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Kinetic and thermodynamic studies between the L (n = 7) and the 5 (n = 9) phases of the homologous 
series of the praseodymium oxides (PrnOZn-2) have been carried out as a function of oxygen pressure at 
535, 540, 550, and 570°C. The thermodynamic study was carried out by measuring the weight of the 
oxide sample at equilibrium at these temperatures as a function of pressure. The existence of a 
reproducible hysteresis loop which depends on the temperature and pressure is shown. The kinetic 
study was carried out by measuring the weight change of the sample as a function of time after a 
sudden increase of oxygen pressure initiated the reaction. In order to interpret the kinetic data, various 
theoretical models assumed, for example, to depend upon diffusion, a moving boundary, a phase 
boundary reaction control, or nucleation and growth have been examined. None of these models, 
however, is capable of correlating the experimental data. It was found that for the powder sample 
diffusion of oxygen is much faster than the rate of reaction and the reaction kinetics is first order with 
respect to both the concentration of reactant and the ambient oxygen pressure. A linear plot of the 
reaction rate versus the ambient pressure extrapolates to a finite pressure at zero rate, suggesting that 
the reaction does not begin until this pressure is attained. It has been shown that this pressure 
corresponds to the minimum required to produce 6 phase as shown by the isothermal hysteresis loop 
along the oxidation path. From the measurements of the oxygen pressure and temperature dependence 
of the observed rate constants, the activation energy of the reaction was determined to be 45.3 
kcal/mole. 

1. Introduction 

The praseodymium oxides belong to a 
fluorite-related homologous series R,O,,-, 
(n = 4,6,7,9, 10, 11, 12, ~0) of intermediate 
phases with well-defined stoichiometries 
and ordered structures (I, 2). The thermo- 
dynamic studies of phase transformations 
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between these intermediate phases have 
shown that reproducible hysteresis loops 
are found when the phase reaction cycle is 
completed between two phases (J-10). The 
causes of chemical hysteresis are far from 
understood in spite of its frequent occur- 
rence in chemical systems. In a previous 
paper (IO), a thermodynamic model of hys- 
teresis based on the regular solution theory 
was developed by invoking metastabilities. 
It was applied to the observed hysteresis 
for the phase reactions Tb,O,, % 
(7/2)Tb,O, + (3/4)0, and Pr,O,G % 
(9/7)Pr,O,, + (2/7)0,. However, the model 
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can only provide the gross features of the 
hysteresis loop between two phases. It can- 
not account for the fact that constant-tem- 
perature (or constant pressure) regions are 
never observed in the hysteresis loops as- 
sociated with the rare earth oxide systems 
or that scanning loops are observed in these 
systems. 

In order to understand the nature and 
mechanism of hysteresis it is necessary to 
have detailed knowledge of the structural 
and thermodynamic relationships of the 
end members of the phase reaction and of 
their intergrowth kinetics. In this paper, we 
shall report kinetic and thermodynamic 
studies of the phase reaction: L (Pro,.,,,, 
tz = 7 in R,Oa,-2) + 0.032 O2 -+ 5 (Pi-G,.,,,, 
n = 9 in R,O,,-,). It will also be shown 
that the kinetics data should be inter- 
preted using information from the oxida- 
tion path of the hysteresis loop. The L 
phase has a rhombohedral structure with 
a = 6.750 A and the 5 phase has a tri- 
clinic structure with a = c = 6.5 A, and 
b = 8.4 A (I). Both phases have common 
a and c axes, but the length of the b axis 
of the unit cell differs by a factor of 9/7 
between the two phases. The develop- 
ment of intergrowth of L in 5 phase has 
been observed by high-resolution electron 
microscopy. However, due to the low 
ambient oxygen pressure it has not yet 
been possible to observe the oxidative 
phase reaction I + 4 under the electron 
microscope. 

The experimental results of the kinetic 
study for the phase reaction I + 5 have 
been fit to three existing theoretical models: 
(i) diffusion control ( 1 I), (ii) moving bound- 
ary or phase boundary reaction control 
(12, 13), and (iii) nucleation and growth 
control (14). Since these models do not fit 
the experimental results, a new model is 
proposed for the phase reaction. 

2. Experimental 

Kinetic and thermodynamic measure- 

ments of the phase reaction 

I+-,ol,(S) + (2/9KMg) * (7/9)pr,O,6w 

have been carried out on powdered and 
single-crystal specimens. 

The praseodymium oxide powder was of 
99.999% purity, furnished by the Research 
Chemical Division of Nucor Corporation. 
The crystals were grown by the hydrother- 
mal method (IS) and sized with Tylor series 
sieves to get an average size of 0.07 mm in 
diameter. The oxygen was supplied by the 
Liquid Air Company with stated purity of 
99.9% and was used without further 
purification. 

For the kinetic runs on powders an 
Ainsworth balance was used. About 1.45 g 
of PrG1.rl., was spread evenly in four plati- 
num dishes held one above the other to 
assure rapid and even access to the oxygen 
atmosphere. Each dish was 1.6 cm in 
diameter and OS cm in height with a 
stacked spacing of 0.3 cm. 

The irreproducibility in the weight mea- 
surement for each run was within +20 s. 
The inaccuracy in the weight including irre- 
producibility among runs and the error in 
the correction for the TMF (thermal molec- 
ular flow) (16) effect was * 100 pg, corre- 
sponding to a compositional error of 
?0.0007 in the oxygen/metal ratio. 

The kinetic measurements on single crys- 
tals were made on a Cahn RG thermobal- 
ante. About 90 mg of Pro,.,,, crystals were 
placed in a platinum bucket 1 .O cm in height 
and 0.3 cm in diameter. The irreproducibil- 
ity and inaccuracy of the weight measure- 
ments was about +5 and ~20 M, corre- 
sponding to a compositional error of 
kO.0023 in the oxygen/metal ratio. 

The system was calibrated to determine 
the effect of the TMF as a function of 
pressure at the experimental temperatures, 
using oxygen without the sample and argon 
with the sample. The largest TMF correc- 
tions made in the data analysis were 1.2 mg 
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in the Ainsworth system and 80 ~18 in the 
Cahn system. 

In both systems, the sample weight, tem- L 1.76. 

perature, and ambient oxygen pressure $ 1.75. a c 

were read directly by a PDP-8 computer. 1.7L. 

The temperature was maintained constant 
I .__, A!  _,.._. 

173. 

within & 1°C using an RI 624 Thermac con- 
1.72, 

troller and was measured using a Pt/Pt + 123L50123L56709 
P/!orr 

10% Rh thermocouple located in the quartz 
reaction tube about 0.5 cm below the plati- 1.76. 

num sample bucket. The pressure was 1.77. 

monitored by a Datametrics Model 1014A L 1.76. 
b d 

capacitance manometer within 20.05 Torr 
% 1.75' 

:K. 

1.7L. 

accuracy. 1.73. 

In the thermodynamic (hysteresis) study, 172 

the sample was kept at the temperature 123L50123L56789 

desired and a reduced pressure (as low as P/ torr 
0.1 Torr) for more than 10 hr to ensure the 
production of L phase. The oxygen was then 
admitted and the weight change was ob- 
served until equilibrium was attained. It 
took a rather short time (ca. 20 min) in the 
nonstoichiometric regions of L or 4 phase, 
but a long time (from 2 to 16 hr) in the 
hysteresis regions. 

In the kinetic runs, the sample was 
heated at 700°C for more than 30 min under 
an oxygen pressure of less than 10 Torr to 
ensure the complete reduction to L phase. 
The pressure in the reaction chamber was 
finally adjusted to 0.25 Torr at the desired 
experimental temperature and the system 
was allowed to attain equilibrium. The de- 
sired initial pressure (typically 4.25 Torr) 
was obtained .by opening a valve to a ballast 
where the oxygen .pressure was higher than 
that in the reaction chamber. The pressure 
decreased by about 0.1 Torr as the reaction 
proceeded to its final value which was re- 
ported as the reaction pressure. These ki- 
netic runs were made as a function of 
pressure at a series of temperatures. The 
temperature, pressure, and weight were 
measured 1000 times consecutively in 0.5- 
to 8-set intervals using the PDP-8 com- 
puter. The final values were taken 0.5-8 hr 
later when the reaction was complete. 

FIG. 1. Isothermal hysteresis loops between I and 5 
phases: (a) 535°C; (b) 540°C; (c) 550°C; (d) 570°C. 0, 
oxidation; 0, reduction. 

3. Results 

3.1. The Hysteresis Study 

An isothermal hysteresis study has been 
carried out between the L and the 4 phase 
for a powder sample at different tempera- 
tures by changing the pressure. The results 
are shown in Fig. 1. 

The composition of the praseodymium 
oxides were not determined absolutely, 

I . ’ . .7 

0.6 
‘ 

0.‘ 

t/s*c 

FIG. 2. A typical kinetic run for a powder sample at 
550°C and 4.14 Torr. The fraction of reaction is plotted 
against time: 9, observed; 0, f  = 1 - (6/+) 
&l/n2) exp(-nW*r); q , f  = 1 - (1 - ktr; A,f = 

F- exp(-kt). 
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rather the O/Pr ratio at a pressure of 0.1 
Torr was set as 1.714 on the basis of 
previous experience. The features of the 0 OL 

hysteresis curves are similar to those ob- 
tamed in the isobaric studies (IO). The 7: ‘.03 
complete loop is symmetrical with respect m 
to the L and 4 phases but shifts to higher 

2 0.02 

pressures and increases in width as the 
temperature increases. 

0.01 

3.2. The Kinetic Study 1 2 3 L 5 6 7 8 9 10 11 12 13 

A kinetic run for a powdered sample at p/torr 

550°C and a final pressure of 4.14 Torr is 
shown as a typical example in Fig. 2, where 
the weight fraction, f, of the sample is 
plotted against time. The weight fraction is 
defined as 

(1) 

where W,, Wi, and W, are the final weight, 
the initial weight, and the weight at the time . . 
t. The half-reactron time, tI12, for these 
measurements is shown as a function of 
pressure, P, in Fig. 3. The function of P 
decreases inversely with t1,2, approaching a 
limiting pressure depending upon the tem- 
perature. Thus the reaction rate U (defined 

FIG. 3. The half-reaction time vs reaction pressure: 
0, 535°C; 0, 540°C; A, 550°C; A, 570°C. 

FIG. 4. The reaction rate U vs reaction pressure: 0, 
535°C; 0, 540°C; A, 550°C; A, 570°C. 

as the inverse of tI,,) plotted against P, as in 
Fig. 4, is linear. These lines extrapolate to 
zero rate at some pressure different from 
the reaction pressure depending upon the 
temperature. (Notice that below a certain 
pressure at 540°C the reaction rate deviates 
from the line drawn. This will be discussed 
below.) 

A series of kinetic runs at one tempera- 
ture has been made for the single-crystal 
sample. A typical run, shown in Fig. 5, is 
similar to that of a powder sample. The 

LO 80 120 160 200 

t /min 

FIG. 5. A typical kinetic run for a single-crystal 
sample. The fraction of reaction is plotted against 
time. 
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reaction rate U at 535°C is plotted against 
pressure in Fig. 6. In this case as with 
powder the linear extrapolation to zero rate 
gives a finite pressure. The magnitude of U 
for a single-crystal specimen is less than 
that of a powder sample at 535°C by a factor 
of 35, as seen by comparing Figs. 4 and 6. 

4. Discussion 

The kinetics of physicochemical transi- 
tions or reactions in solids may consist of 
several simple physical and chemical “ele- 
mentary” processes involving, for exam- 
ple, movement of a particle of matter, 
changes in structure, physical state, or 
chemical composition. In the experimental 
measurements described above, only infor- 
mation about the weight change of the 
sample as a function of time at a particular 
temperature and pressure is obtained. 
Thus, in order to find rate constants which 
reflect the elementary processes associated 
with the phase reaction of praseodymium 
oxide, the experimental data must be fitted 
to a particular kinetic model. Most of the 
models for solid state reactions proposed 
by others have been compiled and solved 
(17). In this study, several plausible models 
were tried in fitting the experimental data 

I I 
12.104- 

1O"d. 

“lo-; 1 2 3 J. 5 6 7 

FIG. 6. The reaction rate U for single crystals vs 
reaction pressure at 535°C. 

including simple diffusion, moving bound- 
ary, phase boundary reaction control, and 
nucleation and growth. 

According to the simple diffusion model, 
the weight change observed is controlled by 
the diffusion of an absorbed species. In this 
case, the diffusion equation 

ac 
%= DV2C (2) 

must be solved subject to appropriate 
boundary conditions. For a spherically 
symmetric system, with a constant diffu- 
sion coefficient, the fraction of weight 
change fis given by (I I) 

f= 1 - f 2 $exp(-n2D”t), (3) 
n=1 

where D* = .rr2D/ro2. 
In Fig. 2 the simple diffusion model of 

Eq. (3) is plotted by fitting the curve at f = 
0.5 (i.e., t = f1,2) using the results for the 
powder sample. The fit is unsatisfactory. 

Actually, a fit according to this model 
should not be expected for two reasons. 
First, the diffusion constant of oxygen in {- 
phase praseodymium oxide has been mea- 
sured by Fox as reported by Eyring et al. 
(18) (Table I). Under our experimental con- 
ditions, it ranges from 2 x lo-lo to 25 x 
lo-lo cm2/sec. For example, if we choose 
10eQ cm2/sec for the diffusion constant in 
the 4 phase at 535°C and use 0.07 mm and 
0.5 pm as the diameters of the single crystal 
and the powder particle, respectively, D* is 
calculated to be 8 x 10m4 and 9 set-’ for the 
single-crystal sample and the powder sam- 
ple, respectively. These values can be com- 
pared with the reaction rate U obtained 
experimentally. It can be seen that the 8 x 
lop4 set-’ value is comparable to the reac- 
tion rate U for the single-crystal sample 
(see Fig. 6), but the 9 set-’ value is much 
larger than the reaction rate U for the 
powder sample (see Fig. 4). 

Second, in terms of point defects oxygen 



300 INABA ET AL. 

TABLE I 

DIFFUSION CONSTANTOF P~WDEREDSAMPLE,[PHASE:RESULTSFOR 
prom 

Run 
Pressure Temperature Average slope 

(mm Hz.8 (“a (x 105) (X& 

5.40 511.5 0.44 0.75 
6.00 509.8 2.7 9.7 
6.02 478.5 1.7 6.4 
9.13 525.2 0.88 2.1 
8.49 542.2 8.4 25 
8.60 558.9 29 180 
7.17 574.9 0.94 1.8 

diffusion in the praseodymium oxide has 
been shown to take place via oxygen vacan- 
cies and/or interstitials. Rao and Rao (19) 
measured the electrical conductivity of 
Pro, below 700°C and found its pressure 
dependence to change from Pg6 to &:I2 as 
the composition varies from Pro,,, to PrOz, 
with a maximum occurring at Pr01.,5. Tak- 
ing into account all the possible types of 
defects, Lau et al. (20) have proposed the 
following expression to explain the ob- 
served pressure dependence of the diffu- 
sion constant in the L phase, 

+ cta p;;21’6 + q P-112 02 * (4) 

Obviously this expression cannot explain 
the linear pressure dependence of the reac- 
tion rate U shown in Fig. 4. 

We should also compare the pressure 
dependence of the diffusion coefficient of 
the 4 phase with that of the reaction rate V, 
however, no such experimental data are 
available. We conclude that the simple dif- 
fusion model is not followed by the phase 
reaction L + 5 in the PrOsOz system. 

Next, the so-called moving boundary 
mechanism is considered. According to this 
model, the reaction takes place on the 
boundary between the product and the 
reactant and the thickness of the product 
layer is changing with time. For a spheri- 
cally symmetric system, the model has 

been solved only when the steady state 
approximation has been used (12). 

In this case, the expression for fis given 
by 

Kt = R[l - (1 - f)““] 
+*-i(l -j)““-if, (5) 

where R = D/kr, and K = D( Cw - C,,)/ 
&r-,2. Here do represents the density of the 
reactant and C,, is the equilibrium concen- 
tration. Notice that in this case when f = 1, 
t = (R + 4)/K. This differs from the model 
presented above (see Eq. (3)) and those to 
be given below (see Eqs. (7) and (17) or 
(19)) where as f+ 1, t * m. This type of 
solution has been widely used in the kinetic 
study of, for example, the reduction of iron 
oxides and the oxidation of nickel (12, 21). 
For powders, diffusion is much faster than 
the reaction rate, hence R in Eq. (5) be- 
comes very large. Under these conditions 
we obtain the so-called phase boundary 
reaction-controlled model 

f= 1 - (1 - k03. (6) 

Equation (6) can be obtained from Eq. (5) 
by letting R --, m; in this case k = K/R. 
Notice that at kt = 1, f= 1. In the PrO,O, 
system it has been fit satisfactorily to the 
reaction Pr6011 + 40, e 6Pr02 (13). 

The plot of Eq. (6) is compared with the 
experimental results in Fig. 2. The theoreti- 
cal curve is chosen to fit the experimental 
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plot at f = 0.5. It is clear that agreement 
between theory and experiment is not 
good. 

Another plausible model frequently em- 
ployed to fit experimental data is that of 
nucleation and growth. For grain boundary 
nucleation (plate-like growth), Cahn (14) 
has shown that in the long-time limit fcan 
be expressed as 

f = 1 - exp(-2SGt), (7) 

where S represents the boundary area per 
unit volume and G represents a constant 
growth rate. This model cannot explain our 
experimental results since u’fldt would 
equal zero at t = 0, while the data show that 
df/dt is finite at t = 0. At large t, Eq. (7) 
does not satisfactorily fit our data, although 
it does fit well in the middle region (see Fig. 
2). Finally, it is difficult to explain why G 
should vary linearly with P and approach 
zero at a finite oxygen pressure. 

As is suggested by the above discussion, 
the existing models of solid state reactions 
cannot be used to interpret these experi- 
mental results. Before proceeding to de- 
velop a new model we summarize the main 
features of the experimental findings of the 
kinetics for the phase reaction, L -+ 5. For 
the powdered sample, diffusion of oxygen 
is much faster than the reaction. The reac- 
tion rate U measured by the inverse half- 

w, P ---B, 

Composition I-T Wi Pi--- Bi 

W, PO--- A 

w Pressure 

FIG. 7. An idealized isothermal hysteresis loop. 

log t/see 

FIG. 8. Experimental and theoretical fits offvs log t 
at 550°C and 4.14 Torr (P > P,). 0, observed: 0, 
[p(l - n/p - jJ = exp[-K(P - P&l, B = 1.451; 
A, f  = 1 - exp(-kf). 

lifetime varies linearly with the oxygen 
pressure with a finite intercept, and dfldt is 
not zero at t = 0. 

In the system, where reproducible hys- 
teresis is observed, the Gibbs free energy is 
expressed by factors (8) other than temper- 
ature, pressure, and composition that might 
affect a phase transformation, e.g., surface 
energy or distribution of domains. Conse- 
quently, the phase rule must include extra 
terms, 

F=C-P+2+%. 

In this sense we have many “intermediate 
phases” along the hysteresis loop. An ide- 
alized isothermal hysteresis loop represent- 
ing the phase reaction is shown in Fig. 7 in 
the shape of a parallelogram. The original 
phase (L in this case) is represented by A 
and B1, B,,---B, represents an arbitrary 
series of intermediate compositions. The 
corresponding equilibrium pressures are in- 
dicated by PI, Pz,--- P,. As in the case of 
the isothermal oxidation of Fe (22) and UC 
(231, 

Fe 2 Fe304 4 Fe203, 

UC 4 uo* 4 u,o,, 
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we shall assume that the phase reaction, 

‘4 5, 03) 

also passes through the path of the interme- 
diate phases &, Bz, --- B,. 

From Eq. (8) and the fact that U varies 
linearly with the oxygen pressure, we write 
the rate expression for the phase reaction 
as 

- z= KA(P- Pi), 

where A is now the concentration of the 
initial phase, k’ is the rate constant, P is the 
ambient pressure, and Pi is the equilibrium 
pressure of the intermediate phase (see Fig. 
7). The term (P - Pi) in Eq. (9) means that 
the reaction does not proceed until the 
ambient pressure P reaches Pi, the equilib- 
rium pressure of the intermediate phase. 

In order to convert this rate expression 
into a rate equation expressed in terms of 
the weight fraction, f, we introduce the 
weight of the sample W, 

W = V(AM, + BM,), (10) 

where V is the volume of the sample, B is 
the concentration of the product, and MA 
and MB represent the molecular weights of 
A and B, respectively. At time zero and 
infinity, we have 

W, = VA&lA (11) 

and 

W, = V(AJ4, + BJ4,), 

respectively. 
Noticing that 

A + B = A, + B, = A,,, 

we obtain 

(12) 

(13) 

w- w, 
f= w,- w,= 

A,,- A 
A0 - A,’ (14) 

Substituting Eq. (14) into Eq. (9) yields 

d. 

z=k, cf 

A toA -f(P - Pi). (15) 

Since we assume that the oxidation branch 
of the hysteresis loop is linear against 
pressure (see Fig. 7), we have Pi = PO + 
f(P, - PO). When P is greater than P,, in 
Fig. 7, the system becomes 5 phase com- 
pletely, hence A, = 0; in this case Eq. 
(15) becomes 

$-= K(1 - f)[P - Po - flP, - PJ, (16) 

which can easily be integrated as 

PC1 -.fl 
P-f 

= exp[-k’(P - P,)?], (17) 

where /3 = (P - P,)/(P, - PO). On the other 
hand, when P is smaller than P,,, A, Z 0 
and Pi = PO + (P - Po)f: Substituting this 
relation into Eq. (15) yields 

$= k’(P - P,)(l - f) jqA’--“j, (18) 
0 x 

which can be integrated as 

‘;! If” = exp[-K(P - Po)(/3’ - l)?], 

(19) 

where /3’ = A,/(A, - A,). 
Consider an energy level versus reaction 

coordinate diagram; notice that the initial 
energy level is dependent on PO because the 
phase reaction does not proceed until this 

‘.O- 1 

log t/set 

FIG. 9. Experimental and theoretical fits offvs log t 
at 540°C and 1.44 Torr (P < P,). 0, observed; 0, 

W(1 - n//Y - fl = exp[- K(P - POW - l)rl. 
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P/ torr 

FIG. 10. Plots of k’(P - Z’,) and k’(P - PO) vs 
pressure. k’(P - P.): 0, 535°C; 0, 540°C; A, 550°C; 
A, 570°C. kyP - PJ: l , 540°C. 

pressure is reached. PO should depend on 
temperature as can be seen from Fig. 1. In 
other words, k’ may depend on temperature 
through P,,; this is the reason the slopes of 
the curves k'(P - P,) vs Pdecreases with T 
(see Fig. 10). The dependence of K on P,, 
can be taken into account by shifting the 
energy of the initial state by the amount, RT 
In PO, i.e., 

K = kexp(-RTln PO) = L 
RT PO cm) 

The expression for U = tllZ, can be ob- 
tained from Eqs. (17) and (19) as 

p/torr 

FIG. 11. Plots of k$P - P.) and k(P - PO) vs 
pressure. kfP- P,): l ,535”C; 0,540T; A, 550°C; A, 
570°C. k(P - PO): m, 540°C. 

K(P - PJ 
’ = ln(2P - l/p) (21) 

and 

u = K(P - PI&P - 1) 

ln(2P - l/p’) ’ (22) -$ 

In 

2 
5 respectively. 

In Figs. 8 and 9 we show the application 
of Eqs. (17) and (19) to fit the experimental 
results, where P, and PO are taken from the 
observed hysteresis curves of Fig. 1. As 
can be seen from these figures the agree- 
ment between theory and experiment is 
satisfactory. For the case where P > P,, 
the observed k'(P - P,) obtained from the 

use of Eq. (21) is plotted (Fig. 10) against 
the ambient pressure at different tempera- 
tures. A good linear relationship does exist 
in each case and the straight lines intersect 
at P, as predicted by the theoretical model. 
Similarly a plot for the case of P < P,, is 
also shown in Fig. 10, and a good linear 
relationship is found with an intercept at PO 
predicted by the theory. 

Using Eq. (20), we get k(P - P,) and 
k(P - P,,) which when plotted against 

-5- 

-6- 
1.18 1 1.20 1.22 1 

1/T xIO‘~/K-' 

FIG. 12. A plot of In k vs 1 /T. 
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pressure as shown in Fig. 11, give lines 
whose slopes increase with temperature. 
From the slopes of the straight lines we 
can determine k as a function of tempera- 
ture. A plot of In k vs l/T is shown in 
Fig. 12 from which an activation energy 
of 45.3 kcal/mole is obtained. 

In concluding this discussion we point 
out that the reaction rate depends on the 
oxidation branch of the hysteresis loop, 
since the driving force of the reaction is 
proportional to (P - Pi) where Pi is the 
actual equilibrium pressure of the reacting 
material. The rate equation depends upon 
the ambient pressure P whether or not it is 
greater than P,. The extrapolated pressure 
at which the rate is zero does depend upon 
whether P is greater or less than P, but 
the mechanism for powder samples ap- 
pears to be the same regardless of the 
pressure. 

Furthermore, control of the particle size 
of the specimen makes possible elimination 
of the diffusion effect as in the case of the 
powder sample. This suggests that just as 
the diffusion effect may be taken from con- 
sideration in specimens of sufficiently small 
particle size a kinetic study of larger crys- 
tallites can be used to determine the diffu- 
sion coefficient since in this case both diffu- 
sion and reaction would contribute to the 
rate of reaction. 

This phenomenological treatment of the 
phase reaction, L to 5, in the oxidation of a 
praseodymium oxide points to those envi- 
ronmental factors which affect the mecha- 
nism of reaction and hence determine its 
rate. Already, however, information on the 
mechanism at nearly atomic resolution is 
being provided by examining specimens, 
quenched in the course of reaction, by high- 
resolution electron microscopy (to be pub- 
lished separately). The next step will be to 
use these suggestions to formulate and test 
the detailed mechanism of this reaction 
involving materials having extended de- 
fects. 
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