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Kinetic and thermodynamic studies of the terbium oxides between the Tb209+S (n = 4) and Tb& 
(n = 7) phases of the homolgous series, Tb,02,+ have been carried out as a function of oxygen 
pressure at 708,740,772, and 806°C. The thermodynamic study shows a reproducible hysteresis loop 
which depends on the temperature and pressure. The kinetic study was carried out by measuring the 
weight gain of an oxide sample in an oxygen atmosphere as a tinction of time. The results are 
interpreted by a mixed-model mechanism of diffusion and phase boundary reaction control. The 
relative fit of the data with other models, including the phenomenological model previously found 
satisfactory for a related reaction, is shown. The kinetics in the final stage are strongly affected by the 
existence of pseudophase behavior near Tb&. From measurement of the oxygen pressure and 
temperature dependence of the observed rate constants, the activation energies for the diffusion 
process and phase boundary reaction process were determined to be - 14 and 10 kcal/mole, respec- 
tively. 

Introduction 

The terbium oxides belong to a fluorite- 
related homologous series (R,,02,,+ n = 4, 
7, lOi, 11, 12, m) of intermediate phases 
with well-defined stoichiometries and or- 
dered phases (I, 2). Thermodynamic 
studies of cyclic phase reactions between 
these intermediate phases reveal reproduc- 
ible hysteresis loops (3-5). Chemical hys- 
teresis, the irreversible reaction cycle be- 
tween two phases, is far from understood 
in spite of its prevalence in many oxide 
systems. 
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Recently, a thermodynamic model of 
hysteresis based on the regular solution 
theory was developed invoking metastabili- 
ties (6). However, the model can only pro- 
vide the gross features of the hysteresis loop 
between two phases. Although there are a 
variety of causes of hysteresis, the key to 
understanding the nature and mechanism of 
chemical hysteresis lies in the detailed 
knowledge of the structural and thermody- 
namic relationships of the end-numbers of 
the phase reaction and of their intergrowth 
kinetics. 

Kinetic and thermodynamic studies of 
the phase reaction between the L phase 
(F’r701J and 5 phase (Pr901s) have been re- 
ported (7). These two phases in the pra- 
seodymium oxide system have a well- 
defined and simole structural relationship 
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(8). The kinetic results were interpreted by 
a phenomenological treatment of the phase 
reaction data. An analogous model has 
been used to interpret the phase reaction 
between Pr7012 and the (Y phase (Pro,-,) 
(9). This model, using information from the 
hysteresis loop, has revealed the role of the 
oxidation path of the hysteresis loop in the 
phase oxidation. 

Experiments 

Kinetic and thermodynamic measure- 
ments of the phase oxidation reaction 

have been carried out on single-crystal 
specimens. The single crystals were grown 
by the hydrothermal method (10) and 
sieved to select crystals in the range O.Ol- 
0.05 mm diameter. 

The thermodynamic and kinetic runs 
were made thermogravimetrically on a 
Cahn 1000 electrobalance. About 0.51 g of 
TbO,,, crystals were placed in a platinum 
bucket 5 mm in height and 15 mm diameter 
in a uniform temperature zone of a con- 
trolled furnace. The experimental error in 
the weight measurement due to irreproduc- 
ibility for each run and the thermomolecu- 
lar flow corrections was estimated to be 
20.02 mg, corresponding to a composi- 
tional uncertainty of 20.0005 in 
oxygen/metal ratio. 

The detailed experimental procedures 
have been described previously (7). In the 
kinetic runs the samples were kept in a 
reduced pressure for more than 2 days at 
higher temperatures (4 days at lower tem- 
peratures) to insure the complete reduction 
to C-type TbZ03, 4 phase, and reproducible 
kinetic data. The final readings of each run 
were taken 4-12 hr later when the reaction 
was completed. In the hysteresis study, it 
took a rather short time (ca. 30 min) to 
achieve equilibrium in the nonstoichio- 

metric single-phase regions of $and L phases, 
but a long time (from 15 to 50 hr) in the 
hysteresis regions. Since the 4phase shows a 
significantcompositionalvariationwithinour 
experimental range (see Fig. l), care was 
taken to have almost the same composition at 
the start of each cycle; however, the kinetics 
are scarcely affected by the variation of 
composition of the $J phase. 

Results 

The Thermodynamic (Hysteresis) Study 

An isothermal hysteresis study was car- 
ried out between 4 and L phases at different 
temperatures by changing the pressure. 
The results are shown in Fig. 1. The com- 
positions of the terbium oxides were not 
determined absolutely, rather the O/Tb ra- 
tio of the iota phase at each temperature 
was set as 1.714 on the basis of previous 
experience. (2). 

The complete loop shifts to higher pres- 
sures and increases in width as the temper- 
ature increases. The loops are not symmet- 
rical in this case, as are those of the L * 5 
reaction in the praseodymium oxides (7), 
rather, the oxidation branches are mark- 
edly curved. The features of the hysteresis 
curves are analogous to those obtained in 
isobaric studies (3,4). Four distinct regions 
(II) (i.e., 4 phase, 4 + L pseudophase, L 

FIG. 1. Isothermal hysteresis loops between 4 and L 
phases at 708, 740, 772, and 806°C. 
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pseudophase, and L phase) are clearly 
shown along the oxidation path. 

The Kinetic Study 

The results of a kinetic run at 806°C and a 
final pressure of 74.3 Torr are listed in Ta- 
ble I and shown in Fig. 2 as a typical exam- 
ple. The weight fraction, f, of the product 
is plotted against time and compared in this 
figure to three theoretical models of solid- 
state reaction which have well-defined and 
frequently observed mechanisms. The cal- 
culated curve is chosen to fit the experi- 
mental plot atf = 0.7. Agreement between 
theory and experiment is unsatisfactory. 

It is noted that the experimental curve 
does not approach f = 1 as quickly as do 
the theoretical models in the final stage. 
In fact, the reaction is completed after 

0.6 
f 

04 

FIG. 2. A typical kinetic run at 806°C and a final 
pressure of 74.3 Torr. The fraction of reaction (f) is 
plotted against time as indicated, for the original data 
(open circles) and for three models. The diffusion 
model, the phase boundary control, and the phenome- 
nological model are marked with squares, closed cir- 
cles, and triangles, respectively. 

about 2 hr, whereas all of the theoretical 
models go to f = 1 within 300 sec. 

TABLE I 

THE OXIDATION OF Tb203+& TO Tb,012 AT 806°C 
AND 74.3 Torr OXYGEN 

Time (set) f Time (set) f 

2.5 0.18” 60.0 0.829 
5.0 0.242 65.0 0.850 
7.5 0.312 70.0 0.869 

10.0 0.366 75.0 0.883 
12.5 0.411 80.0 0.896 
15.0 0.450 85.0 0.907 
32.5 0.485 90.0 0.916 
20.0 0.516 95.0 0.923 
22.5 0.546 100.0 0.929 
25.0 0.575 105.0 0.934 
27.5 0.602 110.0 0.939 
30.0 0.627 115.0 0.943 
32.5 0.651 120.0 0.946 
35.0 0.673 125.0 0.947 
37.5 0.694 130.0 0.950 
40.0 0.712 135.0 0.952 
42.5 0.731 140.0 0.955 
45.0 0.747 145.0 0.956 
47.5 0.764 150.0 0.956 
50.0 0.778 175.0 0.964 
55.0 0.805 200.0 0.965 

The reaction rate U,,,, which is defined 
as the inverse of to., (the time required for 
70% reaction), plotted against pressure 
shows a linear relationship as shown in Fig. 
3. The pressures determined by extrapola- 
tion of these lines to zero rate are strongly 
dependent upon the temperature and are 
between the initial and final pressures of the 
oxidation branch of the hysteresis loop. 

Discussion 

In the experimental measurements de- 
scribed above, only information about the 

Cdl 
0.06 

a The reading was affected by the motion of oxygen FIG. 3. iJo,,, the reciprocal of the time required for 
introduced into the reaction chamber to initiate the 70% reaction, against pressure at 708, 740, 772, and 
reaction. 806°C. 
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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 reac- 
tion of terbium oxide, the experimental ki- 
netic data must be fitted to a particular 
mechanistic model. Many different models 
for solid-state reactions have been solved 
and compiled (12-15). In this study, several 
plausible models were tried in fitting the 
experimental data including simple dilfu- 
sion, phase boundary reaction control, nu- 
cleation and growth, and the phenomeno- 
logical model. 

Since the initial stage of a solid-state re- 
action involves nucleation and growth 
(16, 17) this model (18, 19) is considered 
first. The Avrami equation is probably the 
best formulation for the kinetics of nucle- 
ation and growth. 

-1n (1 -f) = A[e+’ - 1 

+ kt - y + iy] . (1) 

The formulation is complex and has OdY 
been evaluated in the following special 
cases: 

(i) For kt 4 1, 

and 

f=kt4 (2) 

(ii) for kt %- 1 (that is, the reaction is 
fairly advanced and has already progressed 
for a certain time) Eq. (1) reduces to 

f = 1 - ,constts* (3) 
Both these limiting cases give the general 
Erofeev Equation, 

-1n (1 - f) = (kt)“. (4) 
This model cannot explain our experimen- 
tal results since df/dt would equal 0 at t = 0 
(Eq. 2), while the data show that df/dt is 
finite at t = 0. Furthermore, our experi- 
mental curve does not have the sigmoidal 
shape required by the Avrami equation. 

A plot of log [-ln (1 - f)] against log t 
allows the evaluation of IZ in Eq. (4). The 
integral power, n, has obvious physical 
significance. When II = 1, first-order ki- 
netics is obeyed (IS). This may signify 
small-particle nucleation and growth (17) or 
perhaps grain boundary nucleation (20). 
Values of n = 2 or 3 suggest that the reac- 
tion mechanism involves two- or three-di- 
mensional growth. Figure 4 shows some ex- 
amples of plots of log [-ln (1 - f)] vs log t 
at 708 and 806°C. The plots are linear but n 
varies from 0.75 to 0.92. This traditional 
nucleation and growth model based on an 
initial random nucleation and finally the im- 
pingement of the growing nuclei fails to ex- 
plain our kinetic results. 

The induction period required by the 
Avrami formulation is missing in the oxida- 
tion of terbium sesquioxides as is clear from 
the typical experimental curve shown in Fig. 
2. This indicates that the nucleation step 
occurs virtually instantaneouslycoveringthe 
surfaceofeachreactantparticlewithalayerof 
product. This process could lead to a moving 
boundary controlled mechanism which will 
be discussed below. 

In a previous paper (7), a new kinetic 
equation termed the phenomenological 
model which depends on the oxidation 
branch of the hysteresis loop was proposed 
and the oxidation kinetics of PI+O~.,~~ to 
F%.,,S was thereby explained satisfacto- 

FIG. 4. A test of the fit of the nucleation and growth 
model, the Avrami equation, at 708 and 806°C. (a) 
P = 135 Torr; (b)P = 74.4Torrat 806°C; (c)P = 65.0 
Torr; (d) P = 27.3 Torr at 708°C. 
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rily. The phenomenological equation is ex- tors (23, 24) have interpreted their data by 
pressed as Eq. (6), this equation is only applicable to a 

PC1 -f) 
diffusion process in the absence of chemical 

P -.f 
= exp[-k(P - P&l, (3 reaction. When diffusion occurs toward a 

sharp boundary where a chemical reaction 

where j3 = (P - P,)/(P, - P,), PO and P, 
takes place, the situation becomes entirely 

indicate the initial and final pressures of the 
different. Furthermore, Eq. (6) cannot ex- 

oxidation branch of the hysteresis loop, re- 
plain the linear relationship between Uo., 

spectively. The plot of Eq. (5) is compared 
and pressure. Where diffusion into a sphere 

with the experimental results in Fig. 2 
occurs with reaction, a mathematical model 

where PO = 24.0, P, = 44.0 and j3 = 2.515 has been developed (12). Unfortunately, 

were employed. Agreement between the- 
the equation is so complex that it is difficult 

ory and experiment in this case is not good. 
to evaluate numerically. 

The phenomenological model equation pro- 
Another plausible model frequently em- 

vides the same result as that obtained from 
ployed to fit experimental kinetic data is 

Eq. (4) using n = 1 when p >f. It is clear 
that of a moving boundary mechanism. Ac- 

that the applicability of this model for these 
cording to this, after nucleation proceeds 

phase reactions showing hysteresis loops is 
extremely rapidly on the surface of the 

limited. 
crystal, the reaction takes place at the inter- 

In the case of the simple diffusion model, 
face between the product and reactant and 

the fractional weight change, f, for spheri- the thickness of the product layer is chang- 

cal particles (20) is given by 
ing with time. For a spherically symmetric 
system, the model has been solved only 

f = 1 - -$ 2 $ exp(-n2 D” t), (6) 
when the steady state approximation has 
been used (12, 13,25). In this case, the ex- 

n=1 
pression forf is given by 

where D* = &W/r& r,, is the radius of a 
reactant particle. In Fig. 2 the simple dilfu- Kt = R[l - (1 -f)““] 
sion model is fitted to the curve atf = 0.7. + + - 3(1 -f)“‘” -f/3, (7) 
The fit is unsatisfactory. The diffusion con- 
stant of oxygen in the L phase of terbium where R = k,/(k,r,), K = k&2* - C,,)/ 
oxide has not been measured. However, Cor& Co represents the concentration of 
diffusion of oxygen in PI-&, which is iso- the reactant; C* is the concentration at any 
morphous with Tb,012, has been measured time, t; C,, is the equilibrium concentra- 
and its diffusion constant ranges around tion; k, and k, are the reaction rate constant 
5 x lo-lo c m “/ set whether the form is a and the diffusion constant, respectively. 
powdered or single-crystal specimen (22). This type of equation has been widely used 
If we take this to be the diffusion constant in kinetic studies. It should be noted that 
of oxygen in the terbium I phase and use when f = 1, 6 = (R + i)/K. Two limiting 
0.03 mm as the diameter of the single crys- cases of Eq. (7) are distinguished. 
tal, D* is calculated to be 10e3 see-‘. Since Case (1): When R is very large, that is 
this is within an order of magnitude of the k, Q kd, or for very small particles, the so- 
reaction rate, Uo.,, for the single-crystal called phase boundary reaction controlled 
sample (see Fig. 3), it cannot be ignored. model is obtained with the equation 
We may expect, therefore, that the diffn- 
sion process plays some role in the oxida- 

f = 1 - (1 - k’t)3. (8) 

tion kinetics. Although several investiga- In this case, k’ = K/R = k,(C* - C,,)/ 
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C,r,,, which depends on k, alone. 
Case (2): If k, >> kd one obtains, by 

letting R + 0, 

Kt = 4 - f(1 -f)“‘” -f/3. (9) 
This equation represents a diffusion-con- 
trolled mechanism involving kd alone; 
therefore, Eq (7) can be called a mixed 
model. 

Theoretical curves are depicted for diITu- 
sion (Eq. 6) and for phase boundary control 
(Eq. 8) with the experimental one in Fig. 2. 
The curve of Eq. (6) agrees with that of Eq. 
(9) except in the final stages. Agreement 
between theory and experiment is not 
good. However, the experimental curve 
passes between the two. This suggests that 
there are two processes, diffusion and 
phase boundary reaction, in competition 
which determine the rate of the reaction. 
Therefore, Eq. (7) should apply to the ex- 
perimental results. 

If we can assume that C* = aP and 
c, = apeq, where cr is a proportionality 
coefficient, then from Eq. (7) 

ul., = j-& 

& 
= C&0.3306R + 0.04260) (p - peJ 

at f= 0.7. (10) 

Equation (10) can explain the linear rela- 
tionship between U,,, and the pressure as 
shown in Fig. 3 if R is constant at each 
temperature. P, is the minimum P to cause 
the reaction and might be set equal to the 
final pressure of an idealized isothermal 
hysteresis loop. [See Fig. 7 in Ref. (7).] 

In order to obtain R values, U,, (the re- 
ciprocal of the time required for 50% reac- 
tion) is evaluated as a function of ambient 
pressure. The plots of U0.5 against pressure 
are similar to those for U0.7 vs P shown in 
Fig. 3. R values can be calculated by com- 
paring the slopes of both U,,, and Uo.5 and 
the results are summarized in Table II. 

In Fig. 5a-c, the application of Eq. (7) 

c t/SW 

FIG. 5. A test of the fit for a combined diffusion and 
phase boundary control. (a) 708”C, PO, = 27.3 Torr; (b) 
7WC, P,,, = 41.5 Torr; (c) 806=C, P,, = 135 Torr. 

with the appropriate value ofR is used to fit 
the experimental plot off = 0.7. As can be 
seen from these figures, the agreement be- 
tween theory and experiment is satisfactory 
except for the final stages of the reaction. 

The weight fraction,f, at which the devi- 
ation li-om experiment begins, depends 
strongly on the temperature, and ap- 

TABLE II 

Temp 
(“0 II 0.7 R 

806 0.000595 (P - 33.5) 0.05 
772 o.ooo66o (P - 14.5) 0.09 
740 0.000690 (P - 6.5) 0.11 
708 0.000725 (P - 2.3) 0.17 
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proaches 1 as the temperature increases 
(see also Fig. 4). The reaction speed de- 
creases sharply in this region requiring a 
long time for completion. This indicates 
that there are at least two different kinds of 
reactions in the oxidation from r#~ to L. 

Four distinct compositional regions oc- 
cur along the oxidation branch (that is $J, 
r/~ + pseudophase of L , pseudophase of b and 
L) as shown in Fig. 1. The same behavior is 
shown in the calorimetric measurements 
(I I ). Since the reaction proceeds along the 
oxidation branch the following sequence 
should be observed: 

TWs+6 step Tb,012-6= Tb7012. 
(44 (pseudophase of L) (4 

Since the pseudophase of L behaves like a 
single phase (4) and its composition de- 
pends on temperature, we can conclude 
that the mixed model describes reaction 
step (l), while another mechanism governs 
the reaction in step (2). Oxygen diffusion 
through the L phase does not seem to be rate 
controlling in step (2) because it is rela- 
tively fast (see the theoretical curve for dif- 
fusion in Fig. 2). 

From the slopes of the straight lines in 
Fig. 3, we can determine a! kd/Corg as a 
function of temperature using appropriate 
R values. If cr/C,,r$ is considered to be the 
same for all temperatures, an Arrhenius 
plot of In (akJC,r$ vs l/T, as shown in 
Fig. 6, yields an activation energy (Ed) of 

- 

FIG. 6. A function of the rate constant for the com- 
bined reaction is plotted against the reciprocal of the 
absolute temperature. 

- 14 kcal/mole for the diffusion process. 
Since oxygen diffusion in the terbium oxide 
has seemed to take place via oxygen vacan- 
cies and/or interstitials, the observed diffu- 
sion constant can be written as 

kci = KN01, (11) 

where k$ is a vacancy (or interstitial) diffu- 
sion coefficient and [0] is a vacancy (or 
interstitial) concentration of oxygen. We 
have no knowledge of the concentration, 
which depends on ambient oxygen pressure 
and temperature. In fact, the diffusion con- 
stant of the L phase in the praseodymium 
oxide system shows a complex oxygen 
pressure dependence, and Lau et al. (22) 
have proposed the following expression to 
explain the observed results: 

+ a,P;‘ls + a,P;1’2 2 2 * (12) 

We suggest that the vacancy (or interstitial) 
concentration of oxygen decreases as tem- 
perature increases as it does in the case of 
magnetite (26,27)‘to account for the nega- 
tive activation energy of the diffusion 
process. Furthermore, from the definition 
of R and the Arrhenius equation 

kd 
R=k,r, 

= kexp{-(Ed - E,)/RT}, (13) 
P 0 

where k&, kb are preexponential factors 

FIG. 7. An Arrhenius plot of rate constant ratio. 
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and Ed, E, are activation energies, respec- 
tively. Arrhenius plots of R are shown in 
Fig. 7. An activation energy (E,) of 10 
kcal/mole is obtained for the phase bound- 
ary reaction process. 

Conclusion 

At the beginning of the oxidation from 4 
phase (Tb203+s) to I phase (Tb&J, nucle- 
ation proceeds extremely rapidly on the sur- 
face of the crystal and the surface is 
covered instantly by a product layer. The 
reaction rate is then governed by the 
progress of the resulting interface toward 
the center of the crystal which is controlled 
by both diffusion and a phase boundary re- 
action. 

The conversion speed of the transition 
to the well-ordered L phase from the 
pseudophase of L, determines the reaction 
rate in the final stages of the reaction. 
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