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Abstract: To investigate the action mechanism of titanium, the effects of different Ti-bearing com-
pounds, including CaTiO3, MgTiO3, and nano-TiO2, on the properties of alumina–magnesia castables
were studied. By analyzing the phase compositions, microstructures, and physical and mechanical
properties of the castables, it was demonstrated that an intermediate product, CaTiO3, was first
generated. This was then consumed by solid-solution reactions, and titanium was involved in the
liquid formation as the temperature increased. The solid-solution reaction of CA6 (CaAl12O19) was
more prominent due to the incorporation of more titanium in the crystal lattice of CA6 instead of
spinel (MgAl2O4). Moreover, the liquid formation was strongly promoted when more titanium
accompanied the calcium, which finally accelerated the densification and improved the strengths of
alumina–magnesia castables. On the whole, castables with CaTiO3 addition presented higher bulk
density and excellent strength after the heat treatment. Besides, the castables with 2 wt.% CaTiO3

contents were estimated to possess greater thermal shock resistance.

Keywords: Ti-bearing compounds; CA6; spinel; castables

1. Introduction

Alumina-magnesia castables served at high temperatures mainly comprise alumina,
spinel, and CA6. The presence of spinel can improve the slag corrosion and erosion
resistances of castables due to its high chemical resistance and mechanical properties [1–4].
Ko [5] reported that alumina-magnesia castables had better slag resistance than alumina-
spinel castables, because the in-situ spinel possessed smaller grain sizes. Furthermore,
CA6 formed by the reaction between calcium aluminate cement and reactive alumina
powders resulted in excellent mechanical strengths of the castables owing to the bridging
and deflection mechanism of platelet CA6 [6]. The high stability in the reducing atmosphere
and low solubility of CA6 in slag also allow it to be in contact with molten iron and steel [7].
However, the formation of CA6 and spinel leads to volume expansions of 3.01 and 8%,
respectively, which would result in the spalling of castables at elevated temperatures [8].
Thus, mineralizers, such as TiO2, B2O3, ZrO2, and rare earth oxides, have been introduced
into this system to accelerate the densification of castables [9,10].

Among these additives, TiO2 is regarded as one of the most effective multifunctional
mineralizers, which can control the expansion behavior of alumina-magnesia castables
and speed up the formation of CA6 and spinel [11]. The densification of castables can be
accelerated to a great extent due to the larger amount liquid phase during low viscosity
forming when TiO2 is incorporated [12]. In a previous study, it was found that the apparent
activation energy of spinel formation varied with the content of TiO2 in the same system [13].
Furthermore, the morphology of CA6 could be influenced by the addition of nano-TiO2 [14].
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TiO2 also functioned as a nucleation agent, promoting the recrystallization of secondary
spinel from the liquid phase [15].

Although extensive investigations have found that TiO2 has a significant influence
on the phase evolution of alumina-magnesia castables, few studies have focused the
differential impacts of titanium on the formation of spinel and CA6. Therefore, it is
necessary to further evaluate the contribution of titanium on the complex phase evolution
of alumina-magnesia castables. Imbalanced distributions of titanium were designed using
three kinds of Ti-bearing compounds (CaTiO3, MgTiO3, and nano-TiO2) in this work. It
was assumed that more titanium was located in the region where CA6 and spinel formed
in the samples with CaTiO3 and MgTiO3 addition, respectively. For the reference group
(samples with nano-TiO2 addition), titanium was considered to be evenly distributed in
the starting raw materials of the castables. The local compositions were adjusted, and the
different effects of titanium on the formation of spinel and CA6 were investigated.

2. Materials and Methods

The formulations of the alumina-magnesia castables are listed in Table 1. Coarse
tabular alumina (Almatis, Germany) was used as aggregates and fine particles served as
the matrix of the castables. Reactive alumina (CL370, Almatis, Germany) and calcined
magnesia (Dashiqiao, China) were designed to form in situ spinel at high temperatures.
Calcium aluminate cement (Secar71, Kerneos, France) acted as the binder of the castables
and a source for the CA6 formation. The added mineralizers included nano-TiO2 (Aladdin,
Shanghai, China, 99.8 wt.% of purity), CaTiO3 (Aladdin, Shanghai, China, 99.5 wt.% of pu-
rity), and MgTiO3 (Aladdin, Shanghai, China, 99 wt.% of purity). Under the action of silica
fume (951U, Elkem, Norway) and water reducer (FS60, BASF, Ludwigshafen, Germany),
the amount of distilled water added was about 4.3 wt.%. The chemical compositions of raw
materials are shown in Table 2. Samples with Ti-bearing compounds were divided into two
groups, and the amounts of CaTiO3 and MgTiO3 were calculated to be 1 and 2 wt.% TiO2,
respectively. Moreover, the contents of calcined magnesia and calcium aluminate cement
were adjusted to ensure that the proportions of calcium and magnesium in the same batch
did not vary.

Table 1. Formulations of alumina-magnesia refractory castables.

Raw Materials
Content (wt.%)

NT1 NT2 CT1 CT2 MT1 MT2

Tabular alumina (d = 1–6 mm) 33.5 33.1 33.5 33.1 33.5 33.1
Tabular alumina (d = 0.2–1 mm) 27.5 26.9 27.5 26.9 27.5 16.9
Tabular alumina (d ≤ 0.074 mm) 15 15 15 15 15 15
Tabular alumina (d ≤ 0.045 mm) 3 3 4.6 6.3 3 3

Reactive alumina (CL370) 7 7 7 7 7 7
Calcined magnesia (d ≤ 88 µm) 6 6 6 6 5.5 5

Calcium aluminate cement (Secar71) 6 6 3.7 1.3 6 6
Silicon fume (951U) 1 1 1 1 1 1

Nano-TiO2 1 2 - - - -
CaTiO3 - - 1.7 3.4 - -
MgTiO3 - - - - 1.5 3

Table 2. Chemical compositions of raw materials.

Raw Materials
Chemical Compositions (wt.%)

Al2O3 MgO SiO2 CaO Na2O Fe2O3

Tabular alumina 99.5 - ≤0.02 - 0.4 -
Reactive alumina (CL370) 99.7 - 0.03 0.02 0.1 0.03

Calcined magnesia (d ≤ 88 µm) 0.52 94.6 1.6 1.41 0.32 1.31
Calcium aluminate cement

(Secar71) ≥68.5 <0.5 <0.8 ≤31.0 <0.5 <0.4

Silicon fume (951U) 0.4 0.6 96.1 0.3 0.2 0.1
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The castables were mixed for 4 min in a rheometer with 4.3 wt.% distilled water. After
mixing, the samples were cast in rectangle molds (150 × 25 × 25 mm) and then cured at
25 ◦C for 24 h in a climatic chamber with a relative humidity of 100%. After drying at
110 ◦C for 24 h, all the samples were calcined at 1150 ◦C, 1250 ◦C, 1350 ◦C and 1450 ◦C
for 3 h, respectively. The permanent linear change (PLC) of the specimens was obtained
by calculating the variation of the dimensions after cooling. The apparent porosity and
bulk density of samples were measured by the Archimedes technique following the GB/T
2997-2000 standard [16]. The cold modulus of rupture was measured by a three-point
bending test following GB/T 3001-2007 [17]. The elastic modulus of samples was measured
by Elastic Modulus & Damping System (RFDA, HTVP1600, IMCE, Genk, Belgium). The
phase compositions of the castables were characterized by X-ray diffraction (XRD, X’pert
Pro MPD, Philips, Almelo, The Netherlands), and the relative results were analyzed based
on the reference intensity ratio (RIR) method using the X’pert Highscore 2.0 Plus software.
The microstructures of the castables were characterized by scanning electron microscopy
(SEM, JEOL JSM-6610, JEOL Ltd., Tokyo, Japan). The chemical compositions and elemental
distributions were analyzed using energy-dispersive X-ray spectroscopy (EDS, Bruker
QUANTAX200-30, Karlsruhe, Germany).

3. Results
3.1. Phase Composition

XRD patterns of the castables containing different Ti-bearing compounds are presented
in Figure 1. Spinel and CA6 formed at 1150 and 1250 ◦C in all the specimens. As reported in
a previous study, the formation temperature of CA6 was up to 1400 ◦C in alumina-magnesia
castables without mineralizer addition [12]. This demonstrated that the formation of CA6
was accelerated to a great extent by the introduction of Ti-bearing compounds. In addition,
other minor phases, including β-Al2O3 (NaAl11O17), CA2 (CaAl4O7), MgO, and CaTiO3, as
well as multicomponent products, such as nepheline (NaAlSiO4), anorthite (CaAl2Si2O8),
and Ca3Ti8Al12O37, were also detected in the samples calcined at 1150 ◦C. It is well known
that β-Al2O3 is derived from commercial alumina, and the liquid phase is usually first
generated between β-Al2O3 and silica [18]. More β-Al2O3 participated in the formation
of the liquid as the temperature increased, which resulted in a gradual decrease in the
intensity of the diffraction peak. Calcium existed in the form of CA2, CaTiO3, and anorthite
at a relatively low temperature (1150 ◦C) and then gradually transformed to CA6 as the
temperature increased. MgO was gradually consumed simultaneously, and more spinel
was generated with the increase in temperature.

CaTiO3 was detected instead of MgTiO3 (trace Ca3Ti8Al12O37 was also found for
samples MT1 and MT2) in all the samples calcined at 1150 ◦C. This indicated that nano-TiO2
and MgTiO3 reacted with calcium aluminate to form CaTiO3 at this temperature. As the
temperature increased further, Ti-bearing compounds gradually took part in the complex
phase evolution of the matrix. Titanium could be incorporated into the crystal lattice of
spinel and CA6, forming a solid solution [13]. Additionally, Ti-bearing compounds could
participate in the formation of liquid [12]. These factors could account for the disappearance
of Ti-bearing compounds, especially for CaTiO3 with calcination temperatures above
1150 ◦C.

Because the formation of a solid solution would cause a change of the lattice parame-
ters, the variations of the diffraction peak positions for spinel and CA6 were compared to
evaluate the doping level of titanium, as presented in Figure 2. The (104) plane of corundum
was set as the base plane, and the selected crystal planes of spinel and CA6 were (311) and
(114), respectively. Basically, the diffraction peaks of spinel gradually shifted to higher
angles as the temperature increased, as presented in Figure 2a. This could be explained by
the formation of Al-rich spinel caused by the aluminum substitution on the magnesium
sites [19]. Because the radius of Al (0.143 nm) was less than that of Mg (0.160 nm) [20], the
substitution of magnesium with aluminum could reduce the lattice parameter of spinel
followed by an increase in the diffraction angle (2θ).
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Additionally, the shift of the diffraction peak for spinel and CA6 depended on different
Ti-bearing compounds. It has been demonstrated that the doping of titanium into the
spinel and CA6 crystal lattices could cause a slight increase in the lattice constants [12,21].
The diffraction peaks of spinel in the samples with MgTiO3 addition calcined at 1450 ◦C
were located at somewhat lower angles than the other peaks. Similarly, the diffraction
angle of the CA6 peak in specimens with CaTiO3 addition was smaller than those of
the other peaks. Moreover, the differences of the diffraction peaks of CA6 between the
specimens were more significant compared with the differences of the peaks of the spinel
phase. This demonstrated that the solid-solution reaction of CA6 strongly depended on
Ti-bearing compounds.

CA6 and spinel contents in the specimens were calculated by the RIR method, as
presented in Figure 3. The formation of spinel in the samples with MgTiO3 addition (MT1
and MT2) was accelerated at 1150 and 1350 ◦C, as shown in Figure 3a. When the calcination
temperature reached 1350 ◦C, the differences of spinel and CA6 contents between the
samples were limited. Nevertheless, MgTiO3 addition favored the formation of spinel
and CA6 at 1450 ◦C. In contrast, the amounts of spinel and CA6 in the samples with
CaTiO3 addition were significantly lower than those of the other samples calcined at this
temperature, which indicated that the formation of liquid consumed MgO, Al2O3, and
CaO in the castables [18]. Thus, the decline of CA6 and spinel contents was likely related to
greater liquid formation, which is discussed in the following section.
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3.2. Microstructure

As illustrated above, Ti-bearing compounds participated in the complex reactions
at higher temperatures, followed by the disappearance of diffraction peaks, as shown in
Figure 1. The distributions of titanium in samples CT2 and MT2 calcined at 1450 ◦C were
characterized by SEM/EDS mapping analysis (Figure 4). Titanium was mainly identified
in the region where calcium was located rather than magnesium when MgTiO3 or CaTiO3
was added to the castables. Calcium and magnesium mainly appeared in the form of CA6
and spinel in the samples calcined at 1450 ◦C, as shown by the XRD patterns. Therefore,
the incorporation of titanium in the CA6 crystal lattice was more prominent. It was
reported that large amounts of titanium can dissolve into the structure of CA6, and the TiO2
concentration in hibonite can be as high as 10 wt.% [22]. In contrast, the occupation of Ti4+ at
Al3+ sites in the spinel crystal lattice requires to overcome a higher energy barrier [23]. Thus,
it was easier for titanium to form a solid solution with CA6 rather than spinel. Additionally,
the transformation of MgTiO3 to CaTiO3 at a low temperature of 1150 ◦C (as discussed
at the phase compositions) also resulted in the preferential distribution of titanium with
calcium. These factors explained why the titanium was almost always detected in the area
where calcium existed in the CA6 region.
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Figure 4. Titanium, calcium, and magnesium distribution in specimens after calcination at 1450 ◦C
for 3 h: (a) MT2 and (b) CT2.

The microstructures of CA6 and spinel observed by SEM are shown in Figure 5.
Thinner, flaky CA6 was stacked in the matrix of sample MT2 (shown in Figure 5a). CA6 in
samples NT2 and CT2 exhibited thicker geometric characteristics (Figure 5b,c). The grain
sizes of spinel in samples NT2 and CT2 were significantly larger than those in samples
MT2. To reveal the mechanism that caused the morphological changes of CA6 and spinel,
the chemical compositions of CA6 and spinel characterized by EDS analysis are listed in
Table 3 (the EDS location is marked with a white point in Figure 5). The proportions of
titanium in CA6 of samples NT2 and CT2 were significantly higher than that of sample MT2.
Some studies found that the substitution of aluminum by titanium can greatly promote the
mass transfer and grain growth along vertical axes (c-axes) [24]. This indicates that more
titanium replaced aluminum in the CA6 structure, and the thicker, flaky CA6 was generated
in the matrix of the castables. In addition, the substitution of aluminum by titanium can
lead to numerous vacancies, which might promote the solid solution formation in spinel
and CA6. Therefore, the doping amount of magnesium increased with more titanium
doping into the CA6 crystal lattice. Only small amounts of titanium and calcium were
incorporated into the crystal lattice of spinel (Table 3), which was consistent with the
element distribution obtained by the EDS mapping (Figure 4). The liquid phase was an
important factor for the morphology of the phase. In general, the formation of liquid likely
promoted the crystallization and growth of grains due to the faster diffusion rate [19]. Thus,
the formation of granular spinel was most likely related to a lower amount of liquid phase
formation in sample MT2.
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Table 3. EDS analysis of CA6 and spinel in different samples calcined at 1450 ◦C for 5 h (at. %).

Phase Samples Ca Ti Mg Al O

CA6

MT2 3.9 2.1 1.8 22.4 69.8
NT2 3.9 3.0 2.2 31.5 59.4
CT2 3.5 3.3 3.0 33.6 56.6

Spinel
MT2 0.4 0.2 11.8 26.9 60.7
NT2 0.2 0.3 12.1 38.3 49.1
CT2 0.3 0.3 12.8 29.3 57.3

3.3. Physical and Mechanical Properties

PLC is an important parameter that represents the volume stability of refractories.
As presented in Figure 6, the formation of spinel and CA6 caused volume expansions
of 8 and 3% [10], respectively, which resulted in the continuous increase in PLC for all
samples until 1350 ◦C, except for sample CT2. With the temperature further increasing, the
shrinkage caused by sintering effects and phase evolution (liquid formation) dominated
the calcination process [6], which resulted in a dramatic decrease in PLC for all samples
above 1350 ◦C. Martinez [25] and Sako [18] stated that a liquid phase was first generated in
the CaO-Al2O3-SiO2 ternary system, and its chemical composition was similar to that of
gehlenite (C2AS), containing a small amount of Na2O in the matrix of alumina–magnesia
castables. In addition, titania could assist the formation of liquid in the CaO-Al2O3-SiO2
ternary system [13]. It was demonstrated that liquid was generated in the local area where
CaO, Al2O3, SiO2 and Na2O co-existed. As more titanium followed the calcium in the
system described above, more liquid was generated. As mentioned above, the uneven
distribution of titanium was designed by the incorporation of three different Ti-bearing
compounds. It was assumed that titanium tended to distribute into calcium and magnesium
in samples with CaTiO3 and MgTiO3 addition, respectively, and titanium was uniformly
distributed in castables with nano-TiO2 addition. Thus, more liquid formed, and less
volume expansion occurred for the samples with CaTiO3 and nano-TiO2 addition after
calcination at 1350 and 1450 ◦C. In contrast, samples with MgTiO3 addition contained less
liquid phase and exhibited greater volume expansion.
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Figure 6. Permanent linear change (PLC) of specimens calcined at different temperatures.

The densification of castables was closely related to the thermal shock and slag re-
sistances of the materials. The variations of the apparent porosity and bulk density of
the samples as the temperature increased are presented in Figure 7. It was found that the
variations of the apparent porosity of castables were consistent with those of the PLC of
samples and were opposite to the variations of the bulk density. The apparent porosity of
alumina-magnesia castables without mineralizer addition reached 23% after calcination
at 1450 ◦C for 5 h [13]. For comparison, the apparent porosities of samples MT1 and MT2
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were about 24% and 20%, respectively, which indicated that MgTiO3 had little effect on
the densification of alumina-magnesia castables. However, a denser body of castables was
obtained by the incorporation of two other compounds, especially CaTiO3.
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Figure 8 presents the cold modulus of rupture (CMOR) values of the castables calcined
at different temperatures. The strengths of the samples had the lowest values after calcina-
tion at 1350 ◦C, except for sample CT2, which underwent the largest volume expansion. In
general, a higher bulk density produces a positive influence on the strengths of materials.
Nevertheless, the strengths of samples MT2, NT2, and CT2 were similar after calcination at
1450 ◦C, while their bulk densities and apparent porosities were significantly different, as
presented in Figure 7. When CA6 was interwoven and stacked, the strengths of the samples
were enhanced [6,26]. The amounts of CA6 in samples CT2 and NT2 were less than that in
sample MT2, as shown in Figure 3. Thinner, flaky CA6 was stacked in the matrix of sample
MT2. However, thicker plates of CA6 were scattered in samples NT2 and CT2, as shown
in Figure 5. The decrease in the CA6 content and its morphological changes hindered the
further improvement of the strength.
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The evolution of the phase, texture, and apparent porosity have a major impact on
the elastic modulus (E) of refractories [27,28]. The elastic modulus of the samples calcined
at different temperatures were measured and are presented in Figure 9. The variations of
the elastic modulus of the samples were the same as those of the bulk densities, which
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indicated the elastic modulus of alumina-magnesia castables strongly depended on the
densification degree.
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For practical applications, refractories need to undergo rapid temperature changes.
High-strength refractories are much more susceptible to thermal shock damage [29]. The
stored elastic strain energy at the stress level of σcan be quantified as σ2/E [30], which plays
a critical role on the crack extension. A lower value of σ2/E corresponds to better thermal
shock resistance. The values of σ2/E and the strengths and elastic modulus for samples
calcined at 1450 ◦C for 3 h are listed in Table 4, where parameters σ and E represented
CMOR and elastic modulus in this work, respectively. Although the σ2/E value of sample
MT1 was lower than the others, this sample could not bear thermal stress, as it had the
lowest strength. In general, there were no significant differences in the strengths of samples
NT2, CT2, and MT2. The elastic modulus of sample CT2 was significantly higher than
those of NT2 and MT2 because of the lower porosity. The resistance to thermal shock
damage was inversely proportional to the elastic strain energy [31]. Thus, sample CT2,
with a relative lower value of σ2/E, was estimated to have greater thermal shock resistance.

Table 4. Results of strength, elastic modulus, and σ2/E of samples calcined at 1450 ◦C for 5 h.

Parameters NT1 NT2 CT1 CT2 MT1 MT2

CMOR (MPa) 33.9 47.6 39.5 46.0 28.9 43.7
Elastic modulus (GPa) 107.4 152.3 121 193.7 89.9 120.1

σ2/E (kPa) 10.70 14.85 12.90 10.92 9.32 15.86

4. Conclusions

After comparing the physical properties of samples containing different Ti-bearing
compounds (nano-TiO2, MgTiO3, and CaTiO3), the mechanisms through which titanium
affected the phase and microstructural evolution were revealed. CaTiO3 formed first in
alumina-magnesia castables containing TiO2 and MgTiO3 calcined at 1150 ◦C. As the cal-
cination temperature increased, Ti gradually dissolved in CA6 and spinel. The influence
of titanium on the solid-solution reaction of CA6 was more prominent than that of spinel.
The thicknesses of the CA6 platelets increased as more titanium was incorporated into the
crystal lattice. The enrichment of titanium with calcium promoted the formation of liquid.
Therefore, the sintering of castables and the growth of spinel were greatly accelerated due
to the faster transfer rate in liquid. Lower apparent porosities and greater strengths of
alumina-magnesia castables were achieved by the addition of CaTiO3. Although castables
with CaTiO3 and TiO2 additions had higher bulk densities than those of the castables with
MgTiO3, their strengths were similar due to the decreasing contents and different morpholo-
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gies of CA6. Based on the lower values of σ2/E, the castables containing 3.4 wt.% CaTiO3
(equivalent weight of 2 wt.% TiO2) were estimated to exhibit better thermal shock resistance.

Author Contributions: Conceptualization, W.Y.; methodology, W.Y.; data curation, H.T. and Y.Z.;
formal analysis, H.T.; investigation, H.T. and Y.Z.; writing—original draft Preparation, H.T.; writing—
review and editing, W.Y.; supervision, W.Y. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are not publicly available.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fuhrer, M.; Hey, A.; Lee, W. Microstructural evolution in self-forming spinel/calcium aluminate-bonded castable refractories. J.

Eur. Ceram. Soc. 1998, 18, 813–820. [CrossRef]
2. Li, X.; Li, J.; Zhang, L. Enhancing mechanism of improved slag resistance of Al2O3-spinel castables added with pre-synthesized

(Al,Cr)2O3 micro-powder. Ceram. Int. 2021, 47, 33322–33329. [CrossRef]
3. Tang, H.; Li, C.; Gao, J.; Touzo, B.; Liu, C.; Yuan, W. Optimization of Properties for Alumina-Spinel Refractory Castables by CMA

(CaO-MgO-Al2O3) Aggregates. Materials 2021, 14, 3050. [CrossRef] [PubMed]
4. Hong, L.; Chen, W.; Hou, D. Kinetic analysis of spinel formation from powder compaction of magnesia and alumina. Ceram. Int.

2019, 46, 2853–2861. [CrossRef]
5. Ko, Y.-C. Influence of the Characteristics of Spinels on the Slag Resistance of Al2O3-MgO and Al2O3-Spinel Castables. J. Am.

Ceram. Soc. 2004, 83, 2333–2335. [CrossRef]
6. An, L.; Chan, H.M. R-Curve Behavior of In-Situ-Toughened Al2O3:CaAl12O19 Ceramic Composites. J. Am. Ceram. Soc. 1996, 79,

3142–3148. [CrossRef]
7. Domínguez, C.; Chevalier, J.; Torrecillas, R.; Fantozzi, G. Microstructure development in calcium hexaluminate. J. Eur. Ceram. Soc.

2001, 21, 381–387. [CrossRef]
8. Braulio, M.; Rigaud, M.; Buhr, A.; Parr, C.; Pandolfelli, V. Spinel-containing alumina-based refractory castables. Ceram. Int. 2011,

37, 1705–1724. [CrossRef]
9. Braulio, M.A.L.; Pandolfelli, V.C. Tailoring the Microstructure of Cement-Bonded Alumina-Magnesia Refractory Castables. J. Am.

Ceram. Soc. 2010, 93, 2981–2985. [CrossRef]
10. Yuan, W.; Zhu, Q.; Deng, C.; Zhu, H. Effects of rare earth oxides additions on microstructure and properties of alumina-magnesia

refractory castables. Ceram. Int. 2017, 43, 6746–6750. [CrossRef]
11. Yuan, W.; Tang, H.; Zhou, Y.; Zhang, D. Effects of fine reactive alumina powders on properties of alumina-magnesia castables

with TiO2 additions. Ceram. Int. 2018, 44, 5032–5036. [CrossRef]
12. Yuan, W.; Deng, C.; Zhu, H. Effects of TiO2 addition on the expansion behavior of alumina–magnesia refractory castables. Mater.

Chem. Phys. 2015, 162, 724–733. [CrossRef]
13. Yuan, W.; Tang, H.; Shang, H.; Li, J.; Deng, C.; Zhu, H. Effects of TiO2 Addition on Kinetics of In Situ Spinel Formation and

Properties of Alumina-Magnesia Refractory Castables. J. Ceram. Sci. Technol. 2017, 8, 121–128. [CrossRef]
14. Badiee, S.H.; Otroj, S. The effect of Nano-titania addition on the properties of high-alumina low-cement self-flowing refractory

castables. Ceram-Silikaty 2011, 55, 319–325.
15. Maitra, S.; Das, S.; Sen, A. The role of TiO2 in the densification of low cement Al2O3–MgO spinel castable. Ceram. Int. 2007, 33,

239–243. [CrossRef]
16. Refractories standard compilation. In Test Method for Bulk Density, Apparent Porosity and True Porosity of Dense Shaped Refractory

Products, 4th ed.; Standards Press of China: Beijing, China, 2010; Volume 2, pp. 3–8.
17. Refractories standard compilation. In Refractory Products-Determination of Modulus of Rupture at Ambient Temperature, 4th ed.;

Standards Press of China: Beijing, China, 2010; Volume 2, pp. 35–42.
18. Sako, E.Y.; Braulio, M.A.L.; Zinngrebe, E.; van der Laan, S.R.; Pandolfelli, V.C. In-Depth Microstructural Evolution Analyses of

Cement-Bonded Spinel Refractory Castables: Novel Insights Regarding Spinel and CA6 Formation. J. Am. Ceram. Soc. 2012, 95,
1732–1740. [CrossRef]

19. Okuyama, Y.; Kurita, N.; Fukatsu, N. Defect structure of alumina-rich nonstoichiometric magnesium aluminate spinel. Solid State
Ionics 2006, 177, 59–64. [CrossRef]

20. Lange, N.A.; Speight, J.G. Lange’s Handbook of Chemistry, 16th ed.; McGraw-Hill: New York, NY, USA, 2005. [CrossRef]
21. Jouini, A.; Sato, H.; Yoshikawa, A.; Fukuda, T.; Boulon, G.; Kato, K.; Hanamura, E. Crystal growth and optical absorption of pure

and Ti, Mn-doped MgAl2O4 spinel. J. Cryst. Growth 2006, 287, 313–317. [CrossRef]

http://doi.org/10.1016/S0955-2219(97)00182-9
http://doi.org/10.1016/j.ceramint.2021.08.235
http://doi.org/10.3390/ma14113050
http://www.ncbi.nlm.nih.gov/pubmed/34205054
http://doi.org/10.1016/j.ceramint.2019.09.278
http://doi.org/10.1111/j.1151-2916.2000.tb01559.x
http://doi.org/10.1111/j.1151-2916.1996.tb08088.x
http://doi.org/10.1016/S0955-2219(00)00143-6
http://doi.org/10.1016/j.ceramint.2011.03.049
http://doi.org/10.1111/j.1551-2916.2010.03956.x
http://doi.org/10.1016/j.ceramint.2017.02.082
http://doi.org/10.1016/j.ceramint.2017.12.100
http://doi.org/10.1016/j.matchemphys.2015.06.047
http://doi.org/10.4416/JCST2016-00098
http://doi.org/10.1016/j.ceramint.2005.09.007
http://doi.org/10.1111/j.1551-2916.2012.05161.x
http://doi.org/10.1016/j.ssi.2005.09.013
http://doi.org/10.1097/00010694-195702000-00020
http://doi.org/10.1016/j.jcrysgro.2005.11.027


Materials 2022, 15, 793 11 of 11

22. Armstrong, J.T.; Meeker, G.; Huneke, J.; Wasserburg, G. The Blue Angel: I. The mineralogy and petrogenesis of a hibonite
inclusion from the Murchison meteorite. Geochim. Cosmochim. Acta 1982, 46, 575–595. [CrossRef]

23. Xu, L.; Chen, M.; Yin, X.-L.; Wang, N.; Liu, L. Effect of TiO2 addition on the sintering densification and mechanical properties of
MgAl2O4–CaAl4O7–CaAl12O19 composite. Ceram. Int. 2016, 42, 9844–9850. [CrossRef]

24. Rahaman, M.N. Ceramic Processing Gand Sintering, 2nd ed.; Marcel Dekker Inc.: New York, NY, USA, 2003.
25. Martinez, A.T.; Luz, A.; Braulio, M.; Sako, E.; Pandolfelli, V. Revisiting CA6 formation in cement-bonded alumina-spinel refractory

castables. J. Eur. Ceram. Soc. 2017, 37, 5023–5034. [CrossRef]
26. Simonin, F.; Olagnon, C.; Maximilien, S.; Fantozzi, G.; Diaz, L.A.; Torrecillas, R. Thermomechanical Behavior of High-Alumina

Refractory Castables with Synthetic Spinel Additions. J. Am. Ceram. Soc. 2004, 83, 2481–2490. [CrossRef]
27. Boccaccini, D.; Romagnoli, M.; Kamseu, E.; Veronesi, P.; Leonelli, C.; Pellacani, G. Determination of thermal shock resistance in

refractory materials by ultrasonic pulse velocity measurement. J. Eur. Ceram. Soc. 2007, 27, 1859–1863. [CrossRef]
28. Rendtorff, N.M.; Aglietti, E.F. Thermal Shock Resistance (TSR) and Thermal Fatigue Resistance (TFR) of Refractory Materials.

Evaluation Method Based on the Dynamic Elastic Modulus. In Encyclopedia of Thermal Stresses; Hetnarski, R.B., Ed.; Springer:
Dordrecht, The Netherlands, 2014; pp. 5119–5128. [CrossRef]

29. Harmuth, H.; Bradt, R.C. Investigation of refractory brittleness by fracture mechanical and fractographic methods. Interceram Int.
Ceram. Rev. 2010, 62, 6–10.

30. Schacht, C.A. Refractories Handbook; Marcel Dekker, Inc.: New York, NY, USA, 2004.
31. Hasselman, D.P.H. Elastic Energy at Fracture and Surface Energy as Design Criteria for Thermal Shock. J. Am. Ceram. Soc. 1963,

46, 535–540. [CrossRef]

http://doi.org/10.1016/0016-7037(82)90160-0
http://doi.org/10.1016/j.ceramint.2016.03.082
http://doi.org/10.1016/j.jeurceramsoc.2017.07.003
http://doi.org/10.1111/j.1151-2916.2000.tb01579.x
http://doi.org/10.1016/j.jeurceramsoc.2006.05.070
http://doi.org/10.1007/978-94-007-2739-7_827
http://doi.org/10.1111/j.1151-2916.1963.tb14605.x

	Introduction 
	Materials and Methods 
	Results 
	Phase Composition 
	Microstructure 
	Physical and Mechanical Properties 

	Conclusions 
	References

