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INTRODUCTION

Atmospheric Plasma Sprayed (APS) alumina coatings show good performance against abrasive, corrosive and erosive wear at extreme conditions of temperature, oxidation and pressure [START_REF] Rong | Comparative tribological study of plasma sprayed alumina and alumina-yttria under severe conditions[END_REF][START_REF] Manojkumar | Sliding wear behaviour of alumina coatings prepared from mechanically milled powders[END_REF][START_REF] Yang | Study on erosion-wear behavior and mechanism of plasma-sprayed alumina-based coatings by a novel slurry injection method[END_REF]. This is the reason why they have been widely used in applications of high exigency such as automotive, aeronautic and primary industry [START_REF] Tingaud | Microstructure and tribological behavior of suspension plasma sprayed Al 2 O 3 and Al 2 O 3 -YSZ composite coatings Microstructure and tribological behavior of suspension plasma sprayed Al 2 O 3 and Al 2 O 3 -YSZ composite coatings[END_REF][START_REF] Bolelli | Plasma-sprayed graded ceramic coatings on refractory materials for improved chemical resistance[END_REF][START_REF] Bartuli | Thermal spraying to coat traditional ceramic substrates: Case studies[END_REF]. Specifically, alumina coatings are commonly used for wear resistance due to their high hardness at room temperature [START_REF] Singh | A study on sliding and erosive wear behaviour of atmospheric plasma sprayed conventional and nanostructured alumina coatings[END_REF]. However, the hardness of alumina materials decreases at high temperatures as a result of micro-structural slips activated by the temperature and developed with the applied stresses [START_REF] Sánchez-González | Temperature dependence of mechanical properties of alumina up to the onset of creep[END_REF], which is more accentuated by the presence of other oxides [9], which in turn could affect the tribological performance of alumina coatings exposed at high temperature.

Glass and cement industries use refractories subjected to extreme conditions of wear (sliding, abrasion, erosion, etc.) at high temperatures (>1000 °C), which require the employment of expensive electro-melted Al 2 O 3 refractories [START_REF] Guzmán | Corrosion-erosion wear of refractory bricks in glass furnaces[END_REF]. In order to decrease the wear of the materials involved with a lower cost, different solutions have been proposed [START_REF] Bolelli | Plasma-sprayed graded ceramic coatings on refractory materials for improved chemical resistance[END_REF][START_REF] Bartuli | Thermal spraying to coat traditional ceramic substrates: Case studies[END_REF][START_REF] Khattab | Alumina-Zircon refractory materials for lining of the basin of glass furnaces: Effect of processing technique and TiO 2 addition[END_REF][START_REF] Liang | Dynamic slag/refractory interaction of lightweight Al 2 O 3 -MgO castable for refining ladle[END_REF][START_REF] Seifert | New Techniques for the Determination of Refractory Material Properties at High Temperatures[END_REF][START_REF] Bolelli | Plasma-sprayed glass-ceramic coatings on ceramic tiles: microstructure, chemical resistance and mechanical properties[END_REF]. Among these, thermally sprayed coatings could be an alternative solution to protect the cheap pressed & sintered refractories against tribological failures produced at high temperature. Previous studies have indicated that plasma sprayed ceramic coatings have been manufactured onto pressed & sintering refractory substrates, increasing their useful life when they are exposed to corrosive environments at high temperature and increasing the wear resistance of substrates at room temperature [START_REF] Bolelli | Plasma-sprayed graded ceramic coatings on refractory materials for improved chemical resistance[END_REF][START_REF] Bartuli | Thermal spraying to coat traditional ceramic substrates: Case studies[END_REF][START_REF] Bolelli | Plasma-sprayed glass-ceramic coatings on ceramic tiles: microstructure, chemical resistance and mechanical properties[END_REF].

The tribological performance of polycrystalline α-Al 2 O 3 bulk materials has been studied indicating that until ≈ 800 ºC, the wear is produced by brittle deformation [START_REF] Woydt | High temperature tribology of ceramics[END_REF][START_REF] Yust | Observations on the sliding wear of ceramics[END_REF][START_REF] Dong | Tribological characteristics of α-alumina at elevated temperatures[END_REF]. This last one is developed when the speed and the load applied on the material overcome its mechanical resistance, generating detachment of large and sharp particles, which acts as a third body resulting in high wear rate [START_REF] Holmberg | Tribology of engineered surfaces[END_REF][START_REF] Stachowiak | Wear of non-metallic materials[END_REF]. On the other hand, at higher temperatures, a plastic flux is produced in the material and then, little rounded particles are detached from the surface, producing a protective layer, which reduces the wear rate of the material and is known as ductile deformation [START_REF] Dong | Tribological characteristics of α-alumina at elevated temperatures[END_REF][START_REF] Holmberg | Tribology of engineered surfaces[END_REF][START_REF] Stachowiak | Wear of non-metallic materials[END_REF].

The tribological performance of these materials could be related to the microstructure, the phases and their mechanical properties, and in plasma sprayed coatings, these properties are usually different to those in bulk materials due to the fast heating and quenching during the manufacturing of coatings.

The goal of this work is to evaluate the tribological behavior at different temperatures of two thermally sprayed Al 2 O 3 coatings, with different structures and phase compositions, comparing the results with those obtained from both, an electro-melted Al 2 O 3 bulk refractory used as reference, and a conventional pressed & sintered silico-aluminous refractory used as substrate, which were tested under the same conditions that the coatings.

The first comparison is justified because the literature about wear performance of thermally sprayed Al 2 O 3 coatings for temperatures as high as those used in this work is poor, and therefore, only there is available information about Al 2 O 3 bulk materials. And the second comparison aims to determine the potential application of the Al 2 O 3 coatings as a possible way to protect the cheap pressed & sintered refractories, to replace the expensive electro-melted ones subjected to extreme abrasive conditions, but without structural requirements, commonly used in high exigency applications such as: glass, cement and other primary industries.

Wear tests were performed using a ball-on-disk test under dry sliding conditions from room temperature until 1000 °C, and changes in crystalline phases, porosity, micro-hardness, Young's modulus and fracture toughness experienced by the materials due to their heating during tribological tests were also evaluated.

MATERIALS AND METHODS

A Sulzer-Metco PTF4 TM plasma torch was used to spray the alumina coatings according to the parameters listed in Table 1. Two different Al 2 O 3 feedstock powders were used, the first one was constituted by submicrometric agglomerated particles, and the second one was constituted by fused & crushed particles. The substrate was a commercial pressed & sintered silico-aluminous refractory brick, which was cut in shape of discs 25 mm in diameter and 7 mm in height. The arithmetic average of the surface roughness (Ra) was 12 ± 1.1 µm for the substrates, and for this reason, it was not necessary to apply a jet of abrasive particles to give them greater roughness. Therefore, only an air jet 6 bar of pressure was applied to remove particles detached from the surface.

The chemical composition and the crystallographic phases of the feedstock powders, as well as of both, the silico-aluminous refractory used as substrate and the electro-melted alumina refractory used as reference were determined using a Thermo Fisher SCIENTIFIC ARL TM OPTIM'X Wavelength-Dispersive X-Ray Fluorescence (WD-XRF) spectrometer and a Bruker D8 ADVANCE X-Ray Cu Kα 1 radiation (DRX) Diffractometer respectively, using the Rietveld method for the quantification of the phases. The particle size distribution of feedstock powders was determined with a Horiba PARTICA LA-950V2 Laser Diffraction (LD) equipment. The shape of the particles, the cross sections, the surface of both coatings and the refractories, as well as the wear tracks were analyzed by Scanning Electronic Microscopy (SEM) using a JEOL JSM IT-300 LV equipment. The cross sections and surfaces of the coatings, as well as the refractories were grinded and polished according to the ASTM E1920 standard [START_REF] Astm E | Standard Guide for Metallographic Preparation of Thermal Sprayed Coatings[END_REF] in order to obtain an arithmetic average roughness (Ra) lower than 0.2 µm. The porosity was measured on the cross sections of the coatings and refractories from images taken by SEM according the indications of the ASTM E2109 standard [START_REF] Astm E | Standard Test Methods for Determining Area Percentage Porosity in Thermal Sprayed Coatings[END_REF] and using Image J software. Mechanical properties before and after the wear tests of all samples were determined from indentations carried out on the polished surface using a Shimadzu HMV-G 20 equipment, according with the ASTM C-1327 [START_REF] Astm C- | Standard Test Method for Vickers Indentation Hardness of Advanced Ceramics[END_REF] and ASTM E-384 [START_REF]Standard Test Method for Microindentation Hardness of Materials[END_REF] standards. The Vickers micro-hardness, the Young's modulus and the fracture toughness from the Anstis model were calculated according to the Eq. ( The wear tests were performed at 25, 500, 750 and 1000 ºC with a ball-on-disk tribometer, under a dry sliding contact, without eliminating the formed debris. The wear test conditions are shown in Table 2 following some of recommendations of ASTM G-99 standard [START_REF] Astm G | Standard Test Method for Wear Testing with a Pin-on-Disk Apparatus[END_REF].

Then, the physical features of the wear tracks on the samples and the morphology of the debris produced in the wear tests were analyzed by SEM using the same equipment aforementioned, equipped with an Energy Dispersive Scanning (EDS) with an Oxford

Instruments SDD X-MaxN 80 detector, which was used to determine the chemical elemental composition of these debris. Finally, the wear rate was calculated from the profile curves of wear tracks measured on the samples using a Surtronic S125 profilometer, as well the Eq. ( 4).

%& = ' ( 1000 ) *

Eq. ( 4)

Where %& is the wear rate [mm 3 /N.m], ' ( is the wear track cross section area [µm 2 ], is the applied normal load [N] and ) * is the total cycle number.

After tribological tests, the porosity, the crystalline phases, the micro-hardness, the Young's modulus and the fracture toughness of all samples (coatings and refractories) were evaluated again with the same equipments, standards and equations aforementioned, in order to compare the values with those obtained before the wear tests. Each measured property was determined before and after the wear tests over 3 samples, 10 times over each sample, guaranteeing statistical reproducibility and repeatability for all measurements respectively.

RESULTS AND DISCUSSION

The chemical composition, the particle size distribution and the crystallographic phases of the feedstock powders used to manufacture the coatings are shown in Table 3. The 4) characteristic of electro-melting processes of manufacturing.

The surface analysis of as-sprayed Al 2 O 3 coatings (Figures 3 a-b) evidenced the continuous stacking of micrometrical splats typical of thermal sprayed coatings, indicating that these layers seal the pores of the silico-aluminous refractory. Additionally, on the surface coating sprayed from the agglomerated powder feedstock, sub-micrometrical particles were identified into some splats. (Figure 3 a). Furthermore, the cross-section analysis (Figures 3 c-d) allowed to establish that the thickness of both coatings was similar, 370 ± 20 µm for the coating sprayed from the agglomerated powder feedstock and 355 ± 20 µm for that made from the fused & crushed powder feedstock. Concerning the porosity (Table 5), it is possible to see that the values before and after the wear tests for all materials and all temperatures evaluated are statistically the same (all p-values are > 0.05), evidencing that there were no sintering processes.

The XRD results indicated that in both alumina coatings, α-Al 2 O 3 , γ-Al 2 O 3 [START_REF] Murray | Suspension High Velocity Oxy-Fuel (SHVOF) -Sprayed Alumina Coatings: Microstructure, Nanoindentation and Wear[END_REF][START_REF] Di Girolamo | Microstructure and mechanical properties of plasma sprayed alumina-based coatings[END_REF][START_REF] Tesar | Development of suspension plasma sprayed alumina coatings with high enthalpy plasma torch[END_REF][START_REF] Sabiruddin | Analysis of phase transformation in plasma sprayed alumina coatings using Rietveld refinement[END_REF] and amorphous phase were the predominant phases (Figure 4 a-b, Table 6). In the electromelted Al 2 O 3 reference refractory used as reference, α-Al 2 O 3 was the main phase (Figure 4 c, Table 6). In the uncoated silico-aluminous refractory used as substrate, mullite and silica phases were prevalent (Figure 4 d, Table 6). It is important to notice that after the spraying process for both Al 2 O 3 coatings, the α-Al 2 O 3 from the powder feedstock became mainly in γ-Al 2 O 3 in the as-sprayed coatings. This behavior is due to the initial features of feedstock powders (Table 3) and the spraying parameters (Table 1) as it was previously mentioned by other authors [START_REF] Di Girolamo | Microstructure and mechanical properties of plasma sprayed alumina-based coatings[END_REF][START_REF] Tesar | Development of suspension plasma sprayed alumina coatings with high enthalpy plasma torch[END_REF][START_REF] Sabiruddin | Analysis of phase transformation in plasma sprayed alumina coatings using Rietveld refinement[END_REF]. Concerning the mechanical properties (Table 7), the micro-indentation results allowed establishing that the micro-hardness of the alumina coatings manufactured from the agglomerated powder feedstock is slightly lower than that of the alumina coating manufactured from the fused & crushed powder feedstock. For both coatings, the values of micro-hardness before and after the wear tests performed at 25, 500 and 750ºC are statistically the same (p-values are > 0.05). While at 1000ºC, there are differences statistically significant (p-value are < 0.05), due to these hardness significantly increased after their heating at 1000 °C during the wear tests (Table 7), which, could be related with the increasing in the α-Al 2 O 3 level produced (Table 6, Figure 4 a-b) [START_REF] Tingaud | Microstructure and tribological behavior of suspension plasma sprayed Al 2 O 3 and Al 2 O 3 -YSZ composite coatings Microstructure and tribological behavior of suspension plasma sprayed Al 2 O 3 and Al 2 O 3 -YSZ composite coatings[END_REF][START_REF] Singh | A study on sliding and erosive wear behaviour of atmospheric plasma sprayed conventional and nanostructured alumina coatings[END_REF][START_REF] Heintze | Preparation and structures of plasma-sprayed γ-and α-A1 2 O 3 coatings[END_REF].

Particularly, for both coatings the quantities of α-Al 2 O 3 detected are obtained by two ways:

1) Keeping the corundum phase of powder feedstock during thermal spraying process and 2) Promoting the formation of more corundum phase during the wear tests. The first way is explained through the presence of un-melted particles into the coating, which allow keeping the initial features of the alumina powders. Regarding the second way, the high temperature of wear tests (1000ºC), the longtime during pre-heating (≈ 2 h), the wear tests (≈ 2 h) and the cooling (≈ 2 h) of the coatings into the furnace allow to produce the thermodynamic conditions that promote the formation of α-Al 2 O 3 phase [START_REF] Chráska | Alumina-base plasma-sprayed materials part I: Phase stability of alumina and alumina-chromia[END_REF][START_REF] Souza Santos | Standard Transition Aluminas[END_REF] as it is shown in Table 6 and Figure 4 a-b.

In the same way, the electro-melted Al 2 O 3 refractory used as reference showed that the hardness after wear test at 1000 °C, is slightly higher than the hardness before the test (pvalue < 0.05) (Table 7). This result could be attributed to the percentage decrease of m-ZrO 2 and amorphous secondary phases during the heating carried out for tribological test (Figure 4 c, Table 6). The m-ZrO 2 phase is a polymorph of ZrO 2 with low density and in general with low mechanical [START_REF] He | Effects of a second phase on the tribological properties of A1 2 O 2 and ZrO 2 ceramics[END_REF][START_REF] Liang | Structural, mechanical and thermodynamic properties of ZrO 2 polymorphs by first-principles calculation[END_REF][START_REF] Zhang | First principles study of structural and thermodynamic properties of zirconia[END_REF] and tribological properties. Regarding the silicoaluminous refractory used as substrate, although the levels of mullite phase increased and the amorphous phase decreased during wear test carried out at 1000 °C (Figure 4 d, Table 6), the hardness and fracture toughness values decreased (Table 7). This could be due to cohesive failures producing in highly porous materials due to their heating.

Some of the Young's modulus and the fracture toughness values measured before and after the wear tests carried out for all materials, presented change statistically significantly, however these may not be relevant to their tribological performance. particles which join forming small as island-shaped layers, that in some cases plug the wear tracks produced by the detachment. On the other hand, in the both coatings tested at 1000 ºC (Figure 5c) a continuous layer was formed on the wear track, consisting of fine particles, on which was observed a plastic flow.

X. Dong et al. [START_REF] Dong | Tribological characteristics of α-alumina at elevated temperatures[END_REF] previously studied the change in the tribological mechanism of bulk α-Al 2 O 3 as a function of temperature. They indicated that the wear was low at the beginning of the tests, with temperatures below 200 ºC and applying a normal contact stress greater than 260 MPa at 1.4 mm/s. This was due to the effect of the environmental humidity.

Whereas, from this temperature and up to 800 ºC, the wear suffered by the material was severe due to the fracture of the material in the zone of contact with the counter-body.

Finally, from this last temperature, the wear rate had become moderate again due to the formation of a protective layer. The normal stress applied at the beginning of the tribological tests carried out in this work was 210 MPa, however, there is a similarity in the morphological characteristics observed in the wear tracks of the samples tested at 25 °C (plastic flow), at 500 °C and 750 ºC (cracks and fractures), as well as, at 1000 ºC (formation of a protective layer), with those reported by X. Dong, et al. [START_REF] Dong | Tribological characteristics of α-alumina at elevated temperatures[END_REF]. Therefore, the wear stages developed in both Al 2 O 3 coatings are similar to those established by this researcher for bulk α-Al 2 O 3 materials, despite the fact that the stress applied was lower.

This can be related to the higher sliding speed of the ball on the coating (10 cm/s) compared to that of the bulk material (1.4 mm/s), as well as the predominant presence of the γ-Al 2 O 3 phase in the coatings compared to predominant presence of the α-Al 2 O 3 phase in the bulk material. It is important to notice that the hardness of γ-Al 2 O 3 is lower than that of α-Al 2 O 3 [START_REF] Aruna | Effect of critical plasma spray parameters on the microstructure, microhardness and wear and corrosion resistance of plasma sprayed alumina coatings[END_REF].

G. W. Stachowiak, et al. [START_REF] Stachowiak | Wear of non-metallic materials[END_REF] have studied the tribological behavior developed in ceramic materials from applied wear conditions (mainly speed and load) by the sliding contact with a counter-body also ceramic. They found that if the material was able to withstand the stress mechanically applied through the counter body, wear by ductile deformation through plastic flow in the track was produced. While in the case of the material did not have sufficient mechanical strength to withstand the stresses, the wear was produced by brittle deformation. In consequence, cracks and an excessive detachment of the particles were produced. In accordance with that established by W. Stachowiak, et al. [START_REF] Stachowiak | Wear of non-metallic materials[END_REF], both types of coatings studied exhibited wear by ductile deformation when they have been tested at 25 °C and 1000 ºC. But, when they were tested at 500 °C and 750 ºC, the tribological behavior is governed by brittle deformation with higher wear rates due to excessive detachment of the particles.

Despite the fact that the sliding speed (0.1 m/s) and the applied load (5 N) were the same for all tests, a transition from ductile to brittle deformation was detected in the samples evaluated at 25 °C and 500 ºC. This result is mainly related the gradual decrease in hardness experienced by alumina as a function of the increase in temperature as previously described [START_REF] Sánchez-González | Temperature dependence of mechanical properties of alumina up to the onset of creep[END_REF][9], promoting the detachment of particles. This behavior is more severe in the samples tested at 750 ºC, plugging the wear track. The gradual increase of the particles detachment with the temperature has favored the formation of a continuous layer which has protected the wear track of the tested samples at 1000 ºC, producing in this case, a wear transition from brittle to ductile deformation, in which it has been again observed plastic flow (Figure 5 c). It has been previously reported that the presence of wear debris in the friction track can reduce the contact stresses on the surface of coatings, modifying the tribological conditions and therefore the wear resistance [START_REF] Fischer | Genesis and role of wear debris in sliding wear of ceramics[END_REF]. Additionally, the increase in α-Al 2 O 3 detected after the wear tests carried out at 1000 ºC (Figure 4a-b, Table 4), may have had a contribution in the wear transition from fragile to ductile deformation, thanks to the fact that this phase is the hardest of the alumina materials.

Concerning the wear track of the electro-melted Al 2 O 3 refractory used as reference, it was detected the same change aforementioned from ductile to fragile for returning to ductile deformation again when the temperature increased (Figure 6). A bigger quantity of debris was detected despite the fact that the tests conditions applied were the same than those for the coatings. this could be due to the low fracture toughness of this material (Table 7), increasing the wear rate compared to the coatings. For its part, the pressed & sintered silico-aluminous refractory used as substrate showed wear by brittle deformation in all cases (Figure 7). This is due to the low mechanical properties of this material shown in Table 7.

The results of wear rate calculated from the track profiles produced in each sample are shown in Table 8. For both types of coatings, their wear rate at 25 ºC was of the same order of magnitude as that measured at 1000 ºC, being lower than that determined at 500 ºC and 750 ºC, this due to the ductile-fragile-ductile transition in the tribological behavior previously explained. In addition, at the different temperatures used, the coating sprayed from the agglomerated powder showed slightly lower wear rates than those manufactured from the fused & crushed powder, as well as, than the electro-melted refractory. This could be related to the superior resistance to crack propagation of this material and the detachment of nanometric particles from un-melted agglomerated grains, in accordance with the results of Y. An, et al. [START_REF] An | Mechanical and tribological properties of nano/micro composite alumina coatings fabricated by atmospheric plasma spraying[END_REF].

Regarding to the electro-melted refractory, although it has a hardness especially higher than that of the alumina coatings, its wear resistance has been lower. This result could be related, on the one hand to the excessive presence of abrasive debris between the surface and the counter-body. These debris have been analyzed by SEM-EDS, evidencing that they are angular and are composed of Al, Si, Zr and O elements from Al 2 O 3 , the SiO 2 and ZrO 2 phases which constitute the refractory, obtaining as a result, a third abrasive body into the system. On the other hand, the presence of SiO 2 and m-ZrO 2 can significantly reduce the high-temperature hardness of alumina-based materials [9, [START_REF] He | Effects of a second phase on the tribological properties of A1 2 O 2 and ZrO 2 ceramics[END_REF][START_REF] Liang | Structural, mechanical and thermodynamic properties of ZrO 2 polymorphs by first-principles calculation[END_REF][START_REF] Zhang | First principles study of structural and thermodynamic properties of zirconia[END_REF].

About the pressed & sintered refractory, it showed higher wear rates than all other materials evaluated, which is basically due to the poor mechanical properties of this material.

In addition, the values of friction coefficient (Table 8) measured during the high temperature tribological tests show a downward trend with respect to the temperature for all samples, which could be related to the detachment of fine particles, resulting in the formation of layers that can be protective at high temperatures. It is important to mention that the values obtained from the coefficient of friction are classic compared to the literature, between 0.7 and 0.9 for the alumina against alumina test [START_REF] Stachowiak | Wear of non-metallic materials[END_REF].

CONCLUSIONS

In this work, the tribological behavior at high temperature was evaluated for two different structures and phase compositions of Al 2 O 3 coatings manufactured by APS onto a pressed and sintered silico-aluminous refractory used as substrate. The results were compared with those from an electro-melted alumina refractory used as reference and they were correlated with the phase compositions, porosities and mechanical properties measured before and after the wear tests. The tests were performed using a ball-on-disk test under dry sliding conditions from room temperature until 1000 °C.

From the results and discussion, it was possible to conclude that the tribological The possible replacement of electro-melted refractories by coated pressed and sintered refractories commonly used in glass and cement industries is only recommended in places subjected to extreme abrasive conditions, but without structural requirements like the combustion ports and the entries of raw materials. --------------------1.0 ± 0.1 Na 2 O --------------------0.3 ± 0.0 CaO --------------------0. --------------------5.3 ± 0.8 c-ZrO 2 --------------------0.5 ± 0.1 Cristobalite 17.9 ± 0.8 -------------------Mullite 45.4 ± 2.4 -------------------Sillimanite 20.8 ± 1.5 -------------------Amorphous 13.6 ± 3.9 2.0 ± 0. 

  chemical composition results indicate that mainly Al 2 O 3 constitute these materials, with particle size distributions between ≈ 21 µm and ≈ 64 µm. The main phase in the both feedstock powders was α-Al 2 O 3 and additionally, in the fused & crushed one a low quantity of γ-Al 2 O 3 was also detected. The morphological analysis indicated that the agglomerated powder shows rounded particles constituted by small bonded sub-micrometrical particles (Figure 1 a), evidencing that this powder was manufactured by agglomeration processes, while all particles of the fused & crushed powder were irregular with fracture marks in their surface (Figure 1 b), evidencing that this powder was manufactured by fusing and crushing processes.On the other hand, the chemical analyses carried out to both, the silico-aluminous refractory used as substrate and the electro-melted Al 2 O 3 refractory used as reference are shown in

  From statistical p-values it was established that in Al 2 O 3 coatings the quantity of amorphous phase, α-Al 2 O 3 and γ-Al 2 O 3 has a significant change in samples tribologically tested at 1000ºC (p-values < 0.05). For its part, the mullite and silica phases percentage in the uncoated silico-aluminous refractory change significantly in the specimens tested from 750 ºC. Being of all these, more relevant the increasing of α-Al 2 O 3 , from the decreasing of γ-Al 2 O 3 and amorphous phases produced in alumina coatings tested at 1000 ºC.

The tribological analysis carried

  out to both Al 2 O 3 coatings has evidenced the development of different wear mechanisms as a function of the test temperature. In both samples evaluated at 25 ºC (Figure 5 a), were identified friction marks produced by plastic flow of the asperities in their surface due to sliding contact with the alumina ball. While in those tested at 500 °C and 750 ºC (Figure 5 b) high levels of particle detachments produced by the propagation of cracks in the coatings, were observed, as well as fine and rounded

  behavior of both plasma sprayed Al 2 O 3 coatings was governed by transitions ductile-fragile-ductile similar to those showed by the electro-melted refractory used as reference and those reported by X. Dong, et al.[START_REF] Dong | Tribological characteristics of α-alumina at elevated temperatures[END_REF] for Al 2 O 3 bulk materials.The Al 2 O 3 coatings improved the wear performance of the conventional pressed & sintered silico-aluminous refractory used as substrate, even achieving the wear performance at high temperatures of the electro-melted Al 2 O 3 bulk refractory used as reference, despite le fact that the Al 2 O 3 coatings were mainly constituted by γ-Al 2 O 3 , while the electro-melted refractory was mainly constituted by α-Al 2 O 3 , which indicates that the higher fracture toughness in the coatings contribute to their good wear resistance.
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 7 Figure 7. Characteristics identified on the surface of pressed and sintered refractory
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Table 4 .

 4 The silico-aluminous refractory is constituted mainly by SiO 2 and Al 2 O 3 , while in the electro-melted one the Al 2 O 3 is the predominant oxide, which is combined with SiO 2 and ZrO 2 . The surface analysis of the silico-aluminous refractory suggests irregular

	grains with low sintering degree and therefore, low density and high porosity, 2.16 to
	2.26 g/cm 3 and 16 to 20% respectively, (Figure 2 a, Table 4) typical of pressing and
	sintering processes of manufacturing. While the structure of the electro-melted Al 2 O 3

Table 2 .

 2 Wear test conditions.

	Counter-body material	Alumina
	Counter-body hardness [GPa]	18.0 ± 0.5
	Counter-body diameter [mm]	6
	Normal load [N]	5
	Linear speed of the sample [m/s]	0.1
	Rotation speed of the sample [rpm]	18,8
	Total number of cycles	20 000
	Total distance of tests [m]	628
	Temperature of tests [°C]	25, 500, 750 and 1000

Table 3 .

 3 Main physical-chemical features of the feedstock powders.

	Properties		Agglomerated OErlikon -Metco 6103 TM	Fused & crushed OErlikon -Metco 6062 TM
		Al 2 O 3	99.9 ± 0.3	97.6 ± 0.3
	Chemical	SiO 2	
	composition		
	[wt%]		

Table 4 .

 4 Main physical-chemical features of the refractories used as substrate and as reference.

	3 ± 0.0

Table 5 .

 5 Porosity measured before and after the wear tests for all materials evaluated.

	5
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