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The solid state reaction of NaAlIO, with y-Al,O3 was investigated kinetically. Powdered compacts with
various compositions (Al,0,/NaAlQ, = 1-5) were fired at 700-1200°C for 1-768 hr. The amounts of the
reaction product were determined by peak heights of X-ray diffraction patterns. 8”"-Al,O5 was formed
predominantly from the sample with Al,O3/NaAlO, = 2. The firing time for the 8"- Al,O; formation was
shortened as the firing temperature was raised, and the activation energy, E,, for formation was about
130-135 kcal/mole. The sample of Al;0;/NaAlO, =5 formed m-Al,O; with the mullite structure and
was observed to transform gradually to 8-Al,O;. E, for the m-Al,O, formation and for the transition
were about 55-60 and 40 kcal/mole, respectively, which resulted in E, of about 95-100 kcal/mole for the
B-Al;04 formation. The mechanism of the m-Al,O; formation is discussed briefly.

Introduction

B-Alumina (B-Al,O3;) is the most
representative sodium ion conductor, and is
used as the solid electrolyte for the sodium-
sulfur battery. Many studies have been done
to define the phase relations in the system
NaAlO,-Al,O; (I-3) in the temperature
region above 1100°C, since highly conduc-
tive and dense ceramics of B-Al,O; are
obtained only by high-temperature firing or
high-temperature—pressure treatment.

Recently, Perrotta and Young (4) found a
mullite-type phase called “m-Al,O;” below
1000°C by a gel crystallization technique.
Elliot and Huggins (5) confirmed a phase,
designated ““A,” below 1100°C by ashing
filter paper soaked in aqueous salt solutions.
The “A-Al,O3” which has the composition
Na,0-nA1L 05 (3 =r < 12) appears to be the
same phase as m-Al,Oj;. These workers
pointed out that formation of this phase
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depended on very intimate and uniform
mixing of reactants on a microscopic level.

The present authors have found that the
mullite-type alumina is formed as a result of
direct solid state reaction between NaAlO,
and y-Al,O; below 1100°C and transforms
to B-Al,O;. This paper describes a kinetic
study of the 8"-, m-, and 8-Al,O; formation.

Experimental

One of the starting materials, sodium
aluminate, was prepared by heating com-
mercial sodium aluminate at 200°C for 10 hr
in air and dried at 100°C for several hours in
a vacuum drier. Another starting material,
v-Al,O3, was obtained by thermal decom-
position of aluminum sulfate at 900°C for
3 hr in flowing nitrogen and dried in the same
manner as NaAlO,. Compositions examined
in the system NaAlO,-Al,O; were
Al,O3/NaAlO; =1-5. In order to simplify
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the description of the composition, the
sample of Al,O3/NaAlO;=n is written in
the form of N-nA, so that NaAlO;:
v-AlLO; =1:5, for example, is indicated as
N-5A. The starting materials were weighed,
mixed in a ball-mill using ethanol as a dis-
persing reagent, and dried at 110°C in the
vacuum drier. The mixed powders were
found to consist of particles smaller than
several micrometers by observation with a
scanning electron microscope.

Tablets of 13-mm diameter and 2-mm
thickness formed by pressing the powder
were heated in air at a certain temperature in
the range 700-1200°C for a scheduled time
for an interval of 1-768 hr. The calcined
tablets were ground to a fine powder for
X-ray diffraction.

In order to determine the amounts of
reaction product, the heights of the peaks of
the diffraction patterns were measured; the
amounts of 8-, 8”- and m-Al,O; cannot be
determined chemically since they have
almost the same chemical properties. The
(004) and (006) reflections were used to
determine the contents of 8- and B”- Al,Os,
respectively. The (004) reflection for B-
AlL,O; has almost the same spacing as the
(006) reflection for B”-Al,Os, so their peaks
overlap completely on the diffraction chart.
However, in the region rich in NaAlQO,,
mainly 8"-Al,Os; was detected, hence a trace
amount of 8-Al,O; could be neglected in this
experiment. On the contrary, in the region
rich in y-Al,Os, predominantly 8-Al,O; was
found so that trace amounts of 8"-Al,0; and
a-Al,O; were neglected.

The (110) and (210) reflections for m-
Al,0; were useful for the measurement of
the heights. The peaks of NaAlO, and y-
Al,O; were not always available because
their intensities were comparatively weak
and often overlapped with peaks of other
phases. Therefore, calibration curves for y-,
B-, B"-, and m-Al,O; were drawn using
the (102) reflection for zinc oxide as an
internal standard. The content of NaAlQO;
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was ignored to simplify the following
discussion.

Results

1. Firing Temperature (0)-Time ()
Diagrams

The result of the heat treatment of the
samplé N-2A is shown in Fig. 1. It indicates
that B"-Al,O; is formed by firing for a
shorter time as the temperature rises, and the
slope of the curve of @ vs logt¢ for the
appearance of B"-Al,Os; is nearly equal to
that for the disappearance of NaAlO,.
Figure 2 shows the phase relations of N-5A
fired under various conditions. In this figure
three curves of 8 vs log ¢ are drawn for the
appearance of m- and 8-Al,O; and for the
disappearance of m-Al,O;. It can be seen
that the slope of the curve for the appearance
of m-Al,Oj; is nearly equal to that for the
disappearance of the same phase.

The sample N-1A gave a product contain-
ing unreacted NaAlO, together with B8"-
Al;Oj after being fired at high temperatures
or treated for a long time even at low
temperatures. The products from N-3A and
N—4A contained mixed products of N-2A
and N-5A.

2. Content (C)-Firing Time (t) Curves

The curves of the degree of B"-Al,Os
formation and of y-Al,O; consumption in
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FiG. 1. Reaction products from NaAlO, and y-
Al,O; (1:2) under various firing conditions shown by
open circles.
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F1G. 2. Reaction products from NaAlO, and y-Al,O5
(1:5) under various firing conditions shown by open
circles.

N-2A are shown in Fig. 3. The content of the
B" phase saturates in a shorter time with
rising temperature and the value for the y
phase decreases symmetrically as the curve
for the B" phase rises. In the case of N-SA,
m-Al,O; was detected prior to 8-Al, O3 and
the m phase disappears gradually as the 8
phase grows. Figure 4 shows the X-ray
diffraction patterns of the specimens fired at
950°C for various time durations, and the
variations in the contents of the three kinds
of alumina phases are indicated in Figs. 5, 6,
and 7. These figures suggest that the reaction
in sample N-5SA is a kind of successive reac-
tion.

3. Dependence of Formation Time on
Temperature

In the kinetic study of the mullite forma-
tion from kaolinite, Lundin (6) proposed the
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F1G. 3. Variations of 8”- and y-Al,0; contents in

N-2A fired at 900°C (a), 950°C (b), and 1000°C (c).

323

264
hr
I PR | 1
144
* 1 i
]x & 72
ge g
| T q @
iro‘ 24
=]
Q
S ]
= ]
£ g 10
" 1 " i 1l " "
15 20 25 30

26 (“Cuka)

FiG. 4. X-Ray diffraction patterns of the reaction
products of N-5A fired at 950°C.

following experimental equation on the
assumption that the rate-determining step is
a diffusion process:

(55 =(5)
logl —— ) =¢{—),
Moo 6

where mq is the mullite content at infinite
time (f =00), m is the mullite content of the
sample at time ¢, and @ is the characteristic
time constant. This 6 is related to the firing

temperature and is given by an Arrhenius
equation,

(D

0 =a - exp(E,/RT),

2
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FI1G. 5. Variations of contents of m-, 8-, and y-Al,O5

in N-5A fired at 900°C.
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F1G. 6. Variations of contents of m-, 8-, and y-Al,05
in N=-5A fired at 950°C.

where a is a constant and E, is the activation
energy for the reaction.

In the present work, after modification of
the meaning of ¢ as follows, Eq. (2) was
applied to several steps in the formation of
B"-, m-, and B-Al,Os;. Figure 8 draws the
Lundin plots, where the term “initiation”
means the firing time when a phase under
consideration is identified initially by the X-
ray diffraction pattern, and ‘‘maximization”
means the firing time when the m phase has a
maximum content. Concerning the 8"- and
B-Al,O; formations, the activation energies,
E,, are calculated to be 135 and
100 kcal/mole from the slopes for the initia-
tion of the phases in N-2A and N-5A,
respectively, whereas E, for the initiation of
the m phase in N-5A is 60 kcal/mole, which
is equal to that for the maximizatton of the m
phase.

4. Kinetics of B"- and B-Al, O3 formations

In many solid state reactions and phase

transitions, complex nucleation—growth
10 0—‘
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Fi1G. 7. Variations of contents of m-, 8-, and y-Al,03
in N-5A fired at 1000°C.
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FiG. 8. Lundin plots of initiations of 8”- (a), m- (b),
and B-Al,O; (¢) and maximization of m-Al,O5 (d).

reactions can be seen. When nuclei are
formed in the crystal and growing fronts
begin to overlap each other, the area of the
boundary between the reactant and the
product decreases and the reaction rate is
slowed down. Nucleation and growth pro-
ceed after an induction period, which results
in a sigmoid curve for a plot of the content
versus firing time. According to Avrami (7)
and Erofeev (8), the degree of conversion, «,
of a substance is related to the reaction time,
t, by the following equation,

a =1—exp(—Bt"), (3)

where B and n are constants.

The formations of 8”- and 8-Al,Os in the
present study follow sigmoid curves, as seen
in Figs. 3, 6, and 7. The substitution of the
content of B"- or B-Al,03;, C, for a in Eq. (3)
leads to the conventional relation,

In[-In(1-C)]=InB+nlnt 4)

Figure 9 shows the In[—In(1— C)] vs In ¢ plot
for the formation of 8”-Al,O3 in N-2A. The
values taken at a definite temperature fall
well on a straight line. The applicability of
Eq. (4) was also confirmed for the formation
of B-Al,O; in N-5A. The values of B were
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F1G. 9. Avrami-Erofeev plot of 8”- Al,O3 content in
N-2A fired at 900°C (a), 950°C (b), and 1000°C (c).

calculated from the values of In[—In(1— C)]
extrapolated to ¢t = 1, and these are plotted
against the reciprocal of the absolute
temperature for two phases in Fig. 10. E, are
estimated to be about 130 and 95 kcal/mole
for B”- and B-Al,O3;, respectively, which are
approximately equal to the values obtained
from the Lundin plot.

5. Kinetics of m-Al,Oz Formation

Generally, in the investigation of solid
state reactions in powdered compacts,

10_1:-
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F1G. 10. Dependence of B in Eq. (4) on temperature
for B"- (a) and B-Al,O; (b) formations.
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several assumptions such as that the reaction
is diffusion limited and follows Fick’s law are
made to simplify the analyses of the kinetics.
Jander (9) obtained the well-known rela-
tionship

[1-(1-x)"F=K;, (5)

where x is the fraction of an original sphere
which has reacted at time ¢ and K is a
constant related to the diffusion coefficient
and to the radius of the sphere.

If an experimental plot of x vs ¢ gives the
familiar parabolic curve, it will be useful to
apply Eq. (5) to the present reaction. As can
be seen from Figs. 5, 6, and 7, the plots of C
vs ¢t for the m-Al,O; formation seem to
follow parabolic curves until the fractions of
the phase reach the maximum values.
Applying the Jander equation to these
regions, the values of [1—(1- C)'*T are
plotted against ¢, as shown in Fig. 11. Figure
12 shows the Arrhenius plot of K together
with the similar plot obtained from the
Ginstling and Brounshtein equation (10)
which is a modified form of the Jander rela-
tionship. The apparent activation energies
calculated from the slopes of the curves are
both about 55 kcal/mole which is almost as
large as that obtained from the Lundin plot.

Discussion

1. Stabilities of B-, B"-, and m-Al-O;

Several phase diagrams have been repor-
ted for the system NaAlO,-AlL,O;. Two

1 " 1 i 1
0 100 200 300
t (hr)
F1G. 11. Jander plot of m-AlL,O; content in N-5A
fired at 800°C (a), 850°C (b), 900°C (c), 950°C (d), and

1000°C (e).
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FiG. 12. Temperature dependence of K in equations
by Jander (a) and by Ginstling-Brounshtein (b).

typical diagrams were deduced from a critical
evaluation of available data by DeVries and
Roth (1). One is for the case where 8-Al,0;
is considered to be metastable below about
1500°C and the other is for the case where
B-AlO; is stable at all temperatures up to
the incongruent melting point. These
diagrams, however, lack information below
1100°C. Liebertz (2) suggested that 8-Al,O3
is a metastable phase at that temperature,
while Fally et al. (3) showed that 8- and
B"-Al,0; always coexist at temperatures as
low as 1100°C.

Whether the B phase is stable or not in the
range of temperatures lower than 1100°C
can be judged from equilibrium thermo-
dynamic data. Thermodynamic data
concerning the Gibbs free energy change of
formation of 8-Al,O; were given only in the
review (I11) in which Weber obtained data
electrochemically using a galvanic cell. On
the basis of these data, the present authors
calculated free energy changes for several
reactions with the aid of the JANAF thermo-
dynamic tables. Figure 13 shows the
temperature-dependence of the standard
free energy changes. Although y-Al,O; was
used as one of the starting materials in this
work, the data for the case where a-Al,O; is
used as the reactant are also indicated.
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Fi1G. 13. Standard free energy changes for the reac-

tions: (A) 2NaAlO;+10Al,03(a) = Na,0-11A1,05;

(B) 2NaAlO;+10AL0;(y) > Na,0-11A1,05; (C)

1000

Na,O + Al,O3(a) = 2NaAlO,; (D) Na,O+
AlLO;3(y) > 2NaAlQO;; (E) NaO+11A1,0;(a)—>
Na;0-11A1,03; and (F) Na,O0+11ALO;(y)—

Na,0-11AL,05.

According to this figure, the AG®° values in
reactions (A) and (E) increase as tempera-
ture decreases, whereas those in reactions
(B) and (F) decrease with decreasing
temperature. The difference in these
behaviors appears to be based on the free
energy change of the transition from v-
AlLO; to a-Al;0O;. No matter what
modification of alumina may be involved, the
B phase should be formed and stable
thermodynamically even in the temperature
region lower than 1000°C. This was
confirmed in the present experiment as
can be seen from Fig. 2, though B-Al,O;
was formed very slowly at lower
temperatures.

The stabilities of 8”- and m-Al,Os cannot
be judged thermodynamically due to the lack
of data for these phases. However, Fig. 1
suggests that B"-AlL,O; is stable at least
under the experimental conditions, and it is
clear that the m phase is metastable as shown
in Figs. 5, 6, and 7.
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2. Mechanism of m-Al, O3 Formation

Elliot and Huggins (5) pointed out that
mullite-like “A-Al,O3” is formed only
through microscopic mixing of reactants and
that absorption of species by filter paper or
by mixing with a gel is a convenient tech-
nique for achieving the required degree of
homogeneity. In the present work, however,
the compacts of the mixed powders of
NaAlO; and y-Al,O; were found to react in
the solid state to form m-Al,O; with the
mullite structure by heating below 1100°C
for an appropriate time. As shown in Fig. 13,
the AG® values for reactions (C) and (D) are
almost the same and independent of
temperature, so the dissociation reaction
2NaAlO; & Na,O + Al,O; will not proceed
and NaAlQO, will take part directly in the
reaction with y-Al,Os.

According to Ghate et al. (12), if y-AlL,O;
is in close contact with amorphous silica, the
formation of mullite is facilitated by absorp-
tion of silica into y-Al,O3 by the rearrange-
ment of the defect spinel structure. There-
fore, m-Al,O; with a structure analogous to
mullite seems to be formed by the solid state
reaction between NaAlO, and y-Al,Os with
a mechanism similar to that of the reaction in
the system SiO,-y-Al,Os. After NaAlO; is
absorbed into y-Al,O3, one of the reactants
must diffuse into the particles of the other,
though the diffusion species has not been
specified.

Though the result that a sample such as
N-2A which was rich in NaAlO, in the
system NaAlO,-y-Al,0; did not form
m-Al,O; could not be explained clearly,
two reasons could be given: (i) very intimate
and uniform mixing of NaAlO, and y-Al,O;
was not achieved on a microscopic level,
and (ii)) 8"-Al,O; had the thermodynamic
tendency to be formed more easily compared
to m-Al,O;. The former reason is question-
able because the m phase was formed in
samples such as N-5A which are rich in
v-Al,O3. Concerning the latter, when there
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is a possibility of the formation of two
compounds, the compound with the lower
activation energy of formation will be
formed predominantly. In the present
experiment, E, for the formation of B”-
Al O3 in N-2A (130-135 kcal/mole, Figs. 8
and 10) is higher than that for the formation
of m-AlLO; in N-5A (55-60 kcal/mole,
Figs. 8 and 12). Therefore, it seems to be
difficult to accept the latter reason. However,
the values of E, mentioned above should not
be compared from the same point of view
because they are concerned with different
samples with different compositions, and
moreover, they are concerned chiefly with
the activation energies for diffusion or
growth and do not relate to the nucleation
behavior of 8”- or m-Al, O3 since the present
reactions have been assumed to be diffusion
limited. Although the problem of nucleation
and growth must be resolved in the future,
the present authors lean toward the latter
reason.

3. Transitions of m-ALOs to B-ALO»

The activation energy, E,, for the 8-Al,0;
formation in N-5A is about 95-
100 kcal/mole, and E, for the formation of
B’-AlLb,O; in N-2A is about 130-
135 kcal/mole. Thus, E, for the formation of
B-Al,Osis lower by about 35 kcal/mole than
that for the formation of B8"-Al,0s. The
difference suggests a difference in the process
of formation between 8- and B8"-Al,O; in the
samples N-5A and N-2A. As mentioned
above, the formation of B”-Al,O5 in N-2A
could not be explained well.

It is useful to note that the initiation line of
the m-Al,O; formation in Fig. 2 is situated
lower than that of the 8”-Al,O; formation in
Fig. 1. E, for the m-Al,O; initiation or
maximization in N-5A is 55-60 kcal/mole.
The difference between E, for the initiation
of the B-Al,O; formation and that for the
maximization of the m-AlL,O; formation in
N-5A is estimated to be about 40 kcal/mole,
which is equal to the difference between E,
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obtained from the curve in Fig. 10 and that
calculated from the Jander plot. Concerning
sample N-5A, it can be said from several
values of E, that (i) the value of 55-
60 kcal/mole represents the activation
energy for the formation of m-Al,Os, (ii) the
value of 35-40 kcal/mole signifies the tran-
sition enthalpy of m-Al,Q; to 8-Al,O3, and
(iii) the sum of the two values corresponds to
the activation energy of 95-100 kcal/mole
for the formation of the B phase. The present
experiments may confirm qualitatively
geometrical speculation that only a minor
structural rearrangement is required to con-
vert mullite-like “A-ALO3” to B-A1203 (5)

Summary

The solid state reactions in the system
NaAlO,-y-AlLO; were studied kinetically.
In the region of NaAlO,-rich composition,
B’-Al,O; was formed. In the region of
v-Al,Os-rich  composition, mullite-type
m-Al,O; was formed primarily and it later
transformed to 8-Al;0O;. The mechanism of
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m-Al,O; formation was discussed referring
to the mullite formation from SiO, and
‘)’-A1203.
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