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Abstract

The effect of TiO, on the formation and microstructure of magnesium aluminate spinel (MgAl,O,4) at 1600 °C in air and reducing conditions
were investigated. Under reducing conditions, stoichiometric MgAl,O, spinel shifted toward alumina-rich types owing to volatilization of MgO,
resulting in an increase in the porosity of fired samples. Addition of graphite to mixtures of MgO and Al,Oj; intensified the reducing conditions and
accelerated the formation of non-stoichiometric MgAl,O,. For TiO,-containing samples on addition of MgAl,O,, magnesium aluminum titanium
oxide (Mg, Aly ) Ti(14xOs, x = 0.2 or 0.3) was detected as a minor phase. Under reducing conditions, XRD peak shifts were smaller for TiO,-
containing samples than for samples without TiO, owing to the formation of a solid solution of TiO, in MgAl,O, and establishment of alumina-rich
spinel, which have opposite effects on increasing the lattice parameter. In bauxite-containing samples, MgAl,O, spinel, corundum, magnesium
orthotitanate spinel (Mg, TiO,4) and amorphous phases were identified. Mg,TiO, spinel formed a complete solid solution with MgAl,O, spinel but
Mg,TiO,4 remained as a distinct phase owing to the heterogeneous microstructure of bauxite-containing samples. Also dense microstructure
established in air fired TiO, containing samples. The results are discussed with emphasis on the application and design of alumina—magnesiacarbon

refractory materials, which are used in the steel industry.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Magnesium aluminate spinel is an important refractory
material because of its excellent properties such as high
melting point (2105 °C), low thermal expansion, high thermal
spalling and corrosion resistance [1]. Dense spinel can be
prepared by reaction of magnesium and aluminum compounds,
generally in a two-stage firing process, with spinel formation at
~1400 °C and densification at ~1700 °C [2,3]. This approach
is used because of the high volume expansion (~5%) that
occurs during spinel formation that prevents densification of
the product. Therefore, additives such as TiO,, ZnO and CaF,
were proposed for the formation and densification of
magnesium aluminate spinel [1,4]. TiO, improved the density
of spinel ceramics and had no influence on the phase
constituents up to 2 wt.% [4]. A decrease in grain size and
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an increase in the roundness of spinel grains are the other
effects of TiO, in spinel [4,5]. All studies were carried out in an
ambient atmosphere and little information has been reported
on the effect of the atmosphere. Although the effect of TiO,
addition has been investigated, the influence of TiO,-bearing
additives such as bauxite is not really understood.

A new generation of materials called alumina-magnesia—
carbon (AMC) refractory materials has become of interest for
application in ladle furnaces in the steel industry. The presence of
carbon in this type of material creates a reducing environment in
the interior parts of linings. This can cause volatilization of Mg
and variations in spinel chemistry [6]. In the present study the
stability of MgAl,Oy, in the presence of TiO, at 1600 °C in air and
a reducing atmosphere is reported.

2. Experimental procedures

The raw materials were calcined alumina (Fiberona, India,
>99.3% purity, dso=2 pm), titanium oxide (Merck, >99%
purity, dso=3 wm), magnesium oxide (Merck, >98% purity,
dso=4 pm) calcined bauxite (Bigglar, Iran, d < 73 um) and
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flake graphite (Qingda, China, >96% purity, d < 150 pm).
Iranian calcined bauxite had the following chemical composi-
tion: Al,O5 64.8 wt.%, Si0, 21.7 wt.%, TiO; 12.15 wt.%, Fe,03
1.13 wt.% and 0.54 wt.% alkali. The mineralogical configura-
tions were corundum (major phase), mullite, tialite (Al,O3-TiO,)
and rutile. Four batch compositions were selected in such a way
that they contain Al,O5; and MgO in a stoichiometric ratio with or
without 10 wt.% graphite. TiO, (4 wt.%) and calcined bauxite
were also used as additives. The amount of bauxite was
calculated to introduce 4 wt.% TiO, to the batch composition
with respect to stoichiometric ratio of Al;O; and MgO. The
sample without additives is denoted as SP and samples
containing graphite, titanium oxide and bauxite as SPG, SPT
and SPB, respectively. All of the batches were ball-milled in
isopropyl alcohol for 4 h. The resulting slurries were dried at
110 °C and agglomerates were broken up. The batches were then
mixed with 2 wt.% novalak liquid resin as binder and 0.2 wt.%
hexamine as hardner, aged for 24 h and then uniaxially pressed
into a cylindrical shape (¢ =50 mm) under pressure of
150 MPa. After curing (200 °C), the samples were fired at
1600 °C at a heating rate of 5 °C min~ ' and a soaking time of 3 h
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Fig. 1. XRD patterns for spinel samples with or without graphite addition after
firing at 1600 °C for 3 h in air (SP and SPG) or a reducing (SPE and SPGE)
atmosphere.

in an electric furnace in either air or a carbon bed. Samples fired
under reducing conditions are denoted with the suffix E (e.g. SPE
and SPTE). Crystalline phases of the samples were characterized
using X-ray diffraction (XRD, Cu Ka, Philips D80). The lattice
parameter a was calculated from the characteristic XRD peaks of
the MgAl,O, spinel phase using the following equation [7]:

AN ok |
“= <2> 5in@ M
where A is the radiation wavelength, 6 is Bragg’s angle and
(h k 1) are the corresponding Miller indices. The microstructure
of polished and coated samples was investigated under a
scanning electron microscope (SEM, Cambridge S360)
equipped with an energy-dispersive spectroscope. Backscat-
tered electron imaging was also used.

3. Results and discussion

XRD patterns for samples with equimolar Al,O3 and MgO
and containing graphite after firing at 1600 °C for 3 h in air (SP
and SPG) or a reducing atmosphere (SPE and SPGE) are shown
in Fig. 1. The presence of MgAl,0O, spinel is evident for all
samples, with no unreacted corundum or periclase phases
detected. For the SPGE sample, graphite peaks were also
observed.

It has been reported that the formation of magnesium
aluminate spinel from its constituent oxides by diffusion of AI**
and Mg”* ions (Wagner mechanism) starts around 1100 °C and
is complete at around 1400 °C [8,9] It depends on grain size of
sample. Fig. 1 shows that at 1600 °C complete formation of
spinel, with a slight shift of the XRD peaks to higher 26 values
under reducing conditions in comparison to air-fired samples.
The shift in 26 values and change in lattice parameter indicate
that stoichiometric spinel changed to alumina-rich spinel [10].
Spinel easily forms a solid solution with alumina resulting in
the composition MgO-nAl,O3, where n varies from 1 to 7.3 at
high temperature (~1990 °C) [11]. The excess AIP* jons
occupy tetrahedral sites, substituting for Mg”* ions, leading to
cation vacancies in the octahedral sites. This causes a decrease
in the lattice parameter proportional to the amount of excess
AI** owing to the smaller diameter of AI** compared to Mg**
and formation of vacancies [11]. Lattice parameters were
calculated for the SP, SPE, SPG and SPGE samples from the

Table 1
The amount of lattice parameter and its change in different samples after firing
at 1600 °C.

Sample a (A) Adla (%)
SP 8.073 -

SPE 8.054 -0.235
SPG 8.061 -
SPGE 8.021 —0.496
SPTi 8.088 -
SPTiE 8.071 —-0.210
SPTIiG 8.072 -
SPTiGE 8.057 —0.185
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Fig. 2. SEM micrographs of the samples after firing at 1600 °C for 3 h. (a) SP, (b) SPE and (c) SPGE.

XRD peaks. The Bragg angle corresponding to the (31 1),
(400) and (4 4 0) set of planes was used to determine values
according to Eq. (1). The lattice parameter of spinel decreased
in a reducing atmosphere in comparison to air-fired samples
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Fig. 3. XRD patterns for samples containing equimolar Al,O; and MgO with
TiO, and TiO, + graphite as additives fired at 1600 °C for 3 h in air (SPT and
SPGT) or a reducing (SPTE and SPGTE) atmosphere.

(Table 1), indicating that stoichiometric spinel was transformed
to alumina-rich spinel under reducing conditions, which was
particularly noticeable for sample SPGE.

The Po, in air is 0.21 atm and in a carbon powder bed the
atmosphere contains approximately 35% CO and 65% N, and
Pco reaches almost 1 atm at >1000 °C [12,13]. The reaction at
low Pg, can be represented as [6]:

. 1
Mg** (AP"),04 — Vi + Aly, + V', + 502

+ Mgy + ALy, + 305 @)

Escape of gaseous Mg at 1600 °C creates a porous structure in
the SPE and SPGE samples, whereas no pores at inside grains
were observed in the SP sample (Fig. 2). This phenomenon is
particularly important in AMC refractory materials used in
steel ladles because pore establishment via reduction processes
may accelerate penetration of the melt and encourage chemical
corrosion.

Fig. 3 shows XRD patterns for samples SPT, SPGT, SPTE
and SPGTE after firing at 1600 °C in air or a reducing
atmosphere. In addition to magnesium aluminate spinel,
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Fig. 4. MgO-Al,05-TiO, phase diagram [14] (A: 4 wt.% TiO,).

Al205 ) MQAlza‘
2030° 2135°



352 R. Naghizadeh et al./Ceramics International 37 (2011) 349-354

Au.i‘%}nﬂdd B
200KV50 528

SEM MAG: 160 %
JAC: HiVac

SEMMAG: 100k HV: 250KV
Vega®lesi  VAC:HWVac DET: BSE Vega 0T

Fig.5. SEM micrographs of samples after firing at 1600 °C for 3 h. (a) SPT, (b) SPTE and (c) SPTE. SP, spinel; SPTi, TiO,-containing spinel; M, AT, Mg—Al titanate;

Ti, high-Ti phase.
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Fig. 6. SEM micrographs of samples after firing at 1600 °C for 3 h. (a) SPTG and (b) SPTGE. SP, spinel; SPTi, TiO,-containing spinel; M,AT, Mg—Al titanate; G,

graphite.

pseudobrookite type solid solutions of Al,TiOs—MgTi,Os such
as Mgo3Al; 4Ti; 305 (Mo3AT) and MgAlgTigOzs (Mo2AT)
with 33-0854, 05-0439 JCPDS card, respectively, were detected
as minor phases.

According to the results in Table 1, the decrease in lattice
parameter was smaller in TiO,-containing samples than in
samples without TiO,. This phenomenon may be related to the
opposite effects of TiO, dissolution in spinel in altering the
lattice parameter and shifting stoichiometric spinel to alumina-
rich spinel under reducing conditions.

When TiO,-containing samples were fired at high tempera-
ture, a solid solution between MgAl,O, spinel and magnesium
titanate MgTi,O, spinel formed, as shown in the MgO-Al,03—
TiO, phase diagram (Fig. 4) [14].

This solid solution can also be represented as [14]:

Mg [AZT]04 + (1 — x)Mg?" [Mg* " Ti**]0,

—Mg> [ARMg" Ti{",]0s, 0<x <1 (3)
According to the above reaction the heterovalent substitution
2A1%" — Mg?* + Ti** occurs in octahedral sites and changes

the lattice parameter. Lattice parameters of 8.081-8.090 and
8.40-8.440 A have been reported for MgAl,O4 and Mg,TiO,

samples, respectively [15]. Thus, dissolution of TiO, in
MgAlL,O, results in an increase in lattice parameter and
the corresponding XRD peaks shift to lower 26 values. By
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Fig. 7. XRD patterns for samples containing Al,O3;, MgO and bauxite after
firing at 1600 °C in air (SPB) or a reducing (SPBE) atmosphere.
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Fig. 8. SEM micrographs of samples after firing at 1600 °C for 3 h. (a) SPB and (b) SPBE. SP, spinel; R, rutile; SPTi, TiO,-containing spinel.

contrast, reducing conditions lead to the formation of alumi-
na-rich spinel due to reaction (2) and the XRD peaks shift to
higher 26 values. As mentioned above, magnesium aluminum
titanium oxide was detected as a minor phase in SPT, SPTE
and SPGT samples, but not in SPGTE (Fig. 3). This phase
can be considered as a solid solution of tialite (Al,TiO5) and
the isostructural compound MgTi,Os [16], which has been
identified as Mg,Aly_yTi14,Os (M AT). Pure Al,TiOs
tends to decompose into Al,O; and TiO, at temperatures
ranging from 750 to 1280 °C during annealing or cooling
[17]. The thermal instability of Al,TiOs is related to its
distorted crystal structure resulting from the small ionic
radius of aluminum (0.5 A), which occupies octahedral sites
[18]. On partial substitution of AI** jons by Ti** and Mg**,
the thermal stability of tialite increased due to the formation
of M,AT. The presence of M ;AT and M ,AT in the SPT,
SPTE and SPGT samples provides evidence of this phenom-
enon. For sample SPGTE under severe reducing conditions,
due to progressive reduction of Ti** to Ti*", the stability of
M, AT decreased, resulting in elimination of this phase where
is in agreement with [17].

SEM micrographs of the SPT and SPTE samples after firing
at 1600 °C for 3 h are shown in Fig. 5. The SPT sample has a
dense microstructure of euhedral and rounded spinel crystals
containing some TiO, in solid solution (SPTi; Fig. 5a). The
spinel grains in some areas were bounded by liquid phase
sintering, as confirmed by SEM, EDS and XRD results. After
firing under reducing conditions, the microstructure of sample
SPTE was highly porous (Fig. 5b), probably because of
magnesium volatilization according to reaction (2). In some
areas, high-Ti leaf-shaped phases were enclosed by spinel
crystals (Fig. 5c), probably due to reduction of residual rutile or
decomposition of MAT phases.

Fig. 6 shows the microstructure of SPTG and SPTGE
samples after firing at 1600 °C for 3 h. Fig. 6areveals the dense
microstructure of TiO,-containing spinel crystals that bonded
directly in many areas and some bright M, AT phases present at
grain boundaries. After firing under reducing conditions, non-
uniform intergranular and intragranular pores, especially near
graphite, severely increased in sample SPTGE.

The effect of TiO,-containing bauxite on spinel develop-
ment was also investigated. The XRD patterns for samples SPB
and SPBE revealed the presence of MgAl,O, spinel (major

phase), corundum and magnesium orthotitanate spinel
(Mg, TiO,) in these samples (Fig. 7). Owing to the formation
of MgAl,O,4 under reducing conditions, the corresponding
XRD peaks were shifted to higher 20 values. Mg,TiO,4 forms a
complete solid solution with MgAl,0O4 at >1380 °C, but at
lower temperatures this phase decomposes after several hours
of annealing especially at ~1300 °C [15]. At even lower
temperatures decomposition occurred for longer exposure
times (up to 40 days) [15]. After firing the SPB and SPBE
samples at 1600 °C, short exposure times at ~1300 °C were not
sufficient for decomposition of the solid solution. Thus, owing
to the presence of Mg, TiOy in these samples, it seems that this
phase cannot dissolve in MgAl,O, spinel during firing. This can
probably be attributed to the highly heterogeneous structure of
the samples, as shown in Fig. 8a for sample SPB.

In the center of this figure, areas of MgAl,0O, spinel with
(SPTi) or without TiO, (SP) of different size are present and
different areas with a high (bright) or low TiO, content (gray)
are evident, indicating the presence of amorphous and
crystalline phases. The microstructure of sample SPBE
(Fig. 8b) has a porous structure similar to that of other
samples fired under reducing conditions. This specimen,
similar to SPB, has different areas with highly crystalline
spinel (SP) and high-TiO, phases (R).

4. Conclusions

The effect of high-purity rutile and TiO,-containing
bauxite on the formation and stability of MgAl,O4 spinel
after firing in air or a reducing atmosphere was investigated.
Firing in a reducing atmosphere shifted the XRD peaks to
higher 26 values compared to air-fired samples, indicating
that stoichiometric spinel changed to alumina-rich spinel.
The porosity of samples fired in a reducing environment
severely increased in comparison to air-fired samples. In
addition to MgA1204 spinel, ngAIZ(l—x)Til+xOS (x =0.2 or
0.3) were identified as minor phases in rutile-containing
samples and Mg,TiO, spinel and corundum in bauxite-
containing samples. The presence of graphite in the samples
intensified these phenomena. After firing at air atmosphere,
in TiO, containing samples, dense microstructure due to
liquid phase sintering and formation of new phases (M,AT)
at grain boundaries were established.
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