figs. 
3a and b suggest the following interpreta- 
tion. The oxidation branch is normal for the 
transition between two ordered phases 
such as L and 5 as discussed above. This 
could result if, in fact, the ordered phases 
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of n = 7, 8, 9, and 10 were involved by 
coherent intergrowth in the reaction and 
the disordered (Y phase were formed when 
the composition reached about PrOI.,*. In 
the reduction branch, the shape of the 
curve suggests that as ordered phases ap- 
pear, they are not intergrown with (Y and 
hysteresis is minimal. However, as CY disap- 
pears and the ordered phases dominate, the 
specimen recovers its hysteretic behavior, 
but too late to preserve a symmetric form. 
This interpretation requires that the or- 
dered intermediate phases be stabilized by 
intergrowth of a rather fine texture. 

The high-temperature X-ray diffraction 
studies of this region show only the I and (Y 
phases with sharp transitions between them 
(6, 30). This could be true if the texture of 
the intergrown ordered phases accommo- 
dated only very thin layers except for the 
final product, L. An electron microscopic 
study (27) of “single-crystal” specimens 
produced under similar conditions confirms 
this interpretation if one assumes that the 
quenching procedure employed preserves 
the high-temperature state. That is, the 
ordered phases are always observed inter- 
grown in the two-phase region whether in 
oxidation or reduction with no regions of a 
disordered phase seen until the composi- 
tion reaches essentially the (Y region. 

4.2.2. Partial molar enthalpy at constant 
temperature. Using the relation pA = A, - 
TSA, etc., Eq. (5) can be rewritten as 

G = A002NOpOA~A + P,N, 

+NJ’,r+NkT 
N my {X, ln XB 

+ (1 -X,)ln(l -XJ} 
- T$+N,, - Ts,N, - T&N,. (7) 

Dividing by N and abstracting the enthalpy 
part (H) of Eq. (7), we get 

H =AOA(l -X,) +PBXa 

+ x, (1 - X,)T + N$r&*, 63) 

where A’, is the partial molar enthalphy 
of oxygen. 

Taking the derivative of Eq. (8) in order 
to get the partial molar quantity, we have 

dH c-z 
dx, 

- P, + A”, + (1 - 2x,)r 

b Wn PO,) NO, @Cln Pod -- 
2k @l/T) + 7 a(1 /T)aX,j’ (lo) 

assuming I is independent of X,. 
Only the last two terms of Eq. (10) de- 

pend on the path of the reaction and, 
hence, could account for hysteresis. Al- 
though the difference between the oxida- 
tion and reduction paths is smaller than 
the calculated standard deviation, Fig. 4 
appears to show a systematic difference 
between points taken during oxidation 
and reduction. This is consistent with a 
small hysteresis in AH. Equation (10) 
also suggests that if the interaction term 
I is sufficiently small, the partial molar 
enthalpy would be constant in the two- 
phase region. In the usual case, such as 
a-Zr + ZrOz+ (14), NbO + NbOz (18), 
and NbOz + NbOa.rz (!a), partial molar 
enthalpy is independent of composition. 
However, in the present case, I is not 
negligibly small and a slight increase in 
- Atioz occurs as O/Pr increases, as 
shown in Fig. 4. When I is taken to be 
240k, as was assumed on the basis of the 
unit cell as an elementary unit in Section 
4.1, the slope is too steep when com- 
pared with the experimental data. If an 
elementary unit larger than the unit cell 
were assumed, a small I would fit the 
experimental data. Actually, however, the 
interpretation is not as simple as repre- 
sented in Eq. (10) because the net inter- 
action term I may decrease as O/Pr in- 
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creases due to a reduction in the coherent 
intergrowth. 

The sharp change in -tioz around 
Pr%7s accompanies the phase change from 
the coherently intergrown ordered phases 
to the disordered (Y phase. The magnitude 
of -MO2 in the (Y region can be compared 
with previous data (28), ranging from 45 to 
65 kcal/mole of 0, in a generally higher 
composition range. The sharp break down- 
ward suggested by the curves of Jenkins et 
al. at about Pro,.*, is confirmed by these 
results. That the values are more negative 
for the (Y phase than for the L phase suggests 
that tighter bonding exists in the (Y phase as 
might be expected from the fact that the 
lattice parameter of the (Y phase is smaller 
than the pseudocubic parameters of the L 
phase (6). 

It is not clear why -a,,* to form 
a higher oxidation state in the nonstoi- 
chiometric L region is close to that to form a 
higher oxidized ordered phase. Part of the 
reason may be that -tioZ in the “two- 
phase region” is decreased by the interac- 
tion term due to coherent intergrowth. 

42.3. Partial molar entropy. We can get 
the entropy term (S) of the system from Eq. 
(7): 

S = - k{XBInXB 

+(I-X,)ln(l-X,)}+S,(l-X,) 

NO* + S,X, - Tk IriP,,. (11) 

Taking the derivative of Eq. ( 1 I), we get the 
partial molar entropy 

- S, + S, + t bk In PO,. (12) 

not depend on the path of the reaction. The 
difference between the entropy change per 
mole of 0, in oxidation, S,, and that in 
reduction, S,, at the same composition is, 
from Eq. (12), 

AS = S, - S, = R InP,/P,, (13) 

where P 1 and P, are the equilibrium 0, 
pressures in the oxidation and reduction 
paths, respectively. Equation (13) can also 
be obtained from the following argument: 

AS = S, - S, 

a(RT In P2/P3 _ 
aT 

=- R In P,/P, - RT 6 yypl (14) 

If the shape of the hysteresis curve does not 
depend on the temperature as is the case 
between L and [ phases (II), 
a(ln P,/PJ/aT = 0, making Eq. (14) the 
same as Eq. (13). AS is calculated at the 
same composition using Eq. (13) and the 
hysteresis data from Fig. 3 and is plotted in 
Fig. 8, where AS, calculated from Fig. 6, is 
also shown for comparison. The agreement 
between them is very good. 

The shape of the curve when -AS, is 
plotted against composition fits Eq. (11) 

Information about hysteresis in ASot is 
included in the final term of Eq. (12) since 
the other three terms on the right side do 

FIG. 8. A comparison of the partial molar entropy 
change at constant composition between that observed 
in oxidation and reduction (Fig. 6), 0, and that calcu- 
lated using Eq. (13). 0. 
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well around the composition X, = 0.5, but 
it does not fit well as X, + 0 or 1, which 
may be due to the oversimplification of the 
model. The observed sharp change in 
-A,!?, around PI-O,.,~ accompanies the or- 
der-disorder phase transformation. 

From the above data, one can conclude 
the following. The calorimetric and thermo- 
balance measurements give consistent 
values of composition as a function of 
pressure. The gross features of the varia- 
tion of tiO, and As0, with composition can 
be explained by the regular solution model. 

The detailed thermochemical data can be 
the basis of development of a more sophisti- 
cated theory. 
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