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Microstructure development in calcium hexaluminate
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Abstract

Calcium hexaluminate (CAg) was prepared from alumina and calcium carbonate powders. The influence of processing method
and firing temperature on calcium hexaluminate grain morphology was studied. A significant correlation was found between grain
morphology and green density, porosity distribution and presence of agglomerates. Platelet grains were observed for low green
densities and large pores, while more equiaxed grains were found when green density was increased. A model is proposed for the
formation of equiaxed or platelet grains. The model is based on the number of contact areas between alumina and calcium car-
bonate grains in green specimens as well as on the free space available for calcium hexaluminate to grow. © 2001 Elsevier Science

Ltd. All rights reserved.

Keywords: CaAl1,0,9; Grain growth; Grain morphology; Microstructure-final

1. Introduction

Calcium hexaluminate (CaAl;»,O;9 or CaO-6Al,03),
often denoted as CAg, occurs in nature as the mineral
hibonite. This phase is the most alumina-rich inter-
mediate compound of the CaO-Al,O; system.! It is
thermodynamically stable up to the peritectic point,
over 1875°C (between 1820 and 1883°C according to the
different authors?). At the peritectic temperature, it
decomposes giving alumina and a melt phase. CAg has a
theoretical density of 3.79 g/cm?3,3 crystallizes in the
hexagonal system (spacegroup P6s;/mmc),>™ and pre-
sents the structure of magnetoplumbite.

Previous studies®® have shown the following reaction
sequence between CaCO; and Al,O5 to form CAg:

CaCO; + Al,O3; — CaO + AlLO3 + COZ(gas)
CaO + Al,0; — Ca0-Al,0O4
Ca0-Al,O3 + A, O3 — Ca0-2A1,0;

Ca0O-AL O3 + 4A1,0; — Ca0-6Al,0;

* Corresponding author. Tel.: +33-7243-8382; fax: + 33-7243-8528.
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where the reaction temperatures can vary as a function
of grain size, powder dispersion, forming method, etc.

The morphology of CAg grains shows preferential
growth along their basal plane. Coupled diffusion of
Ca?" ions and O>" ions from calcia-rich to alumina-
rich phases is thought to control CA4 formation.!® This
growth-rate anisotropy is responsible both for the
orientation of CAg with basal planes perpendicular to the
reaction front,'%~!3 and for the platelike grain morpholo-
gies when CAg is obtained by reaction sintering.®'4 On the
contrary, when CAg is synthesized and milled previously
to press and sintered, grains are always equiaxed'*!3 (to
classify grain shapes, the terms defined by Song et al.'® for
alumina grains are used). Sometimes CA¢ obtained by
reaction sintering can also present equiaxed morpholo-
gies.%® At present there is no clear explanation for the
formation of CAg grains of both morphologies.
Recently there has been a renewed interest in the proces-
sing of ceramics whose microstructure exhibits platelike
morphologies. This has arisen in great part due to the
fact that elongated grains can act as bridging sites in the
wake of a crack, hence resulting in improved mechanical
behavior. Amongst magnetoplumbites that present this
kind of morphology, CA¢ has been chosen as a reinfor-
cing material in alumina composites due to both its
chemical compatibility with alumina and its mechanical
and thermal expansion properties.?17-20
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Calcium hexaluminate is a reaction product in alu-
mina and alumina-spinel castables that enhances their
hot strength.?'=23 It presents a large primary crystal-
lization field in the CaO-Al,O3-Fe,O; system,?*2°
which means low solubility in iron containing slags. It is
also highly stable in reducing atmospheres.?’” These
properties allow CAg to be in contact with steel and iron
at high temperature without significant corrosion of the
ceramic material. Its crystallographic basal planes, with
perfect cleavage, can be oriented parallel to a fiber-
matrix interface: This makes CA¢ a suitable material for
alumina fiber coatings.?®3% Hexaluminates can retain a
large surface area at elevated temperature and can be
good candidates as support materials for high tempera-
ture catalytic processes.’! Thanks to the capacity of
magnetoplumbites to accommodate fission products
such as Sr, Ba, Cs, and Ce in their structure, they are
good host structures for long term immobilization of
nuclear waste.3>—34

It is necessary to understand the mechanism of for-
mation of CAg grains in order to better develop the
potential applications of this material. The aim of the
present work is to study the influence of processing
method on the final microstructure of reaction-sintering
calcium hexaluminate.

The effect of alumina and calcium carbonate dis-
tribution in green specimens on the final microstructure
was studied by modifying porosity and contact areas
between alumina and calcium carbonate grains: processing
of materials with different degrees of CaCO5; and Al,O3
agglomeration modified these two parameters. The pre-
sence of these agglomerates can affect microstructure
for different reasons:

1. Due to differences in the extension of the contact
areas between CaCOj; and Al,O3: CAg grains start
to be formed at contact surfaces. The presence of
agglomerates reduces contact areas, and conse-
quently the number of grains formed per unit
volume is lower.

2. Due to differences in porosity or free space
between grains: agglomeration tends to produce
low green densities in a compact and voids with
similar size to the original agglomerates.> If there
is not enough space, grains growth can be blocked
by the presence of other grains of the same material.

3. Due to reaction rate differences, that could affect
reaction temperatures and hence be responsible of
the appearance of a transient liquid phase.

2. Experimental procedure
CAg4 was formed by reaction sintering of a mixture of

85.9 wt.% alumina (CT3000SG, Alcoa, Pittsburgh, PA)
and 14.1 wt.% calcium carbonate powders (PG-40,

Asturcal, Gijon, Spain). In order to obtain different
agglomeration degrees, different processing methods
were used. Two slurries were prepared in desionized
water medium by mixing alumina and calcium carbonate
powders via mechanical stirring for 5 h, or via attrition
milling for 1/2 h using 3 mm zirconia ball grinding
media. Both slurries were subsequently dried while sub-
jected to continuous mixing on a stirrer/hot plate and
finally sieved under 63 pm. Dried powders were cold
isostatically pressed at 200 MPa to give SP (Stir + Pressing)
and AP (Attrition+ Pressing) samples. A third set of
samples designated AC (Attrition +slip Casting), was
prepared by slip casting from the former slurry mixed
by attrition milling. Green samples were fired in air, at
1650 and 1750°C for 5 h.

Different processing routes produced materials with
different alumina and calcium carbonate distributions.
For example, dispersion is not optimal with mechanical
stirring: alumina and calcium carbonate agglomerates
of considerable size can be obtained. On the other hand,
attrition milling produces well-dispersed powders and
agglomeration is drastically reduced.

Bulk density and open porosity of sintered samples
were measured by the Archimedes method using dis-
tilled water. Sintered samples were cut and polished
with a series of diamond pastes down to 1 pm. The
polished samples were thermally etched at 1500°C for 1
h and gold coated for scanning electron microscopy
observation (SEM) using a Zeiss DSM 942 microscope
equipped with an Energy Dispersive X-ray micro-
analysis (EDX) Link Oxford.

Grain size was measured from SEM micrographs on a
minimum of 500 grains, measuring individually the
length and width of each grain with an error less than
0.4 pm.

3. Results

Table 1 shows the bulk density and grain size of sin-
tered samples. As already reported in the literature,® !4
it is difficult to reach full density in reaction sintered
CAg: even increasing sintering temperature up to
1750°C, i.e. slightly below the fusion temperature of
pure hibonite, the density is only 96% of theoretical
density. Materials mixed by mechanical stirring (SP)
present lower densities than materials mixed by attrition
milling (AC and AP). Density evolution as a function of
sintering temperature depends on processing route. The
increase in density with firing temperature is more sig-
nificant in the material processed by attrition and slip
casting (AC) than in the other materials, due to differences
in porosity distribution (see Fig. 1). It is well known
that the tendency of large pores is to grow during a
densification process, while small ones shrink and dis-
appear.® In low-density specimens (SP), pores have a
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Table 1
Processing conditions, density and final microstructure
Sample Mixing Forming Firing Bulk Open Length Width Aspect
method method temperature density porosity (um) (um) ratio
O (%) (")
SP Stirring Cold isostatic 1650 73.540.1 18.140.7 42424 1.2+0.8 4.343.5
pressing 1750 86.240.5 2.840.2 6.5+3.5 2.5%1.5 2.9+1.5
AC Attrition Slip casting 1650 76.54+0.7 15.6+1.2 3.0£1.7 1.2+0.6 2.6+1.6
Milling 1750 94.6+0.2 0.1£0.1 3.4+£1.8 1.54£0.8 2.6+2.1
AP Attrition Cold isostatic 1650 89.310.1 0.60.1 3.4+14 1.440.5 2.7+1.6
Milling pressing 1750 96.44+0.3 0.140.1 3.2+1.9 1.6+0.8 2.2+1.0

wide size distribution and pores size can attain 50 pm.
Density increases with firing temperature due to the size
reduction of small pores, while bigger pores remains in
the microstructure giving a porosity of 12.8% (see Table
1). In AC and AP samples, pores are clearly smaller and
are more homogeneously distributed and, thanks to the
absence of large pores, the porosity decreases after firing
at 1750°C to 5.4%. This is the reason for the higher

(b)

Fig. 1. SEM low-magnification images of (a) SP and (b) AC samples
fired at 1750°C. Note the different porosity size.

sinterability of AC compared to SP materials. AP samples
present a pore distribution similar to AC but with lower
pore volume, and subsequently the decrease in porosity
is reduced.

Final microstructures of the three materials fired at
1650 and 1750°C are presented in Fig. 2. As can be
observed in this figure, only materials mixed by
mechanical stirring, which presented big size agglomer-
ates in the green compact, have a clear platelet struc-
ture. Grains of SP sample fired at 1650°C have straight
boundaries and high aspect ratio showing clear platelet
morphology. AC and AP grains present more irregular
boundaries and lower aspect ratio showing more
equiaxed morphology. In these samples, even if the
majority of grains are equiaxed, some platelet grains
with lower aspects ratio than SP specimens can be
observed. Sample density can be related with grain size
as shown in Fig. 3. For samples fired at 1650°C all
materials have the same grain width and, except in the
case of the material showing lower density, the same
grain length and aspect ratio. Nevertheless in the case of
the material with lower density, the grain length increases,
also increasing the aspect ratio. Materials fired at
1750°C present similar evolution; the larger the grain
size the lower the density.

As shown in Table 1, where grain size is plotted as a
function of sintering, they are no changes of grain size
in the case of materials mixed by attrition milling when
sintering temperature is increased from 1650 to 1750°C.
Nevertheless, in the case of the material mixed by stir-
ring, there is a grain growth giving a more equiaxed
microstructure.

In addition to the fact that platelet grains are
obtained only in low-density samples, it is important to
point out that in the case of CAg equiaxed materials
densification is possible at very high temperatures with-
out significant grain coarsening.

4. Discussion

The observed dependence of CAg morphology on raw
material distribution in green specimens has not been
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Fig. 2. SEM images of (a) SP, (c) AC and (e) AP samples fired at 1650°C and (b) SP, (d) AC and (f) AP samples fired at 1750°C. Note the higher

aspect ratio of (a) in comparison with the other samples.

reported previously. Platelet grains are obtained only in
low density and large pore samples, resulting from
agglomeration during processing.

These results can be explained by means of a simple
reaction mechanism. The mechanism of formation and
growth of CAg grains from alumina and calcium car-
bonate powders is schematically depicted in Figs. 4 and
5, in the case of an agglomerated material and a well-
dispersed material respectively. After the formation of

calcium dialuminate from the reaction between the raw
materials, hibonite nucleation occurs at calcium dialu-
minate—alumina interfaces. Agglomeration diminishes
the number of contact areas between alumina and cal-
cium carbonate and therefore between alumina and
calcium dialuminate, the number of CAg nuclei formed
per volume unit varying in the same way. As the reac-
tion progresses, hibonite grains grow along their basal
plane and with this plane oriented perpendicular to the
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reaction surface. This growth continues until the platelet
grains impinge upon each other. When the grain num-
ber per volume unit is low, and when sample porosity
and pores size are high (see Fig. 4), hibonite grains have
enough space to develop with high aspect ratios. On the
other hand, when raw materials are well-dispersed,
samples are denser and have small pores (see Fig. 5),
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Fig. 3. Final granulometry as a function of relative density and firing
temperature. a is the length, b is the width and a/b the aspect ratio.
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Fig. 4. Schematic representation of the texture development of reac-
tion-sintered calcium hexaluminate grains when the raw materials are
agglomerated.

and CAg grains find their rapid growth direction boun-
ded by other hibonite grains before being able to
develop high aspect ratios. As reaction progresses, grain
growth proceeds in other directions giving grains with
lower aspect ratios and curved boundaries. Song and
Coble!'%3° have observed a similar behavior during the
growth of doped alumina platelike grains.

As a consequence, it can be reported that the grain
morphology is linked to calcium carbonate and alumina
distribution in green specimens. Low green densities
promote platelet CAg grains while high densities lead to
the formation of elongated grains.

Fig. 6 clearly illustrates how grain growth is clamped
by the presence of neighboring grains.

Different authors®!'* proposed that a transient liquid
phase, formed during the reaction between CaCO3 and
Al,Oj3 to form CAg, is responsible for the formation of
platelet or platelike grains. This liquid phase, if it really
appears during the formation of CA4 grains, is not the
only determining factor in microstructural development
because, as is shown, platelet CAg grains cannot be
formed if they have insufficient free space to develop in
their preferential grown direction.
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Fig. 5. Schematic representation of the texture development of reac-
tion-sintered calcium hexaluminate grains when the raw materials are
well dispersed.
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Fig. 6. SEM micrography at high magnification of SP sample fired at
1650°C showing (A) how growth is clamped by the neighboring grains
and (B) how the grains weld when they are disposed with their basal
plane parallel and stuck together.

After forming, CA4 grains can grow. The main
mechanism responsible for grain growth is the welding
of neighboring grains when these are disposed with their
basal planes parallel. It can be clearly seen in Fig. 6 how
some of these boundaries begin to disappear giving
more equiaxed grains.

5. Conclusions

A model has been proposed for the formation of
equiaxed or platelike calcium hexaluminate grains. Initial
grain distribution, which leads to a variation of porosity
and contact area between alumina and calcium carbonate
grains, determines final microstructure. A high agglomera-
tion, which promotes a high porosity and low contact
area, leads to plate formation. On the contrary, good
dispersion promotes low porosity and high contact area
that leads to the formation of more equiaxed grains.

An increase of firing temperature, from 1650 to
1750°C, does not much affect grain granulometry except
in platelet grains. In this case, grains grow and become
more equiaxed as firing temperature increases.

The principal mechanism responsible for this grain
growth is the welding of neighbor grains when they are
disposed with their basal planes parallel.
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