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Periclase-hercynite bricks were prepared from fused or reaction-sintered hercynite. The microstructure of the obtained bricks
was studied and their thermal conductivity in the simulated on-site condition was tested. The results show that the mutual
diffusion of Fe or Al from hercynite and Mg from periclase forms more pores in the material. Compared with the brick
prepared from fused hercynite, the brick from reaction-sintered hercynite has smaller pore size. The thermal conductivity
simulation test of the two bricks at 1550 oC shows that the cold end temperature of the brick synthesized from the reaction-
sintered hercynite is 40 oC lower than that of the brick from the fused hercynite. Thus, in consideration of reducing the shell
temperature of the cement rotary kilns, the reaction-sintered hercynite is more favorable for the production of periclase-
hercynite bricks.
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Introduction

Different with the lining of metallurgical furnaces
such as ladles and converters in iron and steel industry,
the refractories for the burning zone of cement rotary
kilns are single-layered with a thickness of 180-
220 mm. Besides the common functions, this layer of
refractories shall ensure that the temperature of the kiln
metal shell is under 350 oC although the temperature
inside the kiln is at 1500 oC or above. Because when
the metal shell temperature exceeds 300 oC, plastic
flow happens: there is no obvious yield limit or
yielding terrace in the stress-strain curve and the
strength drops obviously. When the temperature is
close to 400 oC, the strength of the metal structural
pieces is nearly half of those at room temperature,
which is very dangerous for rotary kiln operation [1]. 

The shell temperatures of the burning zone and
transition zone of cement rotary kilns are relatively
high, normally above 300 oC. If the refractories used in
the positions have high thermal conductivity, or some
bricks rupture because of the kiln shut down, or the
refractories have small residual thickness, the shell
temperature can achieve 350 oC or higher. So, high
power fans are required to cool the shell on site. The
characteristics of rotary kilns require refractories with
low thermal conductivity and strong adaptability used

in the burning zone and transition zone of cement
rotary kilns. 

Currently, refractories used in the burning zone of
rotary kilns are dolomite bricks, magnesia chrome
bricks, magnesium aluminate spinel bricks, etc. [2-13]
Magnesium aluminate spinel bricks have thermal
conductivity of 3.5-5.0 W/(m • K) (350 oC)[14], which
is relatively high among the oxides refractories.
Dolomite bricks and magnesia chrome bricks have
lower thermal conductivity but poor thermal shock
resistance. The poor thermal shock resistance may lead
to brick rupture during kiln shut down, raising
temperature abruptly to 350 oC above. 

In recent years, based on hercynite (FeO • Al2O3) and
periclase, periclase-hercynite refractories were developed
[11, 13]. The developed periclase-hercynite refractories
have excellent kiln coating ability, good structure
flexibility and stress buffering ability, which results in the
good performance in the burning zone of rotary kilns
as a substitute for magnesia chrome bricks [15]. The
periclase-hercynite refractories have become an important
developing trend for chrome free refractories used in the
burning zone of rotary kilns. In addition, compared with
the magnesium aluminate spinel brick and magnesia
chrome brick, the periclase-hercynite brick has lower
thermal conductivity and better thermal shock resistance.
So brick rupture happens rarely during kiln shut down.
The performance the brick is stable and the shell
temperature is relatively low. 

As the raw material for the periclase-hercynite bricks,
hercynite can be synthesized by reaction sintering or
electric fusing. So the two kinds of periclase-hercynite
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refractories can be prepared based on the two kinds of
hercynite. Hercynite prepared by different methods has
different crystal structures, namely different Fe2+ ions
occupying and diffusing ability, resulting in different
sensitivities to oxygen partial pressure. All these factors
will influence the microstructure of the periclase-hercynite
bricks, and further affect the thermal conductivity and
other properties. So far, there is no report on this area. 

To investigate the existing state of hercynite in the
two periclase-hercynite bricks and the as-resulted
thermal conductivity difference, this work contrasted
with the structure of the two bricks and tested the
thermal conductivity in the simulated on-site condition
to provide data base for the application of the two
kinds of bricks.

Experimental

The bricks were prepared using 12% (by mass)
reaction-sintered hercynite (44% FeO and 56% Al2O3)
or fused hercynite (44% FeO and 56% Al2O3) and 88%
sintered magnesia (MgO 98%) as raw materials,
pressing and firing at 1600 oC for 6 h. The brick
prepared from fused hercynite (FH) is named FM brick
and the brick prepared from sintered hercynite (SH) is
named SM brick. 

The phase composition of the two kinds of hercynite
was characterized by an X-ray diffractometer (XRD; D8
ADVANCE) with the scanning time of 120 min and 2θ
range of 10 o-140 o. Based on Rietveld theory, the XRD
patterns were refined by TOPAS software. The
microstructure was investigated by a scanning electron
microscope (SEM; Quanta200, FEI, Holland) equipped
with an energy dispersive spectroscope (EDS; INCA250
Oxford Instrument, UK).

The device of the on-site simulation was a refit
chamber high temperature electric furnace: two square
holes with size of 55 mm × 55 mm × 160 mm were dug

from the door of the electric furnace. The obtained bricks
were cut into specimens with size of 55 mm ×

55 mm×160 mm. As shown in Fig. 1, the specimens were
inserted into the hole and the gaps were filled with high
temperature fiber felt to ensure the thermal flux runs
through the specimens. After the installation, the furnace
temperature was raised at a rate of 5 oC/min to 1550 oC.
When the temperature reached and stayed at 1550 oC,
the surface temperatures of the specimens were
determined and recorded. 

Results and Discussion

Fig. 2 shows the XRD patterns of the two kinds of
hercynite. Their main compositions are both hercynite.
The diffraction peaks of the fused hercynite moves
rightwards compared with that of the sintered
hercynite; and the fused hercynite has larger crystal
parameters than the sintered hercynite.

Based on Rietveld refinement theory and TOPAS
software, the crystal parameters and atom occupancy of
the two kinds of hercynite were calculated, as shown in
Fig. 3, After refinement, the structural formulas were
given: for fused hercynite and  for reaction-sintered
hercynite. As shown by the structural formulas, the
fused hercynite has more Fe2+ in the tetrahedron sites,
so the fused hercynite is more stable in the oxidation
atmosphere [16].

The XRD and Rietveld refinement of the two kinds of
hercynite show that although they have similar diffraction
peaks, the atom structure and atom occupancy are
different, which leads to different properties.

SEM images of the two kinds of hercynite are shown
in Fig. 4. Different morphologies can be observed. The
fused hercynite has larger crystal grains, hundreds of
micron meters mostly; while the reaction-sintered
hercynite has smaller crystal grains mostly under 40 μm.

The SEM images of the hercynite in the two bricks
are shown in Fig. 5. After firing, the microstructure of
the two bricks changes differently. Hercynite particles
are still observed in the FM brick. While the
microstructure of the SM brick changes greatly. Large

Fig. 1. On-site simulation for thermal conductivity test (FM brick
at left side and SM brick at right side in the two images). Fig. 2. XRD patterns of the two kinds of hercynite.
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holes appear in original hercynite grains and many micro
cracks appear in the matrix. Moreover, the magnesia

around the sintered hercynite changes greatly: it is
obviously brighter than the other magnesia. While the

Fig. 3. XRD refinement of the two kinds of hercynite.

Fig. 4. SEM images of the two kinds of hercynite.

Fig. 5. SEM images of the two periclase-hercynite bricks.
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magnesia around the fused hercynite changes relatively
less.

The further characterization and analysis of the
structure around the hercynite are shown in Fig. 6.
Many bright spots are observed in the periclase grains
which contact the hercynite grains. The EDS result
shows that the bright spots are composed of Mg, Fe, Al
and O; while the hercynite is composed of Mg, Fe, Al
and O. This means that the mutual diffusion happens
between hercynite and periclase: Mg enters hercynite
while Fe and Al enter periclase.

The cold end temperature changes of the two bricks over
time when the furnace temperature was held at 1550 oC are
shown in Fig. 7. The cold end temperatures of the two
bricks in equilibrium are 303 oC and 343 °Ê respectively,
indicating their different thermal conductivities. The SM
brick has lower thermal conductivity, which is important
for controlling the shell temperature at the kiln coating

stage in the beginning.
Fused hercynite was synthesized by heating ferric

oxides and alumina to the melting state and then
cooling at specified rate to make hercynite crystallize
gradually. While the reaction-sintered hercynite was
synthesized at the temperature lower than the melting
point of hercynite through the ion mutual diffusion
and migration between ferric oxides and alumina.
According to the mass transfer theory, the mass transfer
resistance is big in solid and small in liquid. Therefore,
compared with the sintered hercynite, the fused one has
smaller crystallization resistance, better crystal growth, and
better crystal stability. The SEM images in Fig. 4 show that
the fused hercynite grains are much bigger than the
sintered hercynite grains, and the XRD refinement
confirms the better stability of fused hercynite.

At 1600 oC in air, because of the existence of
oxygen, Fe2+ in the hercynite surface is transformed
into Fe3+:  [17], increasing
concentrations of octahedron vacancies and tetrahedron
vacancies, so the outward diffusion abilities of Fe and
Al are enhanced. Moreover, Fe2+ (or Fe3+) and Al3+ in
hercynite diffuse towards periclase and Mg2+ in
magnesia moves towards hercynite. Fe2+ (or Fe3+), and
Al3+ diffuse faster than Mg2+, producing Tyndall effect
and resulting in cavities inside the hercynite. On the
shell wall of the cavities, a composite spinel layer is
formed. Besides the changes of hercynite grains and
magnesia grains, the hercynite fines in the matrix also
change greatly. The hercynite fines and magnesia fines
are sintered together at high temperatures and a lot of
micropores form because of the ion mutual diffusion
between periclase and hercynite.

Compared with the fused hercynite, the sintered
hercynite has smaller crystal size, worse structure
stability, and less Fe2+ in tetrahedron sites, so during the
preparation of periclase-hercynite bricks, the sintered
hercynite is easy to be oxidized into Fe3+, producing
high concentration vacancies. Moreover it has lower
crystal lattice diffusion activation energy. Therefore, the
sintered hercynite reacts with the surrounding magnesia
particles or fines more severely, forming more micro
pores (Fig. 5) which result in the lower thermal
conductivity, thus it is more suitable for the burning
zone of rotary kilns.

Summary

The microstructure of two kinds of periclase-hercynite
bricks prepared from fused hercynite and reaction sintered
hercynite, respectively was studied and their thermal
conductivity were investigated at the simulated on-site
condition. The results show that mutual diffusion happens
during high temperature firing of the two bricks. Fe and Al
in hercynite diffuse into magnesia and Mg in magnesia
diffuses into hercynite, forming pores. Compared with the
brick synthesized from fused hercynite, the brick
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Fig. 6. SEM and EDS of the two periclase-hercynite bricks.

Fig. 7. Cold end temperature of the two bricks over time with
furnace temperature held at 1550

oC
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synthesized from sintered hercynite has smaller micro
cracks. The thermal conductivity test at the simulated
condition shows the cold end temperature of the brick
synthesized from sintered hercynite is about 40 oC lower
than that of the brick synthesized with fused hercynite.
Therefore, the periclase-hercynite brick synthesized from
the sintered hercynite is more suitable for the burning
zone of rotary kilns.
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