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Abstract

Structure and composition evolution of α-Fe2O3 doped alumina granules during calcination is
investigated by means of synchrotron X-ray powder diffraction. The α-Fe2O3 nanoparticles are
added to increase the absorption of laser light, however, they also play a significant role in
3+

transition kinetics of alumina. It is shown that calcination in air leads to implementation of Fe ions
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in corundum structure, while calcination in reducing atmosphere leads to creation of metallic iron.
Moreover, it is demonstrated that for alumina granules consisting of a mixture of micron-size αalumina, submicron α-alumina and nano-size γ−/δ--alumina, it is possible to obtain a system

EP

composed of two corundum-type structures with different Fe doping levels and the ratio of these

AC
C

two phases can be controlled by calcination temperature.

Introduction

Alumina is well known for its excellent thermal and mechanical properties. Moreover, it is a very
good electrical insulator and it has high corrosion resistance in a very broad range of temperatures
and a good biocompatibility. For these reasons, it is one of the most commonly used ceramic
materials. Its typical applications are among others, isolation parts in electrical components,
mechanical parts, parts used in high temperature technologies and in medical implants and devices.
This document is the accepted manuscript version of the following article:
Makowska, M., Pfeiffer, S., Casati, N., Florio, K., Vetterli, M., Wegener,
K., … van Swygenhoven, H. (2019). Pre-processing of hematite-doped alumina
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The already broad application field of alumina is, however, somehow restricted due to geometrical
limitations inherent to conventional production techniques. To make ceramics a viable material for
a large number of applications available in large-scale production, all manufacturing technologies
that are known for metals need to be extended to ceramics, also the additive manufacturing (AM)
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technology, which in metals provides significant advantages for geometrically complex and
technical parts. AM techniques such as Selective Laser Melting (SLM) or Sintering (SLS) - techniques

already commonly applied to polymer and metal parts manufacturing [1], [2] - hold a great
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potential for direct manufacturing of complex-shaped ceramic elements [3]. This potential is
reflected in the growing number of communications in literature on this topic. However, SLM
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manufactured ceramic components struggle with poor mechanical properties. The microstructure
contains usually a large number of cracks and porosity, the density is relatively low and the surface
shows important roughness [4]–[6]. Also, visual properties, e.g. color and surface roughness, which
are important for dental applications are difficult to control [7]. However, transferring the SLM
manufacturing technology from metal to ceramic materials like alumina, silica or zirconia is not a
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straightforward task due to high melting point of ceramics, low thermal shock resistance and
different mechanisms of interaction with laser light [8]–[11].

In order to optimize the SLM process for ceramics, it is crucial to understand the interaction of the
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laser light with the starting ceramic powder and to optimize not only the laser source but also the
laser scan parameters and the laser light absorption of the powder. To enhance the light absorption
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in the infrared region, dopants can be used such as carbon and SiC additives [4], [12] or by using a
small amount of different metal oxides, e.g. Fe2O3 as a dopant in alumina granules. As already
demonstrated by the authors, the presence of 1 wt% of the dopant has significant effect on the
optical properties of the powder, but also on the final properties of the manufactured parts [13],
[14].

Both corundum (α- Al2O3) and hematite (α- Fe2O3) belong to the same space group R3c with the
lattice parameters a = 4.760 Å, c = 12.993 Å [15] and a = 5.039 Å, c = 13.740 Å [16], [17],
respectively and can form solid solutions in form of (FexAl1-x)2O3 . Measured values of solubility
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limits of α- Fe2O3 in α- Al2O3 for calcination temperatures 1200˚C - 1250˚C were stated by [18], [19]
to be in the range of 9-11 mol%, which corresponds well to phase diagrams from [20], [21]. The
presence and concentration of substitution atoms in solid solution of α- Al2O3 has a strong
influence on its optical properties [22], [23] and thus, depending on the laser parameters, even
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small differences in Fe amount in corundum can tremendously affect the interaction with the laser
[13], [14].

Properties and applications of alumina containing different metal oxide additives have been studied
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since decades [16], [19], [24]–[26] and are still a topic of most recent research [27]–[31] due to the
valuable properties of this ceramic material. Effect of adding small amounts of hematite on alumina
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properties was extensively studied by G.L. Messing, J.Tartaj and J. L. McArdle [24]–[26], [32], who
have demonstrated that presence of hematite in alumina can significantly affect its microstructure
and grain growth at elevated temperatures. The same group has also shown the seeding effect that
α−Fe2O3 nanoparticles can have on the γ− to α− alumina transition. It was shown that the
activation energy for the transformation decreases significantly accelerating its kinetics and that
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higher densities can be obtained during calcination of α−Fe2O3 doped alumina.

In this work, granules specially designed for SLM technology and synthesized by spray drying are
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analyzed by means of synchrotron X-ray powder diffraction. The starting powder for the granule
synthesis was a trimodal mixture of micron-size α-alumina, submicron α-alumina and nano-size γ/-
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δ –alumina, where hematite was added as dopant for increasing laser light absorption properties.
The effect of hematite doping on the laser light absorption in such granules was demonstrated in
our previous work [14]. Moreover, initial results of SLM manufacturing of alumina from noncalcined hematite-doped alumina granules presented in [14] have shown that SLM technique could
be successfully applied for printing alumina for hematite doping above 0.7 wt.%, while for lower
doping levels absorption of laser light was too low to melt it using similar laser parameters. Fig. 1
illustrates a sketch of such a granule. The aim of this 3-lengthscale design of a granule is to make
from the melting process during SLM a gradual process, where the smaller alumina will melt first

ACCEPTED MANUSCRIPT
and serve as a gluing matrix. It is expected that partial melting would reduce the formation of
thermal stresses leading to microcracking. Spray dried granules are typically heat treated prior to
SLM processing in order to improve the density of final parts and to remove organics. In this work,
we report on the Fe atoms implementation process in corundum alumina lattice during annealing in
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air at different temperatures and on the creation of metallic iron phase when using reducing
atmosphere.

SC

Material and methods
Sample preparation
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Powder diffraction measurements are performed on three sets of samples further referred to as
“SA”, “SB” and “SC” (table 1). Samples SA and SB were prepared to investigate the influence of
calcination conditions (temperature and atmosphere) on the structural properties and the
distribution of the iron dopant in the granules. The set SA includes ten samples consisting of
granules containing a trimodal mixture of alumina and α-Fe2O3, calcined in air at different
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temperatures between Room temperature (RT) and-1600˚C. The samples from the SB set are
prepared from the same production batch as SA, however, calcined in a mixture of 98% Ar and 2%
H2 in a range of RT-1400˚C. The trimodal alumina granules were obtained by means of spray drying
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of a dispersed mixture of several components: 63.5 wt% micron-size α-alumina (AA3 from
Sumitomo, D50=3.0 µm), 24 wt% submicron α-alumina (AA03 from Sumitomo, D50=303 nm), 9 wt%
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nano-size γ/δ alumina (Aeroxide AluC from Evonik, company given value of the grain size D50=13
nm) and 1 wt% of α-Fe2O3 (L2818D from BASF, D50=11 nm) dispersed in deionized water by means
of 0.5 wt% dispersing agent (ammonium citrate dibasic) and with 2 wt% binder (PEG35000) added
to achieve non broken-granules. XRD measurements of the pure dopant performed prior to adding
to the alumina granules (not presented in this article) have shown that the only crystalline phase
present in the powder was the α-Fe2O3 phase. The amount of different alumina powders was
optimized for achieving good granulation and especially for highest packing density, which is a
crucial factor for powder for SLM technology. The detailed description of optimization granule
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composition can be found in our previous work [13]. The amount of hematite dopant was defined
by systematic studies of SLM processing of non-calcined granules (this amount provided sufficient
absorption for SLM) [14]. By spray drying, granules with median diameter (D50) of 40 µm were
obtained, as schematically illustrated in fig.1. Detailed description of the synthesis and
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characterization of the studied alumina granules can be found elsewhere [13]. Fig. 2 presents
optical microscopy images of the capillaries filled with granules and calcined at different

temperatures in oxidizing (fig. 2 a) and in reducing (fig. 2 b) atmosphere, revealing different
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colouring of the samples.

To investigate whether a trimodality of the alumina granules is critical for the structure changes
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upon the heat treatment, two additional samples (set SC) were prepared from single alumina
components. The monomodal alumina granules SC1 and SC2 were spray-dried from two powder
compositions: 1. nano γ−/δ- alumina (AluC) with 1.79 wt% α−Fe2O3, 2. α−alumina AA03 with 0.95
wt% α−Fe2O3 , both calcined at 1400 ˚C in air.
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Table 1 presents the summary of the samples investigated in this work. Calcination process for each
sample, except for sample SB1, was performed in three steps: heating with rate 2˚C/ min, 2 h
holding time at the target temperature and a cooling rate 5˚C/ min. For sample SB1 the holding
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time was 0.5h (heating and cooling rates were the same).
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Sample name

composition

Calcination
conditions

AA3 [%]

AA03 [%]

AluC [%]

α−Fe2O3 [%]

SA1-SA10

64.8

24.6

9.6

1.0

Air, RT-1600 ˚C

SB1-SB5

64.8

24.6

9.6

1.0

98% Ar: 2% H2,
800 ˚C -1400 ˚C

SC1

0

0

98.21

1.79

Air, 1400 ˚C

SC2

0

99

0

0.95

Air, 1400 ˚C
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Table 1 Summary of the investigated samples, where: AA3: micron-size α- Al2O3 (D50=3.0 µm), AA03: submicron
α- Al2O3 (D50=303 nm), AluC: nano-size γ/δ- Al2O3 (D50=13 nm). The given concentration values of different
components correspond to the powders after heating (when all the organic materials were removed).

Powder diffraction studies
High resolution powder diffraction (PD) measurements were performed at the Material Science
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(MS) beamline [33] at the Swiss Light Source (SLS) utilizing the Mythen microstrip detector [34]. The
nominal X-ray beam energy was 22 keV for the SA and SB sets and 17.5 keV for the SC set. For
precise wavelength calibration, silicon and lanthanum hexaboride standards from NIST (SRM 640d

SC

and 660, respectively) were used and the obtained wavelength values were 0.56390 Å and 0.71019
Å, respectively. For the PD experiments, all the powders were placed in glass capillaries with a
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diameter of 300 µm and measured in the transmission mode (Debye-Scherrer geometry).

Quantification of the phases present in the measured samples was obtained from Rietveld
refinement of the structural models fitted to the measured diffraction patterns using TOPAS Bruker
AXS software [35].
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BET measurements

The diffusion of Fe atoms into crystal lattice is strongly dependent on the surface area of the
particles. Specific surface area (SSA) and average particle size of each component powder of the
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trimodal alumina granules was measured by BET (Brunauer–Emmett–Teller) method (SA 3100,
Beckman Coulter, Germany). This analysis technique is based on the physical adsorption of nitrogen
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molecules on the particle surface. Before the measurements, the raw powders were dried for two
hours at 180 °C under synthetic air to remove adsorbed water from the particle surfaces. A BET
average particle size was calculated from the density (measured by helium pycnometer) and the
respective specific surface area assuming monomodal spherical particles.

Results
PD studies of the alumina granules calcined at different temperatures reveal significant differences
in the crystallographic structure appearing after calcination temperatures above 700˚C. Fig. 3

ACCEPTED MANUSCRIPT
presents the results of these measurements for powders calcined in air at 700˚C, 800˚C, 900˚C and
1000˚C (SA2-SA5). It is apparent that hematite and γ-alumina phases gradually disappear in this
temperature range. The γ-alumina phase amount decreases which can be ascribed to the transition
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of γ to α phase of alumina at elevated temperatures [36]–[38].
Above 1000˚C both hematite and γ-alumina phases vanish completely (within the detection limit of
the method, which is about 0.01%), which is also reflected in the change of color of the powder

from orange to light yellow (almost white). Fig. 4 presents as an example the diffraction pattern

SC

measured for the sample calcined in air at 1200˚C, including fitted model refined with following

parameters: Rwp=2.98%, Rp=3.17%. The positions of all the visible reflections are related to the
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corundum structure. Zooming in at the peak profile reveals that for every single corundum
reflection in the PD patterns, which are invariant to the calcination temperature, there is a second
peak present shifted to the lower 2θ angle, suggesting the presence of a second very similar
structure. The inset in the fig. 4 presents the corundum reflection measured for samples SA5-SA8
(calcined at 1000-1300 °C). In each of these samples two phases with slightly different unit cell size
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are apparent. The same effect was observed for sample SA9 (calcined at 1400˚C), but interestingly,
for sample SA10 (calcined at 1600˚C) only single, but broader peaks were observed (fig. 5). It is
important to note that the powder diffraction patterns of samples SA5-SA10 did not contain any
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other phase besides these two phases with similar metrics. Moreover, the additional phase appears
at the same calcination temperature, where the hematite phase disappears, suggesting that its
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nature is likely that of a solution of α- Fe2O3 in α- Al2O3.

Fig. 5 shows the fittings of the reflection of samples SA1 and SA5-SA10 assuming two corundum
structures with different lattice parameters caused by different concentrations of Fe atoms
occupying Al sites in α- Al2O3 lattice. The green reflection represents the peak corresponding to a
Fe-doped alumina and is obtained by fitting refinement for different doping levels. Blue lines
represent the fitted peaks of the α-alumina structure with minor or negligible Fe doping (expect for
the SA10, where only one phase is fitted). Fig. 6 a, b and c show the evolution of the lattice
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constants “a” and “c” and the unit cell volume “V” evaluated for the two phases (“pure corundum”,
“Fe-doped corundum”) as function of sintering temperature, obtained by Rietveld refinement. The
blue line corresponds with the phase with minor or no Fe content, and the green line corresponds
with the phase containing Fe. As the phase represented by the blue line (in fig. 5) only very slightly
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changes with calcination temperature and remains almost identical to the lattice parameters

obtained for sample SA1 (non-calcined), it can be assumed for further analysis that the doping level

of Fe in this phase was negligible and thus this phase is further referred to as “pure corundum” or
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“pure α-alumina”. In contrast to the “pure corundum” phase, lattice parameters of the “Fe-doped

alumina” phase change significantly with increasing temperature, which is reflected in the
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diffraction peaks shift to higher 2θ values. Furthermore, the integrated peak intensity increases
indicating an increase of the total amount of this phase and the width of the diffraction peaks is
narrowing suggesting growth of the crystallites.

The powder diffraction patterns measured for the samples SB, which were prepared from the same
ingredient powder as for SA, but calcined in reducing atmosphere of 98% Ar: 2% H2, are presented
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in fig. 7. Rietveld refinement for the data presented in fig. 7 a) was performed with following
parameters: Rwp=3.06%, Rp=3.86%. Comparison of samples SB2-SB5 calcined for 2h (at 800˚C,
1000˚C, 1200˚C and 1400˚C, respectively) and sample SB1 calcined for 0.5h at 800˚C revealed no Fe-
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doping of the corundum lattice, but instead the presence of another phase that was not observed
in the SA samples calcined in air. All the powders calcined in reducing atmosphere turned dark gray
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(fig.2), which most likely is related to appearance of this new phase, which was identified as bcc
iron. Another important observation is that γ- to α−alumina phase transformation is fully
accomplished only for powder calcined at 1200˚C (SB3), while the sample calcined at 1000˚C (SB2)
still contains a significant amount of γ−/δ-alumina phase.

Measurements of the samples from the set SC (calcined at 1400 ˚C in air) are presented in fig. 8.
SC1 and SC2 prepared from only γ−/δ- or α- alumina component, respectively and doped with Fe2O3
do not show the “double” corundum structure and contain only one phase of solid solution of α-
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Fe2O3 in α- Al2O3. The peak shift with respect to the pure corundum observed for SC1 and SC2 was
significantly different for both samples, which is due to a different hematite doping level: 1.79%
and 0.95% for SC1 and SC2, respectively.
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Discussion

In the samples SA1-SA10, calcined in air, the γ - α-alumina phase transition takes place below
1000˚C and Fe atoms starts to replace the Al atoms in the corundum lattice above this temperature.

SC

The evaluated amount of Fe-doped corundum phase observed in granules calcined at 1000˚C (SA5)
was (9.9±1.0) wt%, which corresponds well to the amount of nano-alumina (Aeroxide AluC) in the
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initial composition. This value along with the strong peak broadening, related to small crystallite
sizes, indicate that at this temperature iron atoms were implemented mainly in the granule fraction
originating from nano-alumina component. According to the studies presented in [26], [38], [39],
the γ- to α−alumina phase transformation at 1000˚C is a very slow process and the heat treatment
time applied in this work would be too short to fully transform pure γ - alumina already at 1000˚C.
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However, J. L. McArdle and G.L. Messing [26] have demonstrated that the presence of α- Fe2O3
nanoparticles significantly lowers the activation energy for the overall γ- to α−alumina phase
transformation, which explains the accelerated transformation observed in the samples analyzed

EP

here. Since α−Fe2O3 nanoparticles, which were distributed homogenously in the trimodal granules,
act as seeds for creation of Fe-doped α−Al2O3 crystals and by taking into account large specific
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surface area of the nano γ−Al2O3 particles, it is not surprising that at first solid solution (FexAl1-x)2O3
in the trimodal granules was observed only in the nano-particles fraction. A graphical interpretation
of the derived model describing the granule after calcination at 1000˚C is given in fig. 9.

Rising the calcination temperature results in increasing the amount of Fe-doped corundum phase.
At the same time, the peak positions in the pattern shift to higher 2θ values, which is an evidence of
decreasing of the unit cell size. These observations indicate that at higher temperatures Fe atoms
diffuse from the fraction originating from nano-alumina to the fraction originating from sub-micron
alumina, and thus the amount of Fe-doped alumina increases. Since now the same amount of Fe
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atoms is distributed in a bigger amount of material, Fe occupancy in the corundum crystal unit cell
must decrease and consequently the lattice parameters decrease as well. Moreover, peaks
corresponding to the Fe-doped phase increase in intensity and narrow. This observation is related
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to crystallite growth of the initially nano-sized particles.

Assuming that all the Fe atoms from hematite added to the granules (1 wt. %) are distributed only

in the phase referred to as Fe-doped corundum and given the fraction of this phase in the samples
SA5, SA6, SA7 and SA8, concentration of Fe atoms (in the Fe-doped corundum phase) was
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estimated to be 4.9%, 4.1%, 2.8% and 2.3% respectively (mol %). The values of evaluated lattice
parameters “a” and “c” with corresponding estimated doping levels are in very good agreement
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with the data presented by Brown et al. [19], who reported on the dependence of the corundum
lattice parameters on the molar fraction of α- Fe2O3 in solid solution with corundum. This confirms
that in those samples, approximately all the available iron atoms were implemented in the lattice of
the Fe-doped alumina phase.
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Rietveld refinement of the diffraction pattern of SA9 sample showed that at 1400˚C the amount of
Fe-doped corundum phase reached (35.3±1.5) wt%, which within measurement uncertainty is
equal to the summed amount of nano-alumina (9.6%) and sub-micron alumina (24.6%) of the initial
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mixture. In this case, the lattice parameters change of the phase illustrated by the blue lines in fig. 5
was very small, but already measurable, meaning that minor amount of the Fe atoms diffused also
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to the structure originating from the largest alumina particles fraction. Hindered diffusion of Fe
atoms to this fraction at lower calcination temperatures is explained by the differences in surface
2

area of the three alumina granule components as measured by BET method: AA3: 0.4 m /g, AA03:
2

2

5.5 m /g, AluC: 95.3 m /g. Due to significantly smaller surface area, it is expected that the AA3
particles have very low ability to implement Fe atoms as compared with AA03 and with Aeroxide
AluC.

The diffraction peaks corresponding to the two phases obtained at 1400 ˚C are very close, but
clearly distinguishable, while for the samples calcined at 1600˚C only single, but broader peaks
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3+

were measured. This indicates that, at 1600˚C, Fe

ions diffused also to the fraction originating

from the largest alumina particles. The sudden rise of the lattice parameters represented by the
3+

blue lines in fig. 6 after 1400˚C reveals that diffusion of Fe

ions takes place mainly in the

temperature range between 1400˚C and 1600˚C, which is also a standard sintering temperature

RI
PT

range of alumina in technical ceramics. For a homogeneous solid solution, a narrowing of the
diffraction peaks is to be expected with increasing temperature. This was not observed, which is
likely caused by non- homogeneous iron distribution in the corundum lattice. Fig. 9 presents
3+

ions for the different fractions of alumina

SC

schematically the changes in the distribution of the Fe
in a granule.
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Measurements of samples SC1, SC2 calcined under the same conditions as sample SA9 (1400 ˚C in
air, fig. 8), revealed the creation of only one Fe-doped corundum phase, which additionally
confirms that two different corundum-like phases can be obtained only if the initial powder is
composed of mixture of alumina particles with different ability to implement dopant atoms.
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In contrast to the whitening effect during calcination of the orange hematite doped alumina
granules in air, a reducing atmosphere results in blackening of the powders. In the powder
diffraction patterns of samples SC1-SC5 (fig. 7), no shift of the corundum peaks and consequently

3+
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no change in lattice constants was observed. Thus, it can be concluded that no doping of corundum
3+

lattice with Fe occurred in this case. This is probably because already at 800 ˚C, Fe was reduced
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to the zero-oxidation state and started to form bcc Fe phase. The presence of bcc Fe is apparent in
all the SB samples and can explain the dark grey color of the powders. Formation of Fe bcc phase
already at 800˚C is also reflected in a slower γ- to α−alumina phase transformation as compared
with granules calcined in air, since no seeding with α- Fe2O3 nanoparticles can take place. The
narrow shoulder at the iron diffraction peaks observed for sample SB4 (calcined at 1200 ˚C) and a
very broad shoulder observed for sample SB5 (calcined at 1400 ˚C) may be related to the vanishing
of γ- alumina phase, as it occurs at the same temperature. These observed shoulders indicate a
presence of other phases from the same space group as Fe bcc (Im-3m). Based on Rietveld
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refinement of model fitted to the diffraction data, these additional peaks could be identified as the
AlFe bcc structure, meaning that some Al atoms most likely originating from γ- alumina phase were
also reduced to zero oxidation state.
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In summary, granules calcined in reducing atmosphere were composed of pure alumina particles
and metallic Fe or AlFe particles (within the detection limit of the applied method, which is about

0.01 %). A graphical interpretation of the phenomena observed in granules calcined in reducing
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atmosphere is presented in fig. 10.
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Conclusions

Based on the analysis of results of powder diffraction measurements, models have been developed
describing calcination induced changes in location and distribution of Fe atoms in trimodal alumina
granules. It is shown that applying different calcination temperatures and atmospheres to
multimodal alumina granules, results in completely different systems from structural and chemical
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point of view. The initial trimodal alumina granules were synthesized by spray drying from a
mixture of micron-size α-alumina, submicron α-alumina, nano-sized γ-alumina and nano-sized
hematite added for increasing laser light absorption. Annealing of such granules in air leads first to

EP

the γ - α phase transition that occurs at lower temperature than expected due to seeding function
of α−Fe2O3 nanoparticles. At 1000˚C, a solid solution (FexAl1-x)2O3 was observed, originating from
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hematite and from alumina nano-particles, resulting in a pure corundum and Fe-doped corundum
phase. Further increase of the temperature increases the fraction of Fe-doped corundum phase
3+

indicating that Fe

ions diffuse also into the fraction originating from sub-micron sized alumina

particles. At 1600 ˚C only one single corundum phase was found, evidencing a homogeneous
3+

distribution of Fe ions in all granule fractions as schematically presented in fig. 9.

When similar trimodal alumina granules are calcined in a reducing atmosphere, bcc Fe phase
appears at 800 ˚C, preventing the seeding effect of α−Fe2O3 nanoparticles and delaying the γ α phase transition. At higher calcination temperatures, also AlFe phase was observed.
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The results presented in this work show that by selecting proper calcination conditions
(atmosphere and temperature), it is possible to control the crystalline phase, in which Fe exist in
the granules. Moreover, in case of calcination in air, it is possible to control the amount of the Fedoped alumina phase in the alumina granules as well as the concentration of Fe atoms
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implemented in this phase. These two parameters have significant effect on the optical properties,

but also on the melting point of the material. Therefore, ability to control these parameters can be
helpful in controlling the interaction of laser light with ceramic granules. The direct relation

SC

between calcination conditions and the SLM processability as well as the role of dopants in alumina

in controlling other properties, for instance mechanical strength, heat conductivity, and thermal
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Figure 1 Scheme of a trimodal alumina granule prepared for SLM manufacturing.
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Figure 2 Optical microscopy images of capillaries containing trimodal alumina granules for SLM calcined at
different temperatures (the same length scale for a and b).
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Figure 3 Comparison of powder diffraction patterns for air calcination temperatures 700 ˚C, 800 ˚C, 900 ˚C and
1000˚C.

Figure 4 Powder diffraction pattern of calcined trimodal alumina granules doped with hematite (the parameters
achieved for the Rietveld refinement were: Rwp =2.98%, Rp=3.17%). The inset shows a selected peak profile for
powders calcined at different temperatures (not distinguishable in the main graph).
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Figure 5 Comparison of initial powder and powders calcined at RT, 1000 ˚C, 1100 ˚C, 1200 ˚C, 1300 ˚C, 1400 ˚C,
1600 ˚C. Green and blue lines represent peaks fitted to the structure of Fe- doped alumina (refining different
doping levels for different temperatures) and to the structure with minor amount of Fe.
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Figure 6 Lattice parameters a and c and unit cell volume evaluated for two phases (pure corundum- blue line, Fedoped corundum- green line) for samples SA1-SA10 derived from Rietveld refinement of the PD patterns.
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Figure 7 Powder diffraction of samples SB1-SB5. The rectangles marked in fig. a) represent the range presented in
the inset showing (110) bcc iron peak profile for different temperatures (line colors correspond to the font color
of text describing temperature in b)-f)) (small rectangle) and the range displayed in b)-f) (large rectangle). Red
stars in b)-f) correspond to the bcc Fe structure reflections. The parameters achieved for the Rietveld refinement
of the pattern in a) were: wRp= 3.06%, Rp= 3.86%.
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Figure 8 Diffraction patterns of monomodal alumina granules (samples SC1, SC2), compared with trimodal
granules (SA9) calcined in air at 1400 ˚C (markers- experimental data, solid lines – fitted model).
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Figure 9 Sketch of the changes of the Fe distribution in the trimodal alumina granules during calcination at
different temperatures (x axis corresponds to Fe doping level in (FexAl1-x)2O3).

Figure 10 Sketch of the changes of the Fe distribution in the trimodal alumina granules during calcination in
reducing atmosphere.

