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In this work, raw materials analytically pure Al2O3 and analytically pure Fe2O3 were mixed in FeO: Al2O3 molar ratio of 1 : 1
and pressed into specimens. The specimens were embedded in analytically pure metal Fe powders and fired slowly to 1650 oC
in air atmosphere, and then soaked at 1650 oC for 5 hrs. The fired specimens were investigated by XRD, SEM, and EDS. The
results show that the specimen synthesized at high temperatures in melting Fe is composed of hercynite and wüstite (FenO
(n ≤ 1)); FenO disperses in hercynite; hercynite crystals develop well and are mostly perfect octahedron with grain size around
50μm. The hercynite has Fe/Al ratio smaller than 1/2, which is non-stoichimetric. With the existence of melting Fe, although
the raw materials are theoretically batched according to FeO·Al2O3, FenO is still excess, so the hercynite obtained is Al-rich.
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Introduction

Based on hercynite (FeO·Al2O3) and periclase
(MgO), periclase-hercynite is a chrome-free refractory
for the burning zone of cement rotary kilns developed
in recent years to meet the environmental-friendly
requirement [1, 2]. It has excellent kiln coating ability
as well as good structure flexibility and stress buffering
ability, which is very suitable to be applied in the
burning zone of rotary kilns [3-8]. So periclase-
hercynite has become a main developing direction of
refractories for the burning zone of rotary kilns. As the
key starting material, hercynite is important but the
synthesis of high grade hercynite is still difficult.

Up to now, various methods including reactive plasma
sparying [9], pulsed laser ablation [10] and radial
combustion of Fe2O3/aluminum thermite [11], reaction
sintering [12], fused process [13] etc. have been adopted
to synthesize hercynite, in which, reaction sintering and
fused process are feasible to industrialize in refractories
industry. 

The key to synthesize hercynite is to control the
stability of ferrous iron by sintering process and fused
method. Element Fe in hercynite is divalent, but normally
tervalent Fe is stable. FeO decomposes at temperatures
below 570 oC [14]. Thus, at present, Fe3O4 or Fe2O3 is
always used as the Fe source. During the synthesis, Fe3+

is transformed into Fe2+ by processing or controlling
atmosphere then Fe2+ reacts with Al2O3 to form hercynite.

However, the oxygen partial pressure range for FeO
to exist is very narrow, as shown in Fig. 1 [15]. So the

atmosphere control of reaction sintering is difficult,
Fe2+ is easy to transform into metal Fe or Fe3+,
resulting in impurities of metal Fe, magnetite, hematite,
or residual corundum. The oxidation of metal Fe or
magnetite as well as the volume expansion reaction
between residual corundum and MgO deteriorates the
properties of the products and leads to more rejected
products [16]. In addition, the residual magnetite or
hematite in the products results in multi-phase solid
solution structure or multi-phase composited structure of
the synthesized hercynite. So the effect of the hercynite on
the properties of periclase-hercynite refractories as well as
its own properties as a function of the temperature can be
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E-mail: cjh2666@126.com Fig. 1 Thermodynamically stable area of Fe-O system.
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affected by many factors. The element diffusion,
structure evolution, property change of the hercynite
during atmosphere change as well as the structure
change and reaction mechanism of hercynite in the
periclase-hercynite refractories are difficult to describe.
This is also the key restriction for the performance of
hercynite in the periclase-hercynite refractories.

From Fig. 1, it is also found that at high temperatures
and with the existence of metal Fe, the stable product
between Fe and O is FeO, which means that in this
condition with melting Fe, the oxide of Fe reacts with
alumina to form high grade hercynite.

Hercynite is a kind of spinel which belongs to Fd3m
crystal system. Its crystals have many vacancies which
can hold many kinds of ions and form complicated
solid solution [17, 18]. With the existence of melting
Fe, the stoichiometry, microstructure and crystal
morphology of the synthesized hercynite have not been
reported. This is very important and fundamental for
the preparation of high-purity, good crystallization and
large size hercynite, the study of high purity hercynite
on structure change during oxidation, the diffusion of
hercynite in magnesia based materials, and using fused
method to prepare high purity hercynite for mass
production.

Therefore, in this work, hercynite was prepared at
high temperatures with the existence of metal Fe. The
structure, phase composition, atom ratios of the prepared
hercynite were investigated to get some information on
hercynite synthesized in equilibrium with metal Fe.

Experimental

Analytically pure alumina (ω(Al2O3) > 99.3%) and
analytically pure ferric oxide (ω(Fe2O3) > 99.5%) were
adopted as raw materials, batched in FeO and Al2O3

molar ratio of 1 : 1. The batched materials were wet
mixed in a planetary ball mill for 5h and then naturally
air dried. The dried mixture was pressed into specimens
with size of Φ20 mm × 20 mm under 10 MPa. The
specimens were placed according to Fig. 2 and fired
gradually to 1650 oC and soaked for 5 hrs.

The fired specimens were sampled to analyze the
phase composition and microstructure using an X-ray
diffractometer (D8 ADVANCE, Bruker Corporation,
scanning range of 15 o-100 o, scanning rate of 0.02 o/min)
and a scanning electronic microscope (Quanta200, FEI,
Holland) equipped with an energy dispersive spectrometer
(INCA250 Oxford Instrument, UK).

Results

XRD analysis
The XRD pattern of the fired specimen is shown in

Fig. 3. After firing at 1650 oC for 5hrs, the specimen is
mainly composed of hercynite (Fe/Al < 1/2) and
wüstite (FenO). Since there are always more O atoms
than Fe atoms in wüstite, the iron protoxide can be
expressed as FenO (n < 1). This indicates that during
the synthesis of hercynite, some ferric oxide does not
participate in the crystal growth, leading to non-
stoichiometric defected hercynite.

SEM and EDS analysis
Fig. 4 shows the SEM images and EDS patterns of

the specimen section. In Fig. 4(a), white substance and
grey substance can be observed; the white substance
disperses in the grey substance. The EDS analysis
shows that the white substance is composed of Fe and
O, and the grey substance consists of Fe, Al and O;
Table 1 shows that Fe/Al < 1/2. So it is deduced that
the white substance is wüstite and the grey substance is

Fig. 2. Firing schematic diagram of specimens.

Fig. 3. XRD patterns of specimen fired at 1650 oC.

Fig. 4. SEM images and EDS patterns of specimen fired at 1650 oC
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defected hercynite. The hercynite is of perfect octahedron
structure and the crystal size is about 50 μm.

Analysis and Discussion

During the synthesis of hercynite, as temperature
increases, the reaction between raw materials Fe2O3

and Al2O3 can be divided into two stages: (1) solid
FenO reacts with Al2O3 forming hercynite; (2) liquid
FenO reacts with Al2O3 forming hercynite.

Solid FenO reacts with Al2O3 forming hercynite
Fe is valence-changeable; its oxides are different

in different conditions (oxygen partial pressure and
temperature). As shown in Fig. 5 [19], when the
temperature is higher than 570 oC, iron protoxide exists
in the form of wüstite (FenO). To maintain an electric
balance, some Fe3+ exists. At 570-1371 oC which is the
melting point range of FenO, the composition of FenO
(n < 1) in equilibrium with Fe changes according to
curve QLJ as a function of temperature. So, at high
temperatures with metal Fe embedded, when FenO
exists in soilid state, wustite has more O2- and less
Fe2+. 

Thus, as the system temperature increases, the wustite
may react with Al2O3 to form hercynite as follows.

 (1)

(Note: the thermodynamic data of FenO adopt those of
FeO)

As shown in the above thermodynamic calculation,
this reaction can proceed before liquid appears in FenO
(1371 oC). At the stage of solid-solid reaction, the
formation of hercynite can be described by C. Wagher
spinel formation modal [20]. The reaction between
closely contacted solid FeO and Al2O3 particles can be
considered as the mutual-diffusion between the hardly
moved larger O2− ions and the smaller Fe2+ and Al3+

ions in the fixed oxygen packed structure [21].
On the Al2O3 side, Fe2+ (Fe3+) from wustite diffuses into

crystal structure of Al2O3, resulting in the transformation of
oxygen from hexagonal packing (Al2O3) to cubic packing
(hercynite). On the FenO side, Al3+ from Al2O3 diffuses
into crystal lattice of FenO, resulting in the adjusting of
cation occupancy. Because the octahedral site preference
energy sequence of Al3+, Fe2+ and Fe3+ is Al3+ > Fe2+ > Fe3+,
during the formation of spinel, Al3+ occupies octahedron
sites of oxygen packing in priority. Fe2+ in wustite can only
occupy tetrahedron sites. Since Fe2+ has larger radius than
Fe3+, the entrance of Fe2+ in tetrahedron sites slightly
changes the surrounding octahedron structure and
further changes the surrounded tetrahedron. Small Fe3+

is easy to enter the slightly changed tetrahedron,
forming symmetric structure, thus hercynite with stable
structure forms.

FenO s( ) Al2O3 s( )+ FenO Al2O3 s( )⋅=

ΔG
θ
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O
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Table 1. EDS data of different microzones in specimen. 

EDS data 
number

The mole percent of 
different element /%

Fe Al O

1 14.52 29.69 55.79

Fe/Al < 1/2

2 13.58 28.98 57.44

3 13.90 28.18 57.92

4 15.39 29.90 54.71

5 12.34 28.41 59.25

6 11.15 27.40 61.45

7 13.72 29.56 56.72

8 13.02 28.83 58.15

9 13.31 29.02 57.67

10 13.18 28.96 57.86

11 11.59 27.99 60.42

12 14.19 29.82 55.99

13 14.36 29.80 55.84

14 14.06 30.44 55.50

15 13.17 29.08 57.75

16 14.67 29.72 55.61

17 11.95 28.26 59.79

18 14.43 29.16 56.41

19 14.11 29.78 56.11

20 12.13 28.45 59.42

21 12.49 28.60 58.91

22 13.83 29.16 57.01

23 12.96 29.27 57.77

24 12.05 28.45 59.50

Fig. 5. Equilibrium phase diagram of Fe-O system.
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The existence of Fe3+ in wustite makes the Fe/O ratio
offset the theoretical value 1, so during the formation
of hercynite, compared with the stoichiometric FeO,
wustite provides less Fe2+(3+) ions for its reaction with
Al2O3 which forms hercynite. This means that less
Fe2+(3+) ions can diffuse to the O2- packing skeleton, the
hercynite lattice with Fe2+(3+)/Al3+ < 1/2 forms, i.e. the
defected hercynite structure.

Liquid FenO reacts with Al2O3 forming hercynite
For liquid FenO, as the temperature increases, its

composition changes along the NGC curve as shown in
Fig. 5. Although compared with that in QLJ, the FenO
liquid composition in NGC has obviously reduced O2-

content, the O2−/Fe2+(3+) ratio is still larger than 1, i.e.
there are more O2− ions and less Fe2+(3+) ions in the
structure. Thus, similar with the hercynite formed by
solid FenO, the hercynite formed by liquid FenO is Al
ion rich and Fe ion lack.

Based on the above analysis, no matter the solid-
solid reaction or the liquid-solid reaction, because of
the existence of Fe3+, for FenO, n < 1. So the hercynite
synthesized at high temperatures with metal Fe
embedded is Al rich defected spinel (FenAl2O4) and
some FenO remains in the material. Results of XRD
(Fig. 3), SEM and EDS (Fig. 4) all prove this and
confirm the existence of defected spinel, which is
consistent with the study of Woodland, et al. [22].

Wustite in the hercynite synthesized in this work has
two kinds of structure, namely the non-stoichiometric
FenO (N, n < 1) and stoichiometric FeO (S). This is
consistent with the study of A. Pattek-Janczyk, et al.
[23]. The contents of the two kinds of wustite depend
on the cooling rate. Generally, for rapid cooling, only
N structure exists and S rarely, as the cooling slows
down, S increases and N decreases gradually.

In this work, although the raw materials are batched
according to FeO?Al2O3 = 1 : 1 in molar ratio, some
wustite remains in the prepared hercynite. The residual
wustite results in a large volume change in the
periclase-hercynite brick because of the valence change
( ), thus generating cracks in bricks and
deteriorating performance of the bricks. The cracking of
the periclase-hercynite brick is an unsolved problem and
the main reason is the formation of FenO·Al2O3 (n < 1).

Conclusions

Hercynite was synthesized by using analytically pure
Al2O3 and analytically pure Fe2O3 as raw materials in
FeO : Al2O3 molar ratio of 1 : 1, and firing at 1650 oC
for 5 hrs in a high temperature furnace. The results show
that at high temperatures and with the existence of
melting Fe, although the raw material is stoichimetrically
batched, the hercynite specimen synthesized consists of
hercynite (Fe/Al < 1/2) and FenO (n ≤ 1) and FenO

disperses in the hercynite; the hercynite crystals
develop well, mostly in perfect octahedron with grain
size around 50 μm. The Fe/Al ratio of the hercynite is
smaller than 1/2, which proves the hercynite obtained
is non-stoichimetric and Al-rich.
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