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Promotion of ZnAl,0, formation by AlF;
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Gifu-shi 501-11, Japan

Details of the formation of ZnAl, O, in the presence of AlF; was studied for the purpose of
elucidating the effect of fluoride anion on the reaction. In the ZnO-AIF; binary system, sub-
limation of AlF; and successive reaction of ZnO with AlF; vapour were the first route of
ZnAl, 0, formation. ZnAl, O, formation with AIF; was initiated at the ZnO-AIF; interface as
well as that of the ZnO—-AIF; binary system. This reaction was used to predict the formation of
unstable zinc fluoride or zinc oxyfluoride. When the fluoride anions bound with zinc cations
were transported to the surface of an Al, Q5 particle, the intermediate phase was formed at the
site. In addition, the vapour transport of AlF; to the ZnO-Al, O, interface was expected to
form an intermediate phase containing fluoride anions such as Zn,Al, O, F, phase. The ZnAl,QO,
formation was promoted by the material transport through the intermediate phase around

Al, O3 particles.

1. Introduction

In a powdered solid state reaction, additions of addi-
tives promote the reaction [1, 2]. Halides, especially
fluorides, are strong promoters [3—16]. Shimada et al.
[17, 18] have studied the promotive effects of various
fluorides on MgAl,O, formation and reported the
formation of AlF; during the reaction in the presence
of LiF. We have found [19] that LiF forms an inter-
mediate phase with LiF, ZnO and Al,O, and the
ZnAl,O, formation is promoted by the migration of
reactants through the intermediate phase. However,
further dissolution of Al, O, by the intermediate phase
promoted the growth of a by-product (LiAl;Og). The
7ZnAl,O, formation was interrupted by the formation
of LiAl;O4. The role of LiF in the reaction must
be a co-operative phenomenon of fluoride anion and
lithium cation in the intermediate phase. However,
complicated interaction in the intermediate phase has
not been sufficiently analysed. This paper reports a
study of the promotion of ZnAl,O, formation by
AlF;. The promoting effect of the fluoride ion with no
extra cations than those common to the reactants, was
examined. Comparison of the results with LiF will
differentiate between the effects of lithium cation from
those of the fluoride ion.

2. Experimental procedure

2.1. Materials

Electrofused a-alumina of 60 um average size was the
source of a-Al,O; particles, and spray-granulated
0-Al,O; of 40 um average agglomerate size was the
source of agglomerated Al,O;. Zinc oxide, 0.3 um
average size, was used. Aluminium fluoride was com-
mercial extra-pure reagent and is composed of agglo-
merated particles.

2.2. Reaction mixtures
The following powder mixtures were prepared.
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Sample I: mixtures of equimolar amounts of ZnO
and AlF;.

Sample II: mixtures of equimolar amounts of electro-
fused a-Al, O, and AlF;.

Sample III: 20mol % AIF, was added to a mixture
of equimolar amounts of coarse Al,O, and ZnO.

Sample IV: 20 mol % AlF; was added to a mixture
of equimolar amounts of agglomerates of fine Al,O,
and ZnO.

All samples were blended for 1h in the dry state in
a plastic bottle.

2.3. Compact formation and firing
The mixture was compacted in a 10 mm diameter steel
die under a uniaxial pressure of 25 MPa. The powder
compacts were fired in an electric furnace at preset
temperatures for various durations. In order to avoid
the effect of oxygen and water vapour on the reaction,
the compacts were fired in an argon gas atmosphere.
The argon gas used was dehydrated with silica gel,
molecular sieves and P,0;, and then deoxygenated
with titanium sponge heated at 800° C. For the pur-
pose of water removal from the sample it was necessary
to preheat it in the 300° C zone of the furnace for 1h
after evacuation using a rotary pump.
Thermogravimetric (TG) and differential thermal
analysis (DTA) were carried out to examine the
thermal behaviour of specimens on heating and cool-
ing using the TG-DTA apparatus (Rigaku Denki
Ltd).

2.4. Microstructural observation

Green and fired compacts were impregnated in epoxy
resin and subjected to grinding and final polishing with
2 pm diamond paste. Polished samples were observed
by optical microscopy in reflected light and also by
scanning electron microscopy (SEM). The chemical
composition of the phase in the microstructure was
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Figure 1 Reaction of ZnO and AlF;. (a) X-ray diffraction pattern of sample I fired at 700°C for 10 h; (b) amount of ZnAl, O, as a function

of firing time.

analysed using an energy dispersive X-ray micro-
analyser (EDX) (Horiba Ltd; model EMAX 80005)
attached to the SEM.

2.5. Detection of fluoride ions in the
microstructure
We have proposed previously [20] to fix the fiuoride
ions as calcium fluoride and instead to follow the
calcium ion signal on the polished surface using the
EDX analyser which only has a weak sensitivity to
fluoride ions [21]. The weak point of this method was
that calcium ions cannot substitute for those cations
which show a stronger affinity to fluoride ions than
calcium ions, e.g. AI’*. The method was improved by
treatment with a solution containing thorium ions
which have a much greater affinity to fluoride ions
than calcium ions [22].

The polished surface of samples was digested in
0.15moll™" thorium nitrate aqueous solution to fix
the fluoride ions as thorium fluoride, followed by
thoroughly washing with alcohol. After drying in an
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oven at 100° C for 1 h, the microstructure was observed
and detected by the thorium instead of fluoride ion
which coexists with aluminium or zinc in the micro-
structure by EDX analyser.

3. Results and discussion

3.1. Reactions in the ZnO-AIF; and
Al,O;—-AlF; systems

Fig. la shows the X-ray diffraction pattern of the

ZnO-AlF, system fired at 700° C for 10h. ZnAl,O, is

formed. But there are no crystalline products other

than the reactants and ZnAl,O,. The amount of

ZnAl,O, gradually increased with firing time, as

shown in Fig. 1b.

Fig. 2a shows the microstructure of the ZnO-AlF,
system fired at 700° C for 10 h. The polished surface of
the samples was treated with thorium nitrate solution
to fix fluoride ion as thorium fluoride. Thorium is
found in the ZnO phase by EDX analyser as shown in
Fig. 2b, indicating that fluoride ions were transported
from the AIF; phase to the ZnO phase. Fig. 2b also

2Y4

Figure 2 Microstructure of the ZnO-AlF, system. (a) SE image, (b) EDX analysis.
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Figure 3 TG and DTA curves. (a) ZnO—AlF; system, (b) ZnF,-AlF, system.

shows that EDX analysis of constituents, at the point
marked in the ZnO phase in Fig. 2a, indicates the
presence of aluminium in the ZnO phase. The amount
of aluminium in the ZnO phase increased with firing
time. On the other hand, zinc was not found in the
AlF; phase. ZnAl,O, would, therefore, have to form
in the ZnO phase by reaction with transported AlF;.
Fig. 3a shows TG and DTA curves for the ZnO—
AlF, system. The weight reduction due to sublimation
of AlF; and also the endothermic peak commence at
500°C. The TG curve for the ZnF,—AlF, system in
Fig. 3b shows that a weight reduction by sublimation
of AlF, begins at 500° C in this system too. Interaction
of oxygen ions of basic zinc oxide with acidic alumin-
tum fluoride [23] must be the cause of the endothermic
reaction observed in the ZnO—AlF, system.
Thermodynamic calculations [24-26] shown in
Fig. 4, however, give a positive free energy change for
the following solid—solid anion exchange reaction due
to a strong affinity of aluminium ion for fluoride ions

3Zn0(s) + 2AIF;(s) = ALO;(s) + 3ZnF,(s or ])
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Figure 4 Free energy changes of reaction indicated as follows:
(1) 3ZnO(s) + 2AIF;(s) = AL O4(s) + 3ZnF,(s or 1)

(2) 4ZnO(s) + 2AIF,(s) = ZnAl,O4(s) + 3ZnF,(sor])

(3) 3ZnO(s) + 2AlF;(g) = ALO;(s) + 3ZnF,(s or )

(4) 4ZnO(s) + 2AIF,(g) = ZnAl,0,(s) + 3ZnF,(s or I).
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Even if the reaction is accompanied by the formation
of ZnAl,O,, as follows, the free energy change of the
reaction is positive, as shown in Fig. 4

47Zn0(s) + 2AIF;(s) = ZnAlLO,(s)
+ 3ZnF,(sorl)

The negative free energy change of formation of
7ZnAlLO, from component oxides is not sufficient to
compensate the positive free energy change of the
anion exchange reaction between AlF, and ZnO.

Sublimation of aluminium fluoride [24, 25] could,
however, help the free energy changes of the following
reactions and then negative values for the reaction are
obtained as shown in Fig. 4

3Zn0(s) + 2AlIF;(g) = ALO;(s) + 3ZnF,(sor 1)
47Zn0(s) + 2AlF;(g) = ZnAlO,(s)
+ 3ZuF,(s or 1)

Sublimation of AlF; is thermodynamically necessary
to form ZnAl,O, in the ZnO— AlF; system with source
of oxygen ions other than ZnO.

Fig. 5 shows the microstructure of the Al,O,—AlF,

Figure 5 Microstructure of the Al,0,—AlF, system fired at 700°C
for 10h.
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Figure 6 Formation of ZnAl, O, from ZnO and coarse AL, O, system
with or without AlF,, fired at various temperatures for 0.5h. (O)
Zn0-Al,0,-AlF, system, (®) ZnO-Al, 0O, system.

system fired at 700° C for 10 h. No evidence of reaction
at the interface between Al, O, and AlF; is seen in the
microstructure at this temperature.

3.2. Formation of ZnAl, 0, in the ZnO—coarse
Al,O,—-AlIF; system

Relative peak heights of X-ray diffraction of ZnAl,O,
for the ZnO-—coarse Al,O,—AlF; system and also for
the ZnO-coarse Al,Q, system fired at various tem-
peratures for 30 min, are plotted against the firing
temperature in Fig. 6. ZnAl,O, formation commences
at 700°C in the presence of AlF, and the starting
temperature falls by about 300°C.

Fig. 7 shows the microstructures for the system fired
at 700°C. The behaviour of AIF, during ZnAl,O,
formation was classified into three steps from the
microstructures. Fig. 7a is the microstructure in the
early stage of the reaction. The reaction begins at the
ZnO-AlF, interface and ZnAl, O, forms in the ZnO
phase close to AlF; particles. Alumina did not react at
this stage. Therefore, the reaction occurring would be
the same as that for the ZnO-AlF; binary system
described in the preceding section. In the middle stage

Figure 7 Microstructures for the system of ZnO, coarse Al,O, and
AlF;. (a) SE image of initial stage of the reaction, (b1) SE image of
middle stage of the reaction, (b2) EDX analysis of the point indi-
cated in (b1), (c1) SE image of final stage of the reaction, (c2) X-ray
line profiles of ZnKx and AlK« on the analysed line in (cl).
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Figure 8 Schematic reaction model for the system containing coarse
Al, O, in the presence of AlF,.

indicated in Fig. 7bl, a ZnAl,O, layer develops around
AlF; and also around Al,O; particles. At this stage
the AI’* ion was not found in the ZnO phase. So
the fluoride ion found at the Al,O, interface must be
carried by the Zn?* ion as zinc fluoride or zinc
oxyfluoride. The fluoride ion bound with zinc ion was
easily transferred to the aluminium ion when the zinc
oxyfluoride made contact with alumina. The edges of
the alumina particles became rounded because alumina
dissolved into the liquid phase, and an intermediate
phase was observed around the Al,O; particle. EDX
analysis focusing an electron beam on the inter-
mediate phase shows the presence of aluminium and a
small amount of zinc, as indicated in Fig. 7b2. Alumina
did not change in the Al O;—AIF, binary system
at this temperature, but dissolved in the ZnO-Al,0,—
AIF, three-component system to form the intermediate
phase and ZnAl,0,.

In the final stage of the reaction, the microstructure
after firing at 700° C for 30 h is as seen in Fig. 7cl. The
ZnAl,O, layer grows into agglomerates of fine ZnO
particles. Dissolution of alumina into the intermediate
phase or transport process in the product layer might
be the rate-controlling process of ZnAl,O, formation
at this stage. The distribution of aluminium and zinc
in the product layer in Fig. 7c2, however, shows no
slope. Dissolution of Al,O; would, therefore, be the
rate controlling process in the final stage of coarse
Al,O; system. Fig. 8 shows a schematic reaction
model for the ZnO—coarse Al,O,—AlF, system.

3.3. ZnAl, 0, formation in ZnO-agglomerates
of the fine Al,0;—AIF; system

The DTA curve for the ZnO—Al,O,—AlF; three-

component system in Fig. 9 shows an exothermic
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Figure 9 TG and DTA curves for ZnO, fine Al, O, and AlF,; system.

peak at 744° C on a broad endothermic peak as if the
exothermic peak was superimposed on the endother-
mic background observed in the ZnO-AlF, binary
system. Acidic aluminium fluoride solution which dis-
solved basic zinc oxide could attack aluminium oxide
to form the intermediate phase leading to ZnAl,O,
formation. The microstructure of ZnO-agglomerates
of the fine alumina—AlF; system was observed and
compared with that of the coarse Al,O, system.

The microstructure of the system of agglomerates of
fine Al,O; fired at 700°C is shown in Fig. 10. The
behaviour of AlF,; in the fine ALQO; system was
observed in three steps as shown in the figure. In the
early stage, as shown in Fig. 10a, the reaction initiates
at the ZnO-AlF; interface and forms ZnAl,O,,
similar to the first stage for the coarse alumina system.
There is, however, an apparent difference between the
microstructures of the middle step for two systems as
shown in Figs 10b1 and 7b where Al,O, joins in the
reaction to form ZnAl,O,. Zinc aluminate phase
develops into agglomerates of fine Al,O; particles in
Fig. 10b1 in contrast to the case of the coarse Al,O,
system in Fig. 7b. Aluminium fluoride carries ZnO to
the interspace between the fine Al,O; particles in the
agglomerates and then ZnAl,O, forms. The presence
of a slope of the distribution of zinc and aluminium
in the product layer in Fig. 10b2 indicates that the
diffusion of these cations in the product layer is the
slowest step at this stage.

In the final stage, shown in Fig. 10c, ZnO agglo-
merates gradually dissolve into the intermediate phase
and are absorbed into Al,O, or AlF, agglomerates
and disappear, leaving voids after long firing times.

4. Conclusions

1. In the ZnO-AlF; binary system, sublimation of
AlF; and successive reaction with ZnO were the first
routes to ZnAl, O, formation.

2. In the ZnO—Al1,0,—AlF, three component sys-
tem, ZnAl, O, formation was initiated at ZnO-AlF;
interfaces as well as that of the ZnO-AIlF; binary
system. This reaction was used to predict the forma-
tion of unstable zinc fluoride or zinc oxyfluoride.



3. When the fluoride anions bound with zinc
cations were transported to the surface of the Al,O,
particle, an intermediate phase, such as Zn,Al,O,F ,
was formed at the site.

4. The vapour transport of AlF, to the ZnO-Al,O,
interface was expected to form the intermediate phase.

5. The ZnAl,O, formation was promoted by the
material transport through the intermediate phase
around Al,O, particles.

6. Coarse Al,O, particles decrease the reaction rate
of dissolution into the intermediate phase. On the
other hand, the use of fine-particle agglomerates as
starting materials changed the rate-determining step
from dissolution of Al,O; to the transport process in
the product layer, in comparison to the coarse Al,O,
system.

Figure 10 Microstructures for the system of ZnO, fine Al,O; and
AlF;. (a) SE image of initial stage of the reaction, (bl) SE image of
middle stage of the reaction, (b2) line scan of ZnKu on the line
indicated in (b1), (b3) line scan of AlK« on the line indicated in (b1),
(c) SE image of final stage of the reaction.
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