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Abstract 

The phase evolution during reaction sintering of 
stoichiometric mixtures of CaC03/(6-x) A1203/ 
xFezO3 was investigated. The microstructural evo- 
lution as a function of iron content and jiring 
temperature was also studied. It was found that the 
appearance during sintering of several intermediate 
phases (CA, CA, and CAF2) as well as the phase 
evolution during the Ca0.6(A1,Fe)203 solid solution 
formation and the jinal microstructures after sinter- 
ing, can be explained by means of the CaO-AlIOr 
Fez03 phase equilibrium diagram. 0 1998 Elsevier 
Science Limited. All rights reserved 

1 Introduction 

The CaO-A1203 system was studied in detail due 
to its importance in the steel, cement and ceramic 
industries.1,2 It contains a number of stable inter- 
mediate compounds: C3A, C12A7, CA, CA2 and 
CA6, of which the last one is the richest in alumina. 
Calcium hexaluminate, or hibonite, is stable up to 
the peritectic point, 1875°C. At this temperature, it 
decomposes, giving alumina and a glassy phase. 
The compound formulation used is conventional 
cement notation, i.e. C=CaO, A=A1203, F= 
Fe203, thus CA6 = Ca0.6A1203, etc. 

CA6 crystallises in the hexagonal system, space- 
group P63/mmc, and presents the structure of 
magnetoplumbite (Fig. 1). This structure is 
composed of ‘spine1 blocks’ and ‘conduction 
layers’, which are stacked alternately to form a sort 
of layer structure. 3-6 Spine1 blocks are composed 
only of Al3 + and 02- ions, and have the same rigid 
structure as spinel. Large cations such as Ca2+ are 
usually located in the spacious conduction layer, 
which has a mirror symmetry plane. 
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The morphology of CA6 crystals or grains shows 
preferential growth along their basal plane. This 
growth-rate anisotropy gives them platelike 
morphologies, but preliminary studies revealed 
that the morphology of the CA6 grains could be 
readily changed (from platelet to equiaxed) by 
modifying the processing conditions.7-9 

Calcium hexaluminate forms extensive range 
of solid solution in the CaO-A1203-Fe203 
system.‘@13 The solid solution mechanism has 
been shown to be the replacement of A13+ by Fe3+ 
in the CA6 lattice, which means that the range of 
CA6 solid solution compositions lie along the join 
line CA6-CF6, as shown in Fig. 2. CF6 is not a real 
phase, and for this reason it has not been presented 
in the figure. 

CA6 presents a large primary crystallisation field 
in the CaO-A1203-Fe203 system, which means low 
solubility in iron oxides containing slags. It is also 
highly stable in reducing atmospheres.14 These 
properties allow CA6 to be in contact with steel 
and iron at high temperature without significant 
corrosion of the ceramic material, making calcium 
hexaluminate a potentially suitable material as 
refractory for the iron and steel industries. CA6 has 
a coefficient of thermal expansion close to alumina 
(8-8.5x lo-6 OC-‘)15-‘7 and a lower density (3.79 g/ 
cm3),18 which in addition to this particular micro- 
structure, gives CA6 improved thermal shock 
behaviour, one of the main problems of alumina. 

Recently there has been a renewed interest in the 
processing of ceramics whose microstructure exhi- 
bits platelike grain 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 behaviour. 
Between magnetoplumbites that present this kind 
of morphology, hibonite has been chosen as a 
reinforcing material in alumina composites19-22 
due to both its mechanical and thermal expansion 
properties. Calcium hexaluminate is also starting 
to be used as alumina fibre coatings.23T24 Due to its 



1374 C. Dominguez, R. Torrecillas 

Fig. 1. Magnetoplumbite structure. 

easy cleaving crystallographic basal planes oriented 
parallel to the fibre-matrix interface, this interface 
is sufficiently weak to deflect cracks, therefore 
toughening the composite, and strong enough that 
such transverse strengths are not too low. 

Magnetoplumbites are used as nuclear waste 
containers25-28 because ions in the mirror plane 
region between the spine1 blocks are essentially 
immobile. For this reason they are good host 
structures for fission products such as Sr, Ba, Cs, 
and Ce for very long-term immobilisation. 

In the past few years, CA6-CF6 solid solution 
compounds have been of interest due to their spe- 
cific magnetic behaviour and electronic conduc- 
tion. CA6 is diamagnetic and a gradual increase in 
the magnetic susceptibility has been found up to 
the limit of the solid solution series, while a 
great increase in the susceptibility has been 
found with higher CF6 content, inhomogeneous 
compounds.29-32 

The powder synthesis, sintering, thermal stability 
and lately mechanical properties of pure CA6 have 
been studied; however, there are no reports about 
the influence of Fe203 in the sintering behaviour 
and microstructure of calcium hexaluminate. 

Fig. 2. CaO-A1203Fe203 phase diagram. 

2 Experimental Procedure 

2.1 Processing 
Alumina (CT3000SG, ALCOA, Germany), calcium 
carbonate (ASTURCAL, Spain) and hematite 
(PANREAC) were used as starting materials. 
Homogeneous mixtures of these powders were 
prepared in the suitable proportion to produce 
CA6 with several Fe3+/A13+ % substitution in the 
CA6 lattice (up to 70%). The powders were mixed 
by attrition milling during half an hour in water 
media using Zr02 balls, dried under mechanical 
stirring and finally sieved at < 63 ,um. 

The different compositions prepared are shown 
in Fig. 2, where the numbers represent the percen- 
tage of Fe3+/A13+ ion replacement, or percentage 
of CF6 as has usually been used. 

To study the reaction progress as a function of 
temperature, materials of each composition were 
fired in an electric furnace under air atmosphere, 
for 2 h at temperatures in the range of 90&16OO”C. 

From the different powder mixtures, green com- 
pacts were obtained by cold isostatic pressing at 
200MPa. The obtained green compacts were fired 
in air in the temperature range showed in Table 1. 
The physical+zhemical properties and the micro- 
structure of the sintered compacts were studied. 

2.2 Characterisation 
The crystalline phase identification was carried out 
by powder X-ray diffraction using a Siemens 
D5000 equipped with Cu anode and graphite 
secondary monocromator. 

In order to determine the solid solution limit at 
14OO”C, samples of each composition where fired 
for 10h at this temperature, cooled down, homo- 
genised and refired. This procedure was repeated at 
least four times. The reaction progress was studied 
by XRD. The solid solution CA6 limit was calcu- 
lated by means of Vegard’s law. This law considers 
a gradual change in the crystalline structure para- 
meters of a material between the limits of the solid 
solution. In a previous study, Dayal and Glasser” 
used the progressive linear changes in interplanar 

Table 1. Sintering temperatures of different compositions 

Composition 

Temp. (“C) 0 5 10 20 30 40 50 60 70 

1350 + + 
1400 + + 
1450 + + + + + 
1500 + + + + 
1550 + + + + + 
1600 + + + + 
1650 + + + 
1700 + + 
1750 + 
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spacing of [2,0,1 l] CA6 peak to calculate the solid 
solution limit at 1330°C. The interplanar spacing 
change of the same peak was measured by powder 
XRD using a silicon internal standard.33 

The apparent density of sintered samples was 
measured by the Archimedes method using 
distilled water. True density was measured on 
milled samples ( < 63 pm) in a Micromeritics 1305 
He pycnometer. The apparent density values are 
given as percentage of true density. 

The microstructure of the materials was studied 
by scanning electron microscopy (SEM) on 
polished and thermal etched samples and, in some 
cases, gold-coated surfaces. Gold coating was not 
necessary for samples with high iron content due to 
its high electrical conductivity. A ZEISS DSM 942 
microscopy, with an Energy Dispersive X-ray 
microanalysts (EDX) Link Oxford was used. 

3 Results and Discussion 

3.1 Phase evolution 
Table 2 shows the different phases present in the 
materials as a function of composition and firing 
temperature. XRD identification was complicated 
by the shifting of CA6 and Fe203 peaks due to the 
introduction of Fe203 and A1203 in solid solution 
in CA6 and Fe203, respectively, peaks overlapping, 
and poor precision of the CAF2 PDF file. As can 
be observed in Table 2, before the formation of 
CA6, CA and CA2 appear as intermediate phases 
in all mixtures. Materials with iron oxide also show 
the formation of CAF2, the only ternary phase in 
the CaO-A1203-Fe203 phase equilibrium diagram 
(Fig. 2). But the most remarkable effect of iron 
addition oxide is the lower temperature of CA6 
formation, which is between 1200 and 1400°C in 
the samples with Fe203, instead of 1400-1600°C in 
the sample without iron. 

Compositions 50 and 60, at 1400°C present 
CA6, CAF2 and Fez03, and in the case of compo- 
sition 70, CA6 is not present, leaving CAF2 and 
Fe203 as stable phases. Looking at the isothermal 
section of the CaC&A1203-Fe203 phase equili- 
brium diagram at 1330°C (Fig. 3), it can be 
observed that compositions 60 and 70 lie outside 
the CA6,, line. Composition 60 lies in the tie trian- 
gle CA6-F-Ternary phase, explaining the presence 
of these three phases in this composition at 1400°C. 
Composition 70 lies in the binary area CAF2 + F 
explaining the absence of CA6 at 1400°C in the 
sample. At 1330°C composition 50 lies on the CA6 
solid solution line. Taking into account the results 
of this investigation, it seems that a reduction in 
the solid solution limit takes place at temperatures 
higher than 1330°C meaning that sample 50 lies in 
the tie triangle CA6-F-CAF at 1400°C. 

The CA6 solid solution limit at 1400°C was 
calculated. Figure 4 shows the results of the present 

CA, A 

” ” ” V_JJ 

c,W CF 6oCF, CF, Fe,O, 
Wf Y. 

Fig. 3. Isothermal section of the CaO-Al20sFe20s phase 
diagram at 1330°C. 

Table 2. Phases present as a function of composition and sintering temperature 

Composition 

Temp. 0 
(“C) 

5 10 20 30 40 50 60 70 

900 A+CA A+F+CaO A+F F+A+A F+A+CA F+A+CA F+A+CA F+A+CA A+F 
+ CaO +CA +CA+CaO + CaO + CaO + CaO + CAFz + CAFl 

1000 A+CA A+CA A+F A+F+CA F+A+CA F+A+CA F+A+CA F+A F+A 
+ CaO +F + CA f CAFz + CAFz + CAF2 + CAF2 + CAF2 f CAFz + CAF2 

1100 A+CA A+CA2 A+CAI A+CA,+F Fi-A+CA2 F + CAF? F + CAF2 F+CAF, F+CAF, 
+ CA + CAFl +CAF;!+F+CA + CAFl + CAF2 +A +A +A +A 

1200 A+CA2 A+CA, A+CA, A+CA,+CAF, F+A+CAF2 F+CAF,i-A F+CAF2 F+CAF, F+CAFz 
+CA +CA6+CAF2 +CAFz+CA,+F +C&+F + CA6 + CA6 +A +A +A 

1300 A+CA1 A+CA, A+CA, CA,+A+CAF, CA,+CAF, CA,+F CA6+F F+CAF2 F+CAF2 
+-CA +C% + CA6 + CA2 +F + CAF2 + CAF;! f CA6 

1400 A+CA* A+CA, C&+A CA6 CA6 CA6 CA,+F CA,+F F+CAF, 
+ CA6 + CA6 + CA2 + CAF2 + CAF2 

1500 CA6+A CA,+A CA6 
+ CA2 + CA2 

1600 CA6 CA6 CA6 
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Fig. 4. Change in the CA,[2,0,11] interplanar spacing at 
133O”Cii and 1400°C (present study) as a function of tem- 

perature. 

investigation together with the ones obtained by 
Dayal and Glasser at 1330°C. Both lines have 
basically the same slope. The solid solution limit at 
1400°C was found to be the composition with 42% 
of CF6. This result explains the appearance of 
phases other than CA6 in composition 50 at this 
temperature. 

3.2 Density 
Figure 5 shows the evolution of apparent density 
with firing temperature and composition of 
compacts fired for 5 h. 

The highest density (96.5%) was obtained in the 
case of the sample without Fez03 for a sintering 
temperature of 1750°C. Up to composition 20, 
density increases with sintering temperature. For 
higher FezOs contents, density increases up to a 
maximum before a decrease due to the appearance 
of glassy phase. The maximum apparent density of 
all materials varies from 92 to 97%, showing a 
slight decrease as iron content increases. 

It can be pointed out that the addition of Fe203 
enhances sintering. Looking, for example, at 
composition 20, it is possible to obtain the same 
density as sample 0 but at a sintering temperature 
200°C lower, that is to say, it is possible to reduce 
the sintering temperature from 1750 to 1550°C. 

3.3 Microstructure 
Using the solid solution limit data obtained in this 
investigation as well as the results available in the 
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Fig. 5. Apparent density (% of real density) as a function of Fig. 7. Microstructure of compositions with low and medium 
composition and firing temperature. Fe203 content at low temperatures. 

literature, the vertical section of the CaO-AlzOs- 
FezOs system through the CAh-CFh line was 
drawn (Fig. 6). This section is of great importance 
in order to understand the microstructural evolu- 
tion of calcium hexaluminate as a function of 
composition and firing temperature. Six different 
microstructures were found corresponding to 
different sintering areas of the mentioned section: 

Samples with low and medium iron content, 
fired at low temperatures (zone 1 in Fig. 6) 
present a microstructure composed of plate- 
like grains of CA6 with big triangular pores 
(Fig. 7). These materials have low densities as 
it can be observed in Fig. 5. 
Samples with low iron content and higher 
firing temperature (zone 2 in Fig. 6) show a 
more equiaxed microstructure (Fig. 8). This 
change in morphology is followed by an 
increase of density. 
As can be observed in Fig. 6, for low amounts 
of Fe203 and very high temperatures, CA6 and 
A1203 coexist with a liquid phase (zone 3). The 
microstructure of materials fired in such areas 
is composed of CA6 plates with equiaxial 

Fig. 6. Isoplethal section CaCKA1203-Fe203 phase diagram 
through the CA6-CF6 line. 
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Fig. 8. Microstructure of comnositions with low Fe701 con- 
tent at high iemperatures. 

A1203 grains between them (Fig. 9). In this 
microstructure, the piled up plates can be 
clearly observed. An increase of grain size is 
observed due to the presence of a glassy phase 
during sintering enhancing grain growth. 
Compositions 20 and 30 sintered at high tem- 
peratures, zone 4 in Fig. 6, show CA6 
equiaxed grains with small crystals of Fe203 
between CA6 grains (Fig. 10). That means 
that the solid solution limit has been exceeded. 
The amount of Fe203 particles is low and it 
cannot be observed by XRD. 
Samples 40-70 sintered at low temperatures 
(zone 5 in Fig. 6) show a microstructure 
composed by a random mixture of Fe20s, 
CA6 and CAF2 grains (Fig. 1 I), as can be 
deduced from the isopletal section. 
At temperatures exceeding 1435°C (zone 6 in 
Fig. 6) the same three phases are present in a 
different arrangement. In Fig. 12 can be seen 
some CA6 grains and big agglomerates of 
Fe203, surrounded by a matrix of CAF2, CA6 
and small Fe203 grains. From Figs 2 and 6, it 

Fig. 10. Microstructure of compositions with medium Fe20s 
content at high temperatures. 

can be observed that 1435°C is the tempera- 
ture of the invariant point CA6CAFTFe203 
and, when this temperature is achieved, a 
glassy phase appears. At higher temperatures, 
the glassy phase is in equilibrium with CA6 
and Fe203. As the grains of these two phases 
can grow in the presence of a considerable 
quantity of liquid, they show a large grain 
size. Small FezOs, CAF2 and CA6 grains 
crystallise from the glassy phase upon 
cooling. 

The different microstructures of these materials 
make them suitable for many applications: 

Materials with platelike grains and high 
porosity are suitable as catalytic supports for 
high temperatures, ceramic membranes and 
thermal shock resistant materials, for example. 
Equiaxed grains of CA6 with small round 
pores are suitable as structural ceramics. 
Thanks to the different distribution of iron 
oxide grains, we can obtain a series of 

Fig. 9. Microstructure of compositions with low Fez03 con- Fig. 11. Microstructure of compositions with high Fez( 
tent at very high temperatures. content at temperatures lower than 1435°C. 
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Fig. 12. Microstructure of compositions with high Fez03 content at temperatures higher than 1435°C. 

materials with very different magnetic and 
electrical properties. 

4 Conclusions 

It was found that the phase evolution during the 
formation of the Ca0.6(A1,Fe)203 solid solution, 
with the appearance of several intermediate phases 
(CA, CA2 and CAFJ during, sintering and the 
final microstructures obtained, can be explained by 
means of the CaO-Al@-Fe203 phase equilibrium 
diagram. 

The addition of Fez03 up to the solid solution 
limit enhances the formation and sintering of CA6. 

The solid solution limit at 1400°C is located at 
the composition with 42% Fe3+/A13+ atomic 
replacement. 

Modifying Fez03 content and firing temperature, 
materials with different microstructures which are 
suitable for many applications can be obtained. 
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