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Abstract

The effects of V2O5, NiO, Fe2O3 and vanadium slag on the corrosion of Al2O3 and MgAl2O4 have been investigated. The specimens of Al2O3

and MgAl2O4 with the respective oxides above mentioned were heated at 10 8C/min from room temperature up to three different temperatures:

1400, 1450 and 1500 8C. The corrosion mechanisms of each system were followed by XRD and SEM analyses. The results obtained showed that

Al2O3 was less affected by the studied oxides than MgAl2O4. Alumina was only attacked by NiO forming NiAl2O4 spinel, while the MgAl2O4

spinel was attacked by V2O5 forming MgV2O6. It was also observed that Fe2O3 and Mg, Ni, V and Fe present in the vanadium slag diffused into

Al2O3. On the other hand, the Fe2O3 and Ca, S, Si, Na, Mg, V and Fe diffused into the MgAl2O4 structure. Finally, the results obtained were

compared with those predicted by the FactSage software.

# 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Melting glass furnaces and gasifiers require refractories with

good corrosion and erosion resistance. However, the production

of refractories with these characteristics has been one of the

main problems in the glass melting industry due to the corrosive

melting glass and the compounds present in the fuel used inside

the furnace. Many refractories have been installed in glass

melting furnaces and gasifiers, such as conventional silica
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(SiO2), fused cast alumina (Al2O3), sintered and fused cast

chrome–alumina (Cr2O3–Al2O3), bonded and fused cast

mullite (Al2O3–SiO2), chrome–magnesia spinel (Cr2O3–

MgO) and bonded fused cast spinel (MgO–Al2O3). The

Al2O3 and MgAl2O4 were the materials with the highest

interest. Godard, Yang, Askel and Liang [1–4] have studied the

corrosion of silica, mullite, zirconia, alumina and spinel

refractories in melting glass furnaces. They found that, Al2O3-

based and MgAl2O4 spinel refractories were the thermodyna-

mically most stable systems. These materials exhibit excellent

physical and mechanical properties such as resistance to strong

acids and alkalis attack at high temperatures, low thermal

expansion and good thermal conductivity, as well as wear

resistance, high strength, hardness and stiffness. These
d.
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promising properties of both materials Al2O3 and MgAl2O4

spinel offer the potential to be used in different areas such as the

cement, copper, steel and glass industries. The production of

Al2O3 and MgAl2O4 refractories has attracted attention of a

large number of researchers who are trying to produce

refractories with the required properties.

On the other hand, there is a worldwide need to economize

the industrial processes. For instance, petroleum coke has been

used as an alternative to the natural fuel [5]. Also the most of the

countries from Latin America have not a strict environmental

policy; this allows them the use of pet coke as fuel in different

processes. However, it has high vanadium, nickel and iron

contents [6], which promote the corrosion and failure of

refractories. Therefore, glass producers have focused attention

on the study of the interaction between these impurities and the

refractories. This had been done before, but the experimenta-

tion was only with industrial purposes. Hence the information

that is available is scarce and old [7–9]. In fact, the aim of this

investigation is to study and compare the corrosion mechanisms

of Al2O3 and MgAl2O4 spinel by V2O5, NiO, Fe2O3 and

vanadium slag. Finally, in order to understand the behavior of

Al2O3 and MgAl2O4 spinel with these oxides, the FactSage 5.1

thermodynamic software was used to predict the phases (under

equilibrium conditions) in complex multi-component systems.

The results were compared with those obtained by XRD and

SEM.

2. Materials and methods

Calcined alumina (purity of 99.7%), MgO (purity of 81%),

Fe2O3 (purity of 99%), V2O5 (purity of 98%) and NiO (purity of

99%) were the raw materials employed for the present work. It

was used alumina with 0.5 wt.% MgO while MgAl2O4 spinel

was obtained by mixing stoichiometric composition. The

powders were mixed by milling in a plastic container during

12 h using alumina balls and acetone. The mill-mixed products

were then dried in a muffle-type furnace at 100 8C during 8 h.

Finally, they were uniaxially pressed at 150 MPa. The resulting

specimens were sintered for 4 h at 1600 8C in a high-

temperature furnace. The corrosion tests were carried out by

covering a disk shaped specimen either Al2O3 or spinel

(previously moistened with acetone) with V2O5, Fe2O3, NiO or

vanadium slag. Table 1 lists the chemical composition of

vanadium slag as determined by X-ray fluorescence (XRF).

The specimens of Al2O3 and MgAl2O4 with the respective

oxide were heated at 5 8C/min from room temperature up to

three different temperatures: 1400, 1450 and 1500 8C. Holding

time was 12 h and the cooling rate was performed at 5 8C/min

using air.

The area fraction of porosity and grain size of the Al2O3 and

MgAl2O4 samples prior to the corrosion test were determined

using an optical microscope and the Image Pro-plus program.

Total percentage pore area and mean grain size were obtained

from the average of 10 fields (500�) by different color contrast.

Meanwhile, the density was determined using a pycnometer

due to the small size of the samples. The specimens were milled

and the pycnometer was filled with distilled water at 25 8C.
Three tests of each sample were done to obtain the result. The

approximate bulk density of the specimens was obtained by

using the porosity value and the density obtained from the

pycnometer.

Microstructural characterization was carried out by scanning

electron microscopy (SEM) and X-ray diffraction (XRD) and

the alumina/oxide and spinel/oxide interface was analyzed in

cross-sections of specimens using back scattered electron

(BSE) and chemical microanalyses by EDS.

3. Results and discussion

3.1. Microstructural characterization

The results presented in this investigation correspond to the

specimens heat treated at 1500 8C, this is due to the fact that this

temperature was the highest used and the results were more

representatives. Fig. 1 shows the XRD patterns of Al2O3 and

MgAl2O4 registered before and after to the corrosion tests. It

has been observed in Fig. 1a, a single phase that corresponds to

(a-Al2O3) corundum. When Al2O3 was exposed to Fe2O3 and

V2O5, there was not a chemical reaction and only the Al2O3

phase was detected. However, when Al2O3 was exposed to NiO,

the NiAl2O4 spinel was detected indicating the chemical

reaction between Al2O3 and NiO. The presence of NiO

indicates that there was still NiO that has not reacted. In a

similar behavior, when Al2O3 was exposed to vanadium slag

the presence of MgAl2O4 was detected. The Al2O3 sample

reacted with the MgO present in the vanadium slag forming the

MgAl2O4 spinel.

Fig. 1b shows the XRD pattern corresponding to the

MgAl2O4 spinel, as it can be seen only this phase was detected.

In the case of MgAl2O4 spinel exposed to Fe2O3, the

magnesium–iron aluminate spinel was detected as a single

phase. This result suggests the diffusion of Fe ions into the

MgAl2O4 spinel structure. After exposing the MgAl2O4 spinel

to V2O5, the MgV2O6 phase was detected. This indicates that

the MgO present in the MgAl2O4 reacted with the V2O5.

However, when MgAl2O4 was exposed to NiO there was a

change of MgAl2O4 to NiAl2O4. This is due to the similar

valence and ionic radius of Mg and Ni, which allows that Ni-

ions occupy the Mg interstices into the spinel structure. On the

other hand when MgAl2O4 was exposed to vanadium slag there

was no detectable change.

Fig. 2 shows the microstructure of the corundum phase (a-

Al2O3) and the MgAl2O4 spinel sintered at 1600 8C. As

observed, the alumina phase shows rounded and needle well-

defined grains (Fig. 2a). Sintered Al2O3 sample contains a grain

size distribution from 4 to 15 mm with 7.1 mm as average grain

size. The specimen showed intergranular pores from 25 mm to

75 mm in diameter and the porosity of the sample was 16.13%.

The bulk density of Al2O3 sample was 3.23 g/cm3.

The MgAl2O4 spinel exhibits plate-shaped grains (Fig. 2b),

the average grain size was 3.4 mm (range 2–13 mm) with a

porosity of 5% and pore size ranging from 15 mm to 70 mm.

The bulk density of MgAl2O4 sample was 3.35 g/cm3. It is well

known that the presence of MgO during the processing of Al2O3



Table 1

Chemical composition of vanadium slag (wt.%).

Ga2O3 0.0158

CoO 0.0171

CuO 0.0239

SrO 0.034

ZnO 0.0392

MoO3 0.0531

K2O 0.097

La2O3 0.176

P2O5 0.196

TiO2 0.198

MnO 0.35

Cr2O3 0.3916

CaO 1.991

Fe2O3 2.015

Na2O 2.7

Al2O3 2.19

SiO2 3.12

MgO 3.513

NiO 5.409

SO3 8.976

PXC 10.09

V2O5 58.39
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helps the densification, avoiding abnormal grain growth.

Meanwhile, during sintering of MgAl2O4 spinel at high

temperature, the densification and the expansion of material

by sintering occur simultaneously.

Fig. 3 shows the cross-section microstructure of Al2O3 after

being exposed at 1500 8C to Fe2O3, V2O5, NiO and vanadium

slag. Fig. 3a shows the microstructure of Al2O3 after being

exposed to Fe2O3. It can be seen some angular-shaped and dark-

gray particles that correspond to Al2O3, while the brightest and

continuous phase correspond to Fe2O3. A third phase was

between the Fe2O3 and Al2O3 particles, which had the

composition of Al2O3:Fe2O3 = 79.27:20.73 as revealed by

EDS. The forming phase was an iron aluminate, which had less

bright and small rounded-shape particles. It is noteworthy that

the Fe2O3 and iron aluminate were not detected by XRD. As

shown in Fig. 3b, the Fe2O3 reacted with alumina and diffused

into the Al2O3 structure forming an Al2O3�Fe2O3 compound,

which is in agreement with the results of previous studies [10].

Fig. 3c shows the microstructure of Al2O3 after being exposed

to V2O5. In this case, the dark, rounded and needle-shaped

particles correspond to Al2O3, while the bright and rounded-
Fig. 1. XRD patterns of (a) Al2O3 and (b) MgAl2O4 registered: before a
shaped particles correspond to V2O5. The Al2O3/V2O5 inter-

face was not detected in the sample. Meanwhile the V2O5 was

found at the top, mid and bottom-thickness of the sample,

which indicates penetration of the V2O5 into the Al2O3. It can

be seen in Fig. 3d that when Al2O3 is exposed to NiO there was

an Al2O3/NiO interface, which had a nickel–aluminate spinel

composition. The NiAl2O4 particles were bright with an

equiaxial-shape. The dark and needle-shaped crystals corre-

spond to alumina. Fig. 3e shows the effect of the vanadium slag

on the microstructure of Al2O3. As can be observed, the

morphology was a dense and continuous layer at the top and

below of the sample, the flake-like particles correspond to

Al2O3. It was observed that this dense and bright phase at the

top contains mainly Al2O3 and also had small amounts of

impurities presented in the slag (Al2O3:NiO:MgO:-

Fe2O3:V2O5 = 60.89:29.11:6.90:1.76:1.34). The Ni, Mg, Fe

and V ions diffused into the Al2O3 structure. The NiO and MgO

reacted with alumina forming spinels. These observations were

confirmed by EDS analysis as observed in Fig. 3f.

Fig. 4 shows the microstructure of the MgAl2O4 spinel

attacked with Fe2O3, V2O5, NiO, and vanadium slag. The

MgAl2O4/Fe2O3 interface in Fig. 4a shows three types of bright

phases present in the microstructure. These phases correspond

to Mg(Fe,Al)2O4 spinels [11]. The Fe-ions diffused into the

spinel structure substituting the Al-ions, this phenomenon has

beed reported previously [12]. Therefore the brightest phase has

more Fe2O3. The Fe2O3 as a single phase was not found. Fig. 4c

shows the microstructure of MgAl2O4 spinel corroded by V2O5.

As it can be seen, there are three types of phases present in the

microstructure, the bright, small and rounded-shaped crystals

correspond to MgV2O6, the dark gray and angular-shaped

particles corresponds to MgAl2O4, and the gray and needle-

shaped phase corresponds to some particles of Al2O3. MgV2O6

was formed by the reaction between the MgO present in the

spinel and the V2O5. This compound has a low melting point

and it is considered detrimental to the mechanical properties.

When the MgAl2O4 spinel was exposed to NiO, the presence of

MgAl2O4, Al2O3, NiO and NiAl2O4 was observed (Fig. 4d). As

observed, the morphology of these phases is quite different. The

gray particles that correspond to Al2O3 and MgAl2O4 exhibit

angular and rounded shape, respectively. However, the bright

particles corresponding to the NiAl2O4 and NiO have regular

and irregular spherical particles. Thus, it can be concluded that

the NiAl2O4 results from the diffusion of Ni into the MgAl2O4
nd after being attacked with Fe2O3, V2O5, NiO and vanadium slag.



Fig. 2. Cross section microstructures of (a) Al2O3 and (b) MgAl2O4 before corrosion test.
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spinel structure [13]. Therefore, the MgAl2O4 spinel was replaced

by the NiAl2O4 spinel, which is considered a ceramic with a high

melting point. However, the structural changes occured from

MgAl2O4 to NiAl2O4 spinel may affect the mechanical proper-

ties. The microstructure of the MgAl2O4 attacked with the

vanadium slag is shown in Fig. 4e. The morphology of the sample

consists of agglomerates of two phases. In a similar way than in

specimens attacked with V2O5, the MgV2O6 is observed, but in

this case it has Al2O3 into its structure.
Fig. 3. Cross section microstructures of Al2O3 after the attack with (a) Fe2O3, (b
It can be observed that at a certain distance from surface,

there were found some particles containing elements from the

slag, such as Na, Mg, Si, S, Ca, V and Fe. This indicates the

diffusion of ions to the center of the sample which can form

stable phases as spinels, vanadates and silicates. The processing

conditions used in this work make it difficult to determine the

formation of these phases. However, this information can be

explained better by the thermodynamic predictions which are

shown in the following section.
) EDS analysis, (c) V2O5, (d) NiO, (e) vanadium slag and (f) EDS analysis.



Fig. 4. Cross section microstructures of MgAl2O4 after being attacked with (a) Fe2O3, (b) EDS analysis, (c) V2O5, (d) NiO, (e) vanadium slag and (f) EDS analysis.
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3.2. FactSage predictions

The prediction of the phases resulting from the attack of

Al2O3 and MgAl2O4 by Fe2O3, V2O5, NiO and vanadium slag,

was obtained by the FactSage 5.1 software, which allows to

predict the compounds that can be formed during corrosion

under equilibrium conditions [14,15].

Table 2 shows the predicted phases of Al2O3 system

corroded with the different oxides. As it can be seen, in the

Al2O3–Fe2O3 system, the Fe2Al2O6 phase is formed at the three

studied temperatures (Table 2) according to the Al2O3–Fe2O3

equilibrium phase diagram [16]. The Fe2Al2O6 formation

predicted by the program was consistent with the result
Table 2

Phases predicted by FactSage for Al2O3 at 1400, 1450 and 1500 8C.

1400 8C 1450 8C 

Al2O3–Fe2O3 Fe2Al2O6 Fe2Al2O6

Al2O3–V2O5 Al2O3, V2O5 Al2O3, VO2

Al2O3–NiO NiAl2O4 NiAl2O4

Al2O3–vanadium

slag

Al2O3, VO2, MgAl2O4, NiAl2O4, NaAlSiO4,

Ca2V2O7, Na2V2O6, Fe2Al2O6

Al2O3, VO2, 

NaAlSiO4, C
obtained in this work. However, the Fe2Al2O6 was found only

on the reaction interface between the two materials. The

alumina sample was not completely converted to Fe2Al2O6, due

to the fact that the exposure time was not enough to reach

equilibrium (1 mol of Al2O3 and 1 mol of Fe2O3). For the

Al2O3–V2O5 system at 1400 8C the thermodynamic analysis

did not predicted any change. But at higher temperatures, there

was a reduction from V2O5 to VO2. The VO2 was not present in

the results obtained. This is due to that VO2 is stable only at

high temperature and the most stable phase at room temperature

is V2O5. During the heating the V2O5 is reduced and transforms

to VO2 [17]. But at the cooling stage the VO2 was oxidized

again to V2O5. It was predicted by FactSage software that the
1500 8C

Fe2Al2O6

Al2O3, VO2

NiAl2O4

MgAl2O4, NiAl2O4,

a2V2O7, Na2V2O6, Fe2Al2O6

Al2O3, VO2, MgAl2O4, NiAl2O4, NaAlSiO4,

CaAl12O19, Na2V2O6, Fe2Al2O6



Table 3

Phases predicted by FactSage for MgAl2O4 spinel at 1400, 1450 and 1500 8C.

1400 8C 1450 8C 1500 8C

MgAl2O4–Fe2O3 MgAl2O4, Fe2O3 MgAl2O4, Fe3O4, Fe2Al2O6 MgAl2O4, Fe3O4, Fe2Al2O6

MgAl2O4–V2O5 MgAl2O4, V2O5 MgAl2O4, VO2, Al2O3 MgAl2O4, VO2, Al2O3

MgAl2O4–MgV2O6 MgAl2O4, V2O5, Mg2V2O7 MgAl2O4, VO2, Mg2V2O7 MgAl2O4, VO2, Mg2V2O7

500 8C 700 8C

MgAl2O4–V2O5 Al2O3, MgV2O6

Mg2V2O7–VO2–O2 MgV2O6, Mg2V2O7

MgAl2O4–NiO MgAl2O4, NiO MgAl2O4, NiO MgAl2O4, NiO

MgAl2O4–vanadium slag MgAl2O4, VO2, NiO,

Mg2V2O7, Na2V2O7, Ca2V2O7,

NiFe2O4, Na2Al2Si6O16

MgAl2O4, VO2, NiO, Mg2SiO4,

Na2V2O7, Ca2V2O7, NiFe2O4,

Na2Al2Si6O16

MgAl2O4, VO2, NiO,

Mg2SiO4, Na2V2O7, Ca2V2O7,

NaAlSiO4, NiFe2O4
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Al2O3 reacted with NiO forming the NiAl2O4 spinel. However,

the results of XRD and SEM demonstrated that the NiAl2O4

spinel co-exists with NiO and Al2O3. This observation may be

associated to the fact that equilibrium was not reached. In the

Al2O3-vanadium slag system, the same phases were found as

predicted for temperatures of 1400 and 1450 8C. While, at

1500 8C, only the replacement of Ca2V2O7 by CaAl12O19 is

observed. The Fe2Al2O6, Al2O3, VO2 and NiAl2O4 phases are

in agreement with the phases predicted by the thermodynamic

analysis in the Al2O3–Fe2O3, Al2O3–V2O5 and Al2O3–NiO

systems, respectively. However the presence of all these phases

is below of the amount for the detection limit by XRD, therefore

their identification was limited to that observed by EDS.

Table 3 shows the phases predicted for the corrosion of

MgAl2O4 by the different oxides. For the MgAl2O4–Fe2O3

system was not observed any change at 14008 C, but at 1450 8C
some changes start to occur and the same behavior is observed

at 1500 8C. This changes are in agreement with a previous work

[12], which states that the Fe2O3 and Al2O3 reacts to form an

spinel structure at high temperatures. The thermodynamic

analysis for the MgAl2O4–V2O5 and Al2O3–V2O5 systems,

predicted the presence of VO2, which oxidize during the

cooling stage. While the MgV2O6 was not predicted by the

thermodynamic analysis, it was necessary to figure out the

presence of this phase through the study using lower

temperatures as can be seen in Table 3. The thermodynamic

analysis confirmed the MgV2O6 and Mg2V2O7 formation at

lower temperatures. Therefore during the cooling stage, these

phases were present as liquid in the sample. In the case of

MgAl2O4 being attacked with NiO, it was not predicted any

interaction independently of the temperature (from 1400 to

1500 8C). Finally, in the MgAl2O4-vanadium slag system, there

was many phases formed by reaction of MgAl2O4 with the

elements present in the slag (Table 3). Although these phases

were not detected by XRD, they were detected by EDS

analysis.

In the systems Al2O3-oxides and MgAl2O4-oxides, the XRD

and SEM-EDS analysis did not identify some phases which

were predicted by the thermodynamic analysis, due to the small

amounts of these phases which are below of the detection limits

of these techniques and the exposure time was not enough for

them to be formed. As well it is important to mention that the
formation of most of these phases can affect the stability of the

refractory material. This is due to that these phases diffuse into

a porous structure and then the phases condense on the pores

affecting the properties of the refractory material.

4. Conclusions

The results of the present investigation show the corrosion

mechanisms of Al2O3 and MgAl2O4 spinel by Fe2O3, V2O5,

NiO or vanadium slag. These mechanisms can be summarized

as follows:

(a) In the Al2O3–Fe2O3 and Al2O3–V2O5, there was no

chemical reaction between the phases. In contrast, for

the Al2O3–NiO system, there was a chemical reaction

resulting in the formation of NiAl2O4. Finally, in the Al2O3-

vanadium slag system, there was a diffusion of the elements

present in the slag into the Al2O3 structure.

(b) In the MgAl2O4–Fe2O3 system there was a diffusion of iron

into the spinel structure, while in the MgAl2O4–vanadium

slag system, the elements present in the slag such as Ca, S,

Si, Na and V diffused into the MgAl2O4. However, it was

not observed a chemical reaction in these two systems. In

the case of the MgAl2O4–V2O5, a chemical reaction

between these phases occurred resulting in the formation of

MgV2O6. Finally, for the MgAl2O4–NiO system, there was

a replacement of Ni ions by the Mg ions resulting in the

formation of a NiAl2O4 spinel.

(c) From these results it can be concluded that the Al2O3 is less

affected by the studied oxides than MgAl2O4.
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