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Calcium hexaluminate (CA6) forms a broad range of solid solutions by substitution of  Al3+ with other 
cations such as, for example, Fe, Co, Mn, etc. Solid solutions of CA6 with magnetic ions have attracted 
interest because they allow designing the magnetic behavior depending on the composition of each 
solid solution. In this paper, we have studied materials pertaining to an area of the CaO–Al2O3–Fe2O3 
ternary phase diagram that is potentially interesting, but which has not been too much explored so 
far. We report on various synthesis methods of calcium hexaluminate with iron in solid solution. The 
percentages of iron introduced have been varied in order to determine the maximum percentage of iron 
that can enter into solid solution in the calcium hexaluminate such that the materials obtained exhibit 
magnetic behavior.

Introduction
Calcium hexaluminate  (CaAl12O19), or hibonite mineral, crys-
tallizes in the hexagonal system with a space group  P63/mmc. 
It has a magnetoplumbite  (PbFe12O19) structure type consist-
ing of spinel blocks and hexagonal layers. The  Al3+ cations are 
distributed in five non-equivalent interstitial positions, three 
in octahedral coordination, one in tetrahedral coordination, 
and one in trigonal bipyramidal coordination [1]. Due to this 
structure, a wide range of solid solutions with different cations 
having different charges can be formed, making this compound 
very versatile. Calcium hexaluminate (CA6) actually forms a 
broad range of solid solutions (CA6ss) where the mechanism 
is the substitution of  Al3+ by  M2+,  M3+ or  M4+, where M may 
be Fe, Co, Mn, etc.  Mn4+ has been introduced in CA6 causing 
luminescence activity [2].  Fe3+,  Ni2+,  Co2+, and  Sn4+ have been 
used in CA6 to produce different colors in ceramic materials, 
which has allowed using this compound as an inorganic pigment 
in the fabrication of glazes and unglazed porcelain stoneware 
for wall and floor tiles [3, 4]. Also, Ni- and Ti-CA6 solid solu-
tions produced modifications in the materials impedance at high 
frequencies [5–7].

Solid solutions of CA6 with magnetic ions have sparked 
interest because they allow designing the magnetic behavior 
(saturation magnetization, magnetocrystalline anisotropy, 
microwave absorption, etc.) depending on the composition of 
each solid solution [8].

Pure CA6 is diamagnetic. However, in materials with high 
 Fe2O3 content, a gradual growth of the magnetic susceptibility 
to the limit of solid solution is expected [6]. Previous works 
have introduced  Fe3+ in calcium hexaluminate solid solution, 
studying both the phases present with increasing percentage 
of introduced iron and the variation of their microstructures 
(grain size and shape) [9]. In particular, if the suitable addition 
of  Fe3+ replacing  Al3+ in the crystal structure confers certain 
ferromagnetic properties [8], it would allow the production 
of materials with tuned magnetic properties. Thus, in case of 
obtaining a ferromagnetic compound, its behavior could be 
designed by the controlled addition of  Fe3+ ions, which would 
modify both the magnetic moment and also its behavior in the 
microwave range. This would give new applications for this com-
pound, such as absorbent material, phase shifting, etc. In order 
to achieve this goal, it is necessary to explore the limits of the 
solid solution of iron in CA6 within the ternary phase diagram 
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CaO–Al2O3–Fe2O3 (Fig. 1). The possible broad solid solution 
range of iron in hibonite is marked in the ternary diagram of 
Fig. 1 by the line connecting CA6 with the CF6 extreme in the 
CaO–Fe2O3 line. This peculiar solid solution with (a) wide pri-
mary crystallization field in the ternary; (b) low solubility of 
iron-bearing slags; and (c) stability in reducing atmospheres 
makes this compound an attractive refractory for the iron and 
steel industries [9].

The CaO–Al2O3–Fe2O3 ternary system has been thoroughly 
studied due to its relevance in Portland cement clinker produc-
tion. This interest is primarily due to the fact that the calcium 
aluminoferrite phase is one of the four main mineralogical com-
pounds of regular Portland cement [10].

Dealing with the solid solution of iron in hibonite, on the 
CA6-(CF6) line in the ternary diagram the possible solid solu-
tion of  Fe3+ explored by [8, 9], could give place to the formation 
of ferromagnetic phases. In the present work, we aim to explore 
the mechanisms of iron solid solution in CA6 in the composi-
tions between 20 and 70 wt%  Fe2O3 in CA6 using different syn-
thesis methods. We pay special attention to the characterization 
of the formed iron compounds to confine the limits of the solid 
solution to be able to interpret the obtained results.

Results and discussion
In the synthesis carried out by conventional heating of oxides 
mixture, previously studied by [9], a final temperature of 
1400 °C was chosen for the heat treatment, with a heating rate 
of 5 °C/min and a dwell time of 5 h for all  Fe2O3 percentages: 
20, 30, 40, 50, 60, and 70 wt%. Figure 2 shows the XRD  (CuKα) 
results obtained for all the samples.

As seen in the diffraction patterns in Fig. 2(a), for 20, 30, 
and 40 wt%  Fe2O3, only the diffraction peaks characteristic of 

CA6ss is present. The absence of extra diffraction peaks would 
suggest that all the iron enters the crystal structure of calcium 
hexaluminate. As the iron concentration increases, the diffrac-
tion peaks shift towards lower angles. This is because  Fe3+ has a 
greater ionic radius (0.64 Å) than  Al3+ (0.50 Å), and those atoms 
contribute to a deformed calcium hexaluminate structure.

The Rietveld quantification for each phase is shown in 
Table 1. Inspection of Fig. 2(b) and Table 1 clearly indicates 
that increasing the initial  Fe2O3 concentration above 40 wt% 

Figure 1:  Ternary phase diagram CaO–Al2O3–Fe2O3. The compatibility 
triangles for the  Al2O3–Fe2O3 side of the diagram are marked, together 
with the hypothetical solid solution line for CA6-(CF6) [9].

Figure 2:  XRD patterns recorded using Cu  Kα radiation from the materials 
made by mixing oxides containing different iron concentrations and 
heated at 1400 °C: (a) CA6ss-20 (red), 30 (blue), 4 (green)—1400 °C–5 °C/
min—5 h; (b) CA6ss-50 (red), 60 (blue), 70 (green)—1400 °C–5 °C/
min—5 h.

TABLE 1:  Relative concentrations of CA6ss and  Fe2O3 obtained from the 
Rietveld quantification of XRD  (CuKα) measurements.

Sample
Wt% CA6ss 

 (CaAl12-xFexO19) ± 3% Wt%  Fe2O3 ± 3%

CA6ss-40 100 0

CA6ss-50 80.6 19.4

CA6ss-60 73.2 26.8

CA6ss-70 57.3 42.7
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increases the amount of  Fe2O3 as free phase in the final prod-
uct. This means that in these experiments, not all the iron can 
be introduced in the CA6 crystal structure when the initial 
amount of  Fe2O3 is over 40 wt%, which is in agreement with 
that observed in previous studies [9] but contrast with some 
more recent studies which claim to have introduced up to 53% 
[11] or even 57% [12] wt.%  Fe2O3. The phase relations seem, 
however, to be simplified in our experiments, where only CA6ss 
and  Fe2O3 have been identified, compared with the more com-
plex phase assemblage found in [9].

In view of the XRD results in this set of samples, we selected 
two of them (40 and 50 wt%  Fe2O3) for their characterization 
by Mössbauer spectroscopy since this technique allows a more 
precise qualitative and quantitative characterization of iron-con-
taining phases. The corresponding spectra are shown in Fig. 3.

Both Mössbauer spectra exhibit a magnetic component 
with parameters (Table SI1) characteristic of α-Fe2O3. The rela-
tive spectral area corresponding to α-Fe2O3 is 19% for sample 
CA6ss-40 and 38% for sample CA6ss-50. The spectra also con-
tain two paramagnetic doublets which can be associated with 
hibonite. Although the spectrum of hibonite has been usually 
fitted to three doublets [1] (each one corresponding to the tetra-, 
penta- and octahedral  Fe3+ ions in its structure), we used here a 
simplified approach since we recorded the data in a wide range 

of velocities (as we wanted to check the formation of α-Fe2O3) 
and we lack of resolution in the central part of the data. There-
fore, we used just two doublets to fit the paramagnetic part of 
the spectrum. The most intense one has Mössbauer parameters 
(Table SI1) intermediate between these characteristics of 4- and 
6-folded  Fe3+ and, therefore, originates from the tetrahedral 
and octahedral  Fe3+ in the hibonite structure. The Mössbauer 
parameters of the less intense doublet (Table SI1) are associated 
with the pentacoordinated bipyramidal trigonal  Fe3+ site which 
is characterized by a very large quadrupole splitting (2.46–2.48 
 mms−1) given its very distorted character. It is interesting to 
note that Mössbauer spectroscopy has identified the presence 
of α-Fe2O3 in the CA6ss-40 sample while it went undetected 
in the XRD measurements. It also identified a larger amount of 
α-Fe2O3 in the CA6ss-40 than that found by XRD. This confirms 
the ability of Mössbauer spectroscopy to identify iron-contain-
ing phases when compared with XRD diffraction using Cu  Kα 
radiation. Summarizing, the results indicate that these materials 
are composed by hematite and a hibonite phase.

The results shown in Fig. 3 reveal that there is not only a 
pure CA6ss phase formed for the starting 40 wt%  Fe2O3, so that 
the limit of iron solid solution for these experimental condi-
tions is, in fact, smaller than 40%, being closer to a 35% and, 
hence, according to a formulation such as  CaAl8.7Fe3.3O19 (this 
calculation assumes equal recoil free fractions for hematite and 
iron hibonite).

It has been reported [11] that iron hibonites of composi-
tion  CaAl9Fe3O19 are paramagnetic in the temperature range 
5–350 K while  CaAl8Fe4O19 has a Curie temperature of 130 K. 
Therefore, the hysteresis loop observed in the present samples 
see (Fig. 1 in the Supplementary Information) has to be related 
with the presence of α-Fe2O3 [12]. It is known that hematite is 
weakly ferromagnetic due to the occurrence of spin canting and 
hysteresis loops have been recorded from hematite samples since 
very long (see [13] and references therein), the values of the 
coercive field and saturation depending on the characteristics 
of the sample (particle size, occurrence of strain, etc.).

As stated above, and in order to test if the use of different 
synthesis methods could influence the amount of iron entering 
the CA6ss, we decided to study other methods of finer synthesis 
and reagents that could provide powders with more homoge-
neous compositions. The first of those methods tested was the 
Organic Steric Entrapment Method (OSEM).

Under the light of the previous results, the compositions 
synthetized by this method were focused on the  Fe2O3 content 
interval from 40 to 60 wt%. The preparation temperatures for 
the OSEM samples were 1250, 1300, 1350, and 1400 °C. The 
results of these heat treatments showed that at 1250 °C, a very 
small amount of CA6ss is formed. Opposite to this, at 1400 °C, 
samples are partially fused. Therefore, we selected for charac-
terization those samples treated at temperatures of 1300 and 

Figure 3:  Mössbauer spectra recorded at room temperature from the 
oxide-mixed samples (a) CA6ss-50-1400 °C; (b) CA6ss-40-1400 °C.
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1350 °C. We used a heating rate of 5 °C/min and a dwell time 
of 15 h. In this case, XRD was performed using  MoKα radia-
tion in order to obtain a better phase identification avoiding 
α-Fe2O3 masking with the  CuKα radiation. Diffractograms for 
the heat-treated samples with initial 40, 50, and 60 wt%  Fe2O3 
content (CA6ssOSEM-40, -50, and -60, respectively) at 1300 and 
1350 °C, are shown in Fig. 4.

The diffractograms recorded from these materials resulted 
to be very complex. They contain a large number of peaks and, 
particularly in the samples containing 40 and 50 wt%  Fe2O3 
(both in the 1300 °C and 1350 °C materials), there is an evident 
broadening of the diffractions signals suggesting the occur-
rence of amorphous/small grain-sized components. The diffrac-
tion peaks are displaced to the left in the diffractogram with 
increasing starting iron content in the samples, indicating that 
a greater amount of iron is introduced in the CA6 structure. 
Sample CA6ssOSEM-40 presents only peaks that correspond 
to a CA6 solid solution. For higher initial  Fe2O3 contents, peaks 
of other compounds (α-Fe2O3 and hercynite) are present in the 
diffractograms. The presence of hercynite is considerably large 
in the CA6ss-OSEM-60 samples due to the high concentration 
of iron that does not enter into the solid solution.

Mössbauer spectroscopy phase analysis (Fig. 5) was per-
formed for samples CA6ss-OSEM-50 and -60 (1300 °C and 
1350 °C) as they showed greater complexity in the phase assem-
blages. So, the Mössbauer spectra recorded from the samples 
CA6ss-OSEM-50-1300 °C and CA6ss-OSEM-50-1350 °C were 
relatively simple and similar to those recorded from sample 
CA6ss-50%-1400 °C.

They were composed (see Table SI2 in SI) by a magnetic 
sextet characteristic of hematite, a paramagnetic part typical of 
 Fe3+ in the hibonite structure and a very broad, unresolved mag-
netic component which is of difficult assignment and is usually 
associated to the presence of systems displaying strong magnetic 
relaxation due to small size grains or diluted magnetic interac-
tions. This component could be related to the phases which give 
place to the broadening of the diffractograms shown in Fig. 4.

On the contrary, the spectra recorded from CA6ss-
OSEM-60-1300 °C and CA6ss-OSEM-60-1350 °C showed a 
tremendous complexity (Fig. 5). They showed a very compli-
cated, asymmetric magnetic pattern arising from the superpo-
sition of various magnetic sextets with very different isomer 
shifts, quadrupole shifts, and hyperfine magnetic fields. Inspec-
tion of the central part of the spectra indicated the occurrence 
of paramagnetic contributions which can be associated to an 
iron hibonite phase. Obviously, various plausible fitting mod-
els can be tried, but there is no one which can give a defini-
tive answer. Hence, we adopted a systematic model, which 

Figure 4:  XRD patterns recorded using  MoKα radiation from the OSEM 
materials heated at (a) 1300 °C, samples CA6ss-OSEM-40 (red), -50 (blue), 
60 (green)—1300-5cmin-15 h; and (b) 1350 °C, samples CA6ss-OSEM-40 
(red), 50 (blue), 60 (green)—1350-5cmin-15 h.
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Figure 5:  Mössbauer spectra recorded at room temperature from the 
OSEM samples: (a) CA6ss-OSEM-50 at 1350 °C; (b) CA6ss-OSEM-50 
at 1300 °C; (c) CA6ss-OSEM-60 at 1350 °C; and (d) CA6ss-OSEM-60 at 
1300 °C.
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included between 5 and 6 magnetic components depending 
on the sample (see Fig. 5 and Table SI2). There are a few con-
clusions that can be extracted from these data. The first one 
is that while CA6ss-OSEM-60-1300 °C contains a hematite 
contribution (the presence of a component with a hyperfine 
magnetic field of around 50.9 T well separated from the rest of 
the spectrum is clearly resolved) this is not the case of sample 
CA6ss-OSEM-60-1350 °C. In the spectrum of this sample, the 
maximum hyperfine magnetic field is located at around 43.4 T. 
A component having such a value is also observed in the spec-
trum of sample CA6ss-OSEM-60-1300 °C. These contributions 
might be due, in view of the XRD results, to the presence of 
some type of hercynite or iron-aluminum spinel. In an early 
paper, Dehe et al. [14] studied the spinel system  Fe3−xAlxO4 with 
0 ≤ x ≤ 1.05 They found that for x ≥ 0.9 the corresponding spectra 
only showed paramagnetic components, while for x < 0.9, they 
showed several Zeeman components which, depending on the 
x value, ranged from 39.2 T to 48.4 T and they associated these 
different components with different cation distributions over the 
octahedral and tetrahedral sites of the spinel structure. It seems 
plausible, then, to associate that component with the presence 
of a  Fe3−xAlxO4 spinel the value of x is uncertain. However, in 
the present case, the most intense contribution corresponds to 
components with hyperfine magnetic fields in the range 34–36 T, 
values which appear to be smaller than those reported in the 
above-mentioned paper. These components are characterized 
by very large quadrupole shifts what suggest that they corre-
spond to highly distorted  Fe3+ environments. Although it is true 
that due to the complexity of the data the determination of the 
hyperfine parameters has to be affected by a large uncertainty, 
these high quadrupole shifts values seem to be genuine and not 
a mere fitting artifact as they appear very consistently during the 
evaluation of the spectra. In fact, it is clear that they need to be 
large, otherwise the significant asymmetry of the spectra could 
not be reproduced by any means. The assignment of these mag-
netic components to particular chemical species is complicated 
as the corresponding XRD patterns of these samples do no result 
very helpful in this regard. They might probably correspond to 
disordered Fe–O–Al phases that went undetected by XRD. The 
low hyperfine magnetic fields might be related to the occurrence 
of disorder and/or the presence of local  Al3+-rich regions within 
the solid which would dilute the magnetic interactions between 
the iron ions. In any case, being these plausible interpretations, 
the determination of the real nature of these magnetic compo-
nents is something that goes beyond of the scope of this paper. 
Finally, both spectra present also consistently the presence of a 
very minor component characterized by a large isomer shift and 
a low hyperfine magnetic field which suggest the presence of a 
phase containing some  Fe2+ cations.

Due to the broadness of the spectra and the strong overlap 
of the different components, it is difficult to ascertain whether 

there is any paramagnetic component that could be associ-
ated to the presence of a canonical hercynite phase  FeAl2O4 
(or a stoichiometry able to give a paramagnetic component 
which could be associated to this spinel-related compound). 
If this was the case, the spectra should contain  Fe2+ doublets, 
something that does not result evident from the spectra 
and that resisted fitting. Summarizing, the samples CA6ss-
OSEM-50-1300  °C and CA6ss-OSEM-50-1350  °C contain 
hematite, hibonite, and a magnetic component that might 
be due to an unresolved, disordered Fe-Al spinel contribu-
tion. In these samples, the final calcination temperature does 
not appear to play an important role. The composition of the 
CA6ss-OSEM-60-1300  °C and CA6ss-OSEM-60-1350  °C 
is much more complex as they can plausibly contain dif-
ferent Fe-Al-disordered phases. In these samples, the final 
heating temperature plays an important role: while CA6ss-
OSEM-60-1300 °C contains both hematite and hibonite con-
tributions, CA6ss-OSEM-60-1350 °C does not show any hem-
atite phase and only shows a very minor hibonite component.

The magnetic characterization was performed on the sam-
ple CA6ss-OSEM-40 synthetized at 1300 and 1350 °C, as the 
XRD using  MoKα radiation showed the presence of CA6ss single 
phase. The hysteresis cycles for these samples are shown in Fig. 2 
of the Supplementary Information.

It is observed that in both cases, the hysteresis loops indi-
cate the presence of a ferromagnetic material. The coercive 
fields are 32 and 167 Oe, respectively, and the remanence is 
only 7.5 and 30.5%. According to Mössbauer spectroscopy, 
CA6ss is paramagnetic; therefore, the observed hysteresis cycle 
must be due to the presence of residual phases of ferromag-
netic compounds that are not detectable by XRD even using 
 MoKα radiation. In any case, the saturation magnetization of the 
CA6ss-OSEM-40-1300 °C sample is significantly lower than the 
corresponding one made by mixing oxides synthesis what sug-
gests that the amount of magnetic compounds is much lower in 
the present case for this initial  Fe2O3 concentration.

While the magnetic measurement results indicate that in 
the sample having 40 wt%  Fe2O3, the present synthesis method 
might accommodate more  Fe3+ within the hibonite structure 
than with the previous synthesis procedure, this is not the case 
in the samples having larger initial percentages of iron oxide. In 
the case of the CA6ss-OSEM-50 samples, the amount of iron-
containing hibonite amounts to ca. 30% according to Mössbauer 
spectroscopy, while in the corresponding CA6ss-50 sample 
made by a mixture of oxides, the percentage of iron-contain-
ing hibonite is much higher (more than 60%). Although it is 
true that the amount of free α-Fe2O3 is smaller in the CA6ss-
OSEM-50 samples, they show in their Mössbauer spectra an 
unresolved magnetic component which, therefore, cannot be 
related to CA6ss and that contributes with about a 50% to the 
total spectral area. The situation above 50 wt% initial  Fe2O3 
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is much more complicated as the number of magnetic phases 
observed by Mössbauer spectroscopy exceeds 95% of the spec-
tral area. This implies that beyond this initial concentration of 
starting  Fe2O3, iron does not enter in significant amounts the 
hibonite structure but rather prefers to form a multiplicity of 
different magnetic iron phases.

The effect of the synthesis method used to fabricate CA6ss 
was also tested using the sol–gel method. With this synthesis 
method, samples were prepared with different percentages of 
initial  Fe3+: 40, 50 and 60 wt%  Fe2O3, labeled CA6ssSG-40, -50 
and -60, respectively.

Figure 6 shows the obtained diffractograms recorded from 
these samples using  MoKα radiation. The only phases present, 
as seen in the diffractograms at 1300 and 1350 °C, are CA6ss 
and  Fe2O3. As it was observed in the previously described syn-
thesis method (OSEM), the diffraction peaks are shifted to 
the left due to the changes in the structure of calcium hexa-
luminate with the incorporation of  Fe3+. Sample CA6ss-SG-40 
only shows the diffraction peaks of CA6ss. The intensities of 
the CA6ss peaks decrease gradually for 50 and 60 wt%  Fe2O3, 
which can be interpreted as being the mechanism of solid solu-
tion completed only for 40 wt%  Fe2O3. The diffractograms also 

show some broadening what suggests the possibility that amor-
phous or poorly crystalline phases are also contributing to the 
final pattern.

Mössbauer results are shown in Fig. 7 for samples CA6ss-
SG-50 and -60. The spectrum recorded from CA6ss-SG-50-1300 
showed only the presence of hematite and hibonite (see Table 
SI3). The spectrum corresponding to CA6ss-SG-50-1350 
showed an additional broad, relaxed, very intense magnetic 
component of which assignment to a particular phase is dif-
ficult. The hematite and hibonite contributions here are much 
smaller than in the previous sample. The spectrum recorded 
from CA6ss-SG-60-1300 was very similar to that of CA6ss-
SG-50-1350 except for a much more intense hematite contribu-
tion. It also showed a hibonite component and, again, a broad, 
unresolved magnetic component. The spectrum recorded from 
CA6ss-SG-60-1350 was much more complex. Very similar com-
ments to those made for the samples synthetized via the OSEM 
method can be applied here. In the present sample, we have 
too  Fe3−xAlxO4 contributions although, opposite to the OSEM 
samples, we have here more significant hematite and hibonite 
contributions.

The hysteresis loops recorded from sample CA6ss-SG-40 are 
shown in Fig. 3 of the Supplementary Information. It is observed 
that for both CA6ss-SG-40 samples made after heating at 1300 
and 1350 °C, hysteresis loops correspond to a weakly ferromag-
netic material. The coercive field in both cases is 173 and 162 
Oe, respectively, and remanence is only 10.8 and 5.2%. As stated 
above, the presence of a residual α-Fe2O3 phase, not detectable 

Figure 6:  XRD patterns recorded using  MoKα radiation from the sol–
gel materials at (a) 1300 °C, samples CA6ss-SG-40 (red), 50 (blue), 60 
(green)—1300-5cmin-15 h; and (b) 1350 °C, samples CA6ss-SG-40 (red), 
50 (blue), 60 (green)—1350-5cmin-15 h.
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Figure 7:  Mössbauer spectra recorded at room temperature from the 
SG samples: (a) CA6ss-SG-50 at 1350 °C; (b) CA6ss-SG-50 at 1300 °C; (c) 
CA6ss-SG-60 at 1350 °C; and (d) CA6ss-SG-60 at 1300 °C.
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by XRD, has to be in the origin of the hysteresis loops observed 
here. The hysteresis loops of samples with higher iron content 
revealed the interaction of the several (ferromagnetic) phases 
present in the samples.

There are a few interesting findings in this last set of samples. 
One of them is that the sample CA6ss-SG-50-1300 °C contains a 
large percentage of hibonite (83%) what contrasts strongly with 
the corresponding OSEM sample. Furthermore, there is no evi-
dence in its Mössbauer spectrum of any other magnetic phases 
apart for α-Fe2O3. This also contrasts with the sample CA6ss-
50-1400 °C which shows a smaller percentage of hibonite (68%), 
see above. This would imply that the SG method is able to incor-
porate a larger amount of iron in the CA6 structure without 
need to heat at a higher temperature. Contrarily to the OSEM 
case, the Mössbauer spectra still show some significant hibo-
nite contributions in the CA6ss-60 samples, i.e., although some 
other magnetic phases are formed, there is still the possibility 
that starting from 60 wt% ferric oxide in the precursors some 
trivalent iron can be accommodated in the hibonite structure. 
This does not occur to the same extent in the OSEM samples 
where the reaction paths seem to follow a different way pro-
moting basically the formation of magnetically ordered species.

Conclusions
We have studied in this paper three different CA6ss synthesis 
methods with different iron contents, and we have found that the 
upper solid solution limit is always smaller than 40 wt%  Fe2O3, 
being close to a 35% allowing to formulate the iron hibonite 
compounds as  CaAl8.7Fe3.3O19. Although iron hibonite com-
pounds of composition  CaAl6Fe6O19 have been claimed to be 
obtained [12], the stoichiometry was deduced from XRD data 
and we have found in this paper that XRD fails to detect small 
fractions of hematite. Other authors [11] have pointed out very 
recently that the limit of solid solution is reached for composi-
tions  CaAl6.5Fe5.5O19, their corresponding Mössbauer spectra 
being free of hematite components. We must mention, however 
that the spectra were presented in the velocity range ± 2  mms−1 
and, consequently, they might have missed a small hematite 
contribution. The samples in [11] were made by calcination of 
a mixture of iron oxide, aluminum oxide, and calcium carbon-
ate at temperatures between 1350 °C and 1450 °C or 12–24 h 
being necessary to reheat until pure phases were obtained. 
Oxide-mixed synthesis in our study bring different results on the 
phase relations obtained from the samples made after heating 
at 1400 °C as compared with this and other previous works, as 
Mössbauer spectra show the presence of free  Fe2O3 for initial 40 
wt%  Fe2O3. The results point out how small variations in related 
synthesis methods can lead to quite different results.

The results obtained by the organic steric entrapment 
method suggest that the solid solution might be increased 

provided the initial concentration of  Fe2O3 does not exceed 40%. 
Starting from higher ferric oxide concentrations gives place to 
a higher amount of magnetically ordered species and a smaller 
proportion of iron-containing hibonite in the Mössbauer spec-
tra than in the case of the other two synthesis methods. The 
Mössbauer data also suggest that the SG method can incorporate 
larger amounts of  Fe3+ in the CA6 structure using a lower tem-
perature of 1300 °C as compared to the oxide-mixture method.

Synthesis of materials and experimental 
procedure
In order to investigate the limits in the iron solid solution in 
calcium hexaluminate, we used three different synthesis meth-
ods. These methods are conventional synthesis by oxide-mixed 
powders, synthesis by organic steric entrapment method, and 
sol–gel synthesis.

For the synthesis of CA6ss by oxide-mixed powders, we used 
calcium carbonate (Sigma-Aldrich), alumina (Taimei), and iron 
(III) oxide (Sigma-Aldrich) as precursor materials. These are 
mixed in an attrition mill for two hours with propanol. Then 
the solvent is removed in an oven for 24 h, obtaining the final 
mixed powder.

CA6ss powder precursors were also obtained by the organic 
steric entrapment method proposed in [15]. In the organic steric 
entrapment method, nitrate salts from ABCR: Ca  (NO3)2·4H2O, 
Al(NO3)3·9H2O, and Fe(NO3)3·9H2O were the cation sources 
for aluminum, calcium, and iron, respectively. Stoichiomet-
ric amounts were dissolved in deionized water and stirred for 
1 h before the addition of the PVA (polyvynil alcohol, Sigma 
Aldrich) polymer solution. The 5 wt% PVA solution was made 
by adding 80% hydrolyzed PVA to deionized water. The propor-
tions of the PVA to cation sources in the solution were adjusted 
in such a way that there were 6 times more positively charged 
valences from the cations than from the potentially negatively 
charged –(OH) functional groups of the polymer [15]. The poly-
meric long chains have hydroxyl groups in solution. Hence, one 
PVA monomer, which has one hydroxyl (OH) functional group, 
can be used as a unit for calculation of PVA content. The exact 
relative amount of PVA to cations in the solution can be calcu-
lated with reference to a monomeric unit of PVA of molecular 
weight/monomer = 44.4 g. Water was evaporated by continuous 
stirring during heating on a hot plate. The resulting gel-type 
precursor was completely dried after several hours at 100 °C. The 
dried organic/inorganic precursors in all cases were then ground 
and calcined at 800 °C in an air atmosphere in a box furnace. 
By this method, we obtain nanometer size precursors with a 
high specific surface, and therefore, a more reactive material 
is formed that can (a priori) reduce the synthesis temperature 
and favor the reactivity for the introduction of iron in the Ca6 
structure compared to the oxide-mixed powder.
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The improved reactivity was also tested by synthetizing 
CA6ss precursors using the sol–gel method. The sol–gel process 
is a chemical pathway which allows manufacturing amorphous 
and polycrystalline materials relatively easily with a high homo-
geneity, a high purity, and a small particle size. It is a chemical 
pathway that begins with the synthesis of a colloidal suspension 
of solid particles or clusters in a liquid (sol) and the hydrolysis 
and condensation of the sol to form a full solvent solid mate-
rial (gel). The precursors used are Ca(NO3)2·4H2O ABCR, 
Al(NO3)3·9H2O ABCR, Fe(NO3)3·9H2O ABCR, and  NH4OH 
solution from Sigma-Aldrich 28% v/v.

The powder precursors from the different synthesis methods 
were heat treated in air atmosphere at the temperatures indi-
cated in Table 2. Specifications for each heat treatment were 
exposed in the results section.

The obtained CA6ss samples were ground into powder after 
each heat treatment to study the phase composition by XRD 
with a Philips X’ Pert Pro diffractometer in “Bragg–Brentano” 
geometry using Cu  Kα radiation (45 kV and 40 mA), and a 
15–70 2θ range with 0.01 step size and 1 s counting time. Using 
Cu  Kα radiation is not always satisfactory for studying samples 
with low (< 10%) amounts of  Fe2O3. For this purpose, we have 
also used Mo  Kα radiation. The quantification of the formed 
phases in the XRD results was estimated using the Rietveld 
method with the aid of the MAUD software [16].

Mössbauer spectroscopy data were recorded at room tem-
perature using a conventional constant acceleration spectrom-
eter and a 57Co(Rh) source. The velocity scale was calibrated 
using a 6 μm thick α-Fe foil. All the isomer shifts are referred 
to the centroid of the spectrum of α-Fe at room temperature.

The CA6ss materials were finally characterized for their 
magnetic behavior using an alternative gradient field mag-
netometer AGM, Micro-Mag™ 2900 (Princeton Measurements 
Corporation) with a maximum magnetic field 0.5 T to record 
the corresponding hysteresis loops.
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