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Spinel Crystals in Tuyere Coke
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A number of dodecahedral and octahedral spinel crystals
were found in tuyere coke. The possibility of spinel forma-
tion from a gas phase in the tuyere coke can be considered
for dodecahedral crystals. The octahedral spinels may have
been formed by annealing of precursor mineral aggregates
followed by crystallization of new phases. Investigations
into spinel crystals can be important for further interpreta-
tions of the conditions of origin and subsequent behavior
of mineral matter during coke degradation.

The amount and nature of the mineral phases in metal-
lurgical coke can be regarded as important factors affecting
its properties and behavior in the blast furnace (BF).[1,2] Data
on the mineral phases in BF coke are still scarce, how-
ever,[2–5] and their behavior during coke degradation is still
poorly understood. Under natural conditions, the composi-
tion, morphology, and textures preserve a record of the means
by which the minerals were formed, and these data can be
used to estimate the conditions of formation of their syn-
thetic analogues,[6] including those originating in coking
processes and during the evolution of coke in the BF.

The changes that take place in the mineral phases of BF
coke can be regarded as either structural or chemical.[2] The
structural changes in particular include[2] expansion of meta-
clays and the swelling and balling-up of aluminosilicates,
while the chemical changes are more complex and include
(but are not limited to) mineral phase decomposition, alka-
lization, and the formation of new crystalline and glass
phases. Various gases circulating in the BF change the com-
position of the existing mineral phases and cause the for-
mation of new phases acting as agents for the transport of
components through pores. 

The synthetic equivalents of minerals that have so far
been found in tuyere coke but are not observed in primary
coke are gupeiite, Fe3Si; xifengite, Fe5Si3; schreibersite,
Fe3P; barringerite, Fe2P; oldhamite (Ca, Mg, Fe, Mn)S;
Al2O3 (corundum crystals); spinel, MgAl2O4; and fersilicite,
FeSi. 

We describe here a case study of spinel crystals, which
represents the first report on the occurrence and crystalline
features of this mineral in tuyere coke.

A number of coke samples were selected from drill core
130,303,203, obtained using a mobile tuyere rig from the
tuyere zone of the BF at Rautaruukki Steel Works (Raahe,
Finland). The samples were cut into pieces about 20-mm
long, 20-mm wide, and 5-mm thick, preserving one origi-

nal surface. The cut pieces were fixed to 28 � 48 � 1-mm
glass plates and studied with a JEOL* JSM-6400 scanning

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

electron microscope (SEM) equipped with an energy dis-
persive spectrometer (EDS), which was also widely used for
observing and identifying the minerals and other phases
reported here.

A number of small (3 to 15 �m) crystals and aggregates
of almost pure spinel, MgAl2O4 (EDS spectrum data), were
found in two samples of the coke, selected from the 150-
and 210-cm levels (from the beginning of the tuyere) in the
drill core. The spinels occur as euhedral, equidimensional
crystals of dodecahedral and octahedral habit, as twins of
octahedral and prism habit and as irregular crystals and their
aggregates. Combination of forms should also be mentioned.
The euhedral, equidimensional crystals of dodecahedral habit
occur inside deep pores attached to their walls (Figures 1(a)
and (b)), or in areas adjacent to the pore throat (Figure 1(a)),
while the octahedral crystals with clearly visible {111} faces
(Figures 1(d) and (f)) are found mainly on the coke surface,
where they are located near the pores (Figures 1(c) and
(d)) or along the cracks (Figures 1(e) and (f)). In the latter
case, they often constitute parts of complex aggregates with
less well-shaped crystals and form twins and various inter-
growths (Figure 1(f)). The occurrence of two shapes of spinel,
which were also found in different environments, indicates
different conditions of formation.

The formation of the mineral phase during coking and in
BF coke can be compared to some extent with pyrometa-
morphic processes that occur during the spontaneous burn-
ing of coal spoil-heaps.[7,8,9] These unique systems have
generated 209 mineral species (including spinel), and it has
been suggested that the gas phase may play an important
role in the formation of minerals in them.[7,8,9] The authors
of the article[9] mentioned a temperature range of 1200 °C
to 1500 °C in the coal heaps, so that such conditions would
be available in a tuyere zone. They also pointed out that
“gas transport synthesis was achieved” and concluded “that
a decisive control on the process of Ca, Mg and Fe separa-
tion and formation of their minerals is exerted by the types
of complex metal compounds containing S, C, and H that
are responsible for gas transport.”[9] The reaction for the for-
mation of spinel from a gas phase can be found in[10]

Al2O3 (s) � Mg � H2O → MgAl2O4 (s) � H2

The amounts of Mg and Al in a coke, and consequently
in the BF, may vary in any given case and are greatly depen-
dent on the mineral composition of the original coal blends.
The main sources of Mg in coals are dolomite, CaMg(CO3)2,
magnesite, MgCO3, various silicates, and clays, while Al is
often associated with silicates and clay minerals[2] (e.g., kaoli-
nite Al2Si2O5[OH]4).

The possibility of spinel formation from a gas phase in
the tuyere coke can be considered for dodecahedral crystals
attached to pore walls (Figures 1(a) and (b)). Although there
is no solid evidence for this model at present and it should
be approached with caution, there are some signs and indi-
rect comparisons that may favor such a hypothesis. The facts
that no traces of precursor phases were found near the spinels
and that their crystals have compositions close to the ideal
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spinel stoichiometry—MgAl2O4, support this suggestion.[9] If
this is the case, then the temperature in this area should have
been about 2100 K, as was reported for spinel from chondritic
meteorites[10,11] originated from solar nebula (a gaseous cloud
parental to the solar system). Also, the formation of Al-rich
spinel “. . . seems best understood in terms of the evaporation
of a refractory liquid followed by rapid crystallization.”[11]

Octahedral crystals and their intergrowths are common under
conditions of rapid crystallization of diamonds from oversat-
urated systems, for example,[12] which has the same crystal sys-
tem (cubic) as spinel. The octahedral spinel crystals and their
intergrowths were encountered on the tuyere coke surface,
which may also be a place for more rapid spinel crystalliza-
tion than inside the pores, where conditions (temperature and
gas composition) were probably more stable. The octahedral
spinels may have been formed by annealing of precursor min-
eral aggregates, resulting in the decomposition of minerals to
the point of an amorphous state and the crystallization (recrys-

tallization) of new phases from an amorphous matrix, as also
reported for pyrometamorphic rocks in the heaps.[9] This was
certainly the case for the crystals shown on plates C through F
of Figure 1. This conclusion is supported by the observed tex-
tural relationships of the aggregate of mineral matter to the
coke matrix (Figure 1(c)) and by the association of the spinel
crystal (Figure 1(d)) with the remnants of an O-Al-Si-K-Mg-Na
(EDS spectrum data) precursor phase. In the latter case, the
precursor phase aggregate was probably a sheeted silicate that
was annealed and transformed to spinel but partly retained its
elongated shape. The temperature of the spinel appearance in
this case was limited by the properties of the precursor phase,
the composition of which could not be determined quantita-
tively. The “mixture” of the underdeveloped spinel crystals
(Figure 1(f)) is also a sign of rapid in-situ recrystallization.

Investigations into spinel crystals in tyuere coke can be
important for further interpretations of the conditions of ori-
gin and subsequent behavior of mineral matter during coke

304—VOLUME 36B, APRIL 2005 METALLURGICAL AND MATERIALS TRANSACTIONS B

Fig. 1—Photographs by SEM of various spinel occurrences in the tuyere coke (PMF—precursor mineral phase).



formation and its degradation in a BF, as they can give us a
better understanding of how the minerals alter the chemical
and physical properties of the coke. Our preliminary data (sub-
ject to further research) have shown, for example, that the
sharp edges of octahedral spinel crystals formed by the anneal-
ing of precursor phases cause cracks to appear that weaken
the coke strength. On the other hand, the dodecahedral crys-
tals observed here occur in nondestructive relationships with
the coke matrix. The revealing of mechanisms for the trans-
formation of complex silicates (e.g., the O-Al-Si-K-Mg-Na
phase reported on here) to spinel, MgAl2O4, can also be impor-
tant for understanding the behavior of alkalis in the BF.
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