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In this paper the corrosion rates of the aluminum oxide (Al2O3) coatings were determined, obtained 

through technical produced by thermal spray, using as substrate 316. The coatings were studied by 

potentiodynamic polarization curves Tafel and Electrochemical Impedance Spectroscopy (EIS), in an 

exposure time of 150 hours and three temperatures of evaluation 600 ° C, 650 ° C and 700 ° C. 

Subsequently the samples were cooled to room temperature to avoid the thermal shocks. The methods 

used X-ray diffraction and electron microscopy applied to define surface showing the attack of the 

molten salt. It was found increased corrosion rate as the test temperature rises. The values of the 

polarization resistance are greater than the substrate.  
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1. INTRODUCTION 

The Thermal spray is a technique of projecting droplets of molten material for coating surfaces 

of parts. Droplets of molten material or plastic state are accelerated in a gas jet projecting against the 

surface to be coated [1-3]. On the impact, fine particles in sheet form adhere to the surface, overlap and 

interlock to solidify [4].  

The main advantage of Thermal spray processes is the variety of materials that can melt 

(undecomposed) to be applied as coatings [5]. Another advantage is the versatility of thermal spray 

processes to apply coatings to substrates without heating significantly [6]. Thus, materials with high 

melting temperatures can be applied to parts machined and heat treated without changing its properties. 

In contrast, a disadvantage is the impossibility of applying the coating to places where the torch which 

the material melts not accomplish [7].  
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The applications of thermal spray processes are extremely varied. However, their increased use 

categories are to improvement of corrosion resistance and wear properties of the surfaces. Other 

applications include use in dimensional restoration, as thermal barriers, thermal conductors, electrical 

conductors or resistors, for electromagnetic shields and improve or delay radiation [8]. Indeed, they are 

used in the aerospace, automotive, agricultural, mining, primary metals, paper, production of oil and 

gas, in addition to the biomedical, chemical and plastics sectors [9-10].  

Thermal spray processes can deposit sprayed on any surface, especially metal materials. These 

materials are heated to a plastic state by combustion processes or arc, which are accelerated toward the 

workpiece to be coated in the form of tiny droplets hitting the surface, compacting and forming thin 

films that are joined [11-12]. Importantly, the temperature of the part to which is applied the coating 

must remain below 200 ° C, this allows preventing structural changes or metallurgical the material 

composing the part to be coated. 

The quality of the coatings depends on certain factors such as surface adhesion to the substrate-

coating interface and the degree of porosity of the film due to the cohesion of the particles that make it 

up [13]. In Thermal spray, has considerable influence on the adhesion of the variable coating as the 

impact velocity of the particles of material to be deposited on the substrate, the size, the temperature at 

which melt the particles, the surface temperature as the substrate roughness [14]. 

The high temperature corrosion commonly occurs in boilers and furnaces in most cases by the 

combustion of coal causing a chemical process, where most steels have its metal surface in combustion 

ashes whose composition consists of mixtures of sulphates and chlorides, generating problems such as 

decrease in heat transfer, which leads to corrosion in an accelerated manner [15-16]. This is because 

most low carbon alloys, have restriction because after the 650 ° C corrosion occurs at high 

temperatures causing a decrease in mechanical properties. The chromium alloyed steels and nickel 

provide good performance over 1200 ° C, due to its austenitic type structure, however after subjecting 

them to close to 700 ° C temperatures in prolonged periods it is presented to oxidative attack causing 

corrosion [17]. 

In this paper Al2O3 coatings they were obtained using the technique produced by thermal spray, 

which allows a coating thickness of about 50 microns, the evaluation of corrosion resistance was 

performed with electrochemical techniques which allow to obtain values corrosion rate and 

polarization resistance, for steels with and without coatings subjected to 600 ° C, 650 ° C and 700 ° C , 

immersed in corrosive salts, a relationship between the temperature values and the coatings obtained is 

generated. 

 

 

 

2. EXPERIMENTAL PROCEDURE 

The method of thermal spray coating is used for plasma arc because this is the one that 

generates the highest temperatures. Besides, the particle velocities are greater than the thermal spray 

processes flame which makes high-density coatings and adhesion are achieved in which the content of 

oxides is low because of the use of inert gas. For the generation of plasma in this technique he was 

passed argon, through an arc from gun which heats the gas and ionization is generated forming a bright 
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flame. The material used is aluminum oxide supplied into the plasma powder which is melted and 

projected to the workpiece by the plasma jet at high speed free. Temperatures used were 2300 °C. The 

power levels employed by this technique Plasma Guns was 50 kW.  Speeds powder used during 

deposition was 330 m/s. These variables produce coatings with higher densities, adhesion and internal 

stress. Ranges coatings thicknesses are about 0.05 mm. 

The electrochemical cell consists of an array of 3 electrodes: the working electrode, the 

reference electrode and auxiliary electrode. The working electrode was welded to a platinum wire 

which served as an electrical conductor, this wire also was placed inside a ceramic tube of mullite 

industrial grade so only the specimen was exposed to the corrosive environment. The reference 

electrode and counter electrode were built with high purity platinum wire, which were introduced into 

a mullite tube resistant to high temperatures; the hollow parts between the specimen and the ceramic 

tube were sealed with refractory cement as the spaces of the other electrodes. 

The corrosive agent used in the test is composed of a mixture of pentoxide vanadium V2O5 and 

sodium sulfate Na2SO4 analytic grade to concentrations (percentage of weigh) 50:50, the mixture was 

macerated during 45 minutes in mortar for homogenize, then were placed in a porcelain crucible of 30 

g that was inserted inside on a vertical furnace.  The electrochemical cell was placed in the furnace and 

the heating starts from room temperature to 600°C, 650°C and 700 °C needed to perform the 

electrochemical tests (figure 1). The internal temperature was monitored by mean of a type k 

thermocouple connected to a temperature controller. To resemble a boiler environment was determined 

the use of a mixture of oxidizing gas 99%O2-1%SO2. 

For measurements of EIS, the sample was placed in an induction furnace and heated from room 

temperature to 600 ° C, 650 ° C and 700 ° C and then this temperature is maintained for 45 minutes in 

an air atmosphere, while the electrochemical measurements were taken. Finally, the sample was cooled 

down until the ambient temperature to avoid thermal shock. The experimental assembly for 

electrochemical analysis is shown in Fig. 1. Electrochemical measurements were performed with a 

Gamry potentiostat instrument PCI4G750 adapted to a frequency response analyzer. Electrochemical 

Impedance Spectroscopy (EIS) and Tafel polarization curves were obtained in situ at three different 

temperatures using a cell with a working electrode and an exposed of 1 cm
2
 area, a counter electrode 

platinum wire (EC), and a reference electrode platinum wire (RE). To simulate hot corrosion process, a 

mixture of vanadium pentoxide (V2O5) and sodium powders (Na2SO4) sulfate in a 55:45 and 50:50 

(wt%) relative concentration 30 g/cm
2
, they were used as a molten salt. 

Nyquits plots were recorded using amplitude of the sinusoidal signal of 10mV applied to the 

working (sample) and reference electrodes, in a frequency range of 0.1 Hz to 300 kHz. Tafel 

polarization curves were obtained at a scan rate of 1 mV / s in a voltage range between -0.25 to 0.25 V 

vs Eref, defined with respect to open circuit potential (OCP). 
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Figure 1. Oven that was used for the electrochemical tests at high temperatures. 

 

 

 

3. RESULTS 

3.1. Coating microstructures. 

The thermal spray process provides good mass transfer and heat plus a uniform temperature, 

and a high degree of mixing of the gases with Al2O3 particles, allowing a high degree of reaction of all 

the active species. The use of the above properties allows reducing operation times against other 

processes [18]. Deposited on the substrate particles called splats in this case which solidify and adhere 

to one another to form a continuous layer [19]. Splats are created when molten and accelerated 

particles impact on steel AISI 316. The molten droplets are generally spherical arriving, and on impact 

with the substrate surface and fill expand the underlying interstices [20]. Drops become flattened disc-

shaped structures. The thermal spray processes are characterized by rapid solidification. As individual 

particles impacting on the substrate, the heat is released faster [21]. The solidification rates are around 

  o   110 °   /  . In  ig    2   h  g  in  iz  i    o   4 μm  hi  p    n     l min m oxi       h  h i  

equilibrium phases, thus resulting in anisotropic properties in the coating is observed, since the coating 

by thermal spraying consist many layers of thin particles, overlapping, this is due to the high particle 

velocity, because the denser and better adhesion coatings were obtained, The extent of oxidation that 

occurs during the process depends on the material being laid, the deposition method and the specific 

deposition process. 
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Figure 2. Micrograph of the deposited coating on steel 316 without exposure to hot corrosion. 

 

3.2. Corrosion  
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Figure 3. Polarization curves steels used as substrates and tested for 150 hours at different 

temperatures, immersed in corrosive salts of a mixture of pentoxide vanadium V2O5 and 

sodium sulfate Na2SO4, atmospheres formed by gas mixtures 99%O2-1%SO2. 
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In figures 3 the polarization curves for the steel and the coating evaluated between 600 ° C and 

700 ° C are observed, for the purpose of determining the different steps that are generated in this type 

of system, start, acceleration and propagation [22]. Regarding the steel exposed to hot corrosion 

polarization curves which generally frame system general corrosion are obtained where the three 

curves show a cathodic region where the metal dissolution predominates in which the current rise the 

increasing the potential. Stainless steel is characterized by generating a passivating layer due to the 

reaction of its components especially chromium with oxygen, however temperatures evaluated is not 

possible to observe the generation of the passivating layer [23]. Relative to the trend corrosion 

potential is obtained that as the temperature increases in the steel test potential shifts to the negative 

direction, according area where the electrochemical behavior is lessened, decreasing the protective 

effect on each system as there rising temperatures. With respect to the corrosion rate shown in Table 1, 

it may indicate that because it has lost the protection which oxidation starts at 600 ° C is generated and 

is spread to 700 ° C, as boost more than 10 times the rate of degradation. 

 
 

Figure 4. Polarization curves of Al2O3 coatings in which the gradual boost in the current density as the 

test temperature increases is observed, the coatings are immersed in corrosive salts of a mixture 

of pentoxide vanadium V2O5 and sodium sulfate Na2SO4, atmospheres formed by gas mixtures 

99%O2-1%SO2. 

 

Figure 4 shows the protective effect of the coatings of Al2O3 is observed wherein the 

polarization curves are similar to those obtained for the substrate behavior, because the area of the 

anodic showing greater dissolution with increasing temperature, with respect to potential corrosion 
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trend it is not established since the values generated are similar [24]. With respect to the corrosion 

current, a decrease is observed when compared with substrates evaluated at the same temperatures, this 

is because the coating generated a specific protection as cathodic corrosion reaction is related to melt 

blends and coating where the damage is minimal, delays the onset of corrosion for temperatures 600 

and 650 ° C (Table 1), the enhance in speed is generated at 700 ° C and is due to increased diffusion, 

because the vanadium pentoxide is solid at this temperature the percentage of this compound in the 

mixture is 50%, so this effect is associated with this salt, another element present in the mixture which 

generates an boost in the corrosion rate going from 600ºC to 650 ° C is due to the presence of sodium, 

due to this compound has a lower melting point [25-26].  

 

Table 1. Electrochemical parameters determined from curves potentiodynamic calculated from tests at 

the three temperatures for steels used as substrates and coatings of aluminum oxide, immersed 

in corrosive salts of a mixture of pentoxide vanadium V2O5 and sodium sulfate Na2SO4, 

atmospheres formed by gas mixtures 99%O2-1%SO2. 

 

 

 AISI 316  Al2O3 

 700°C 650°C 600°C 700°C 650°C 600°C 

Tafel slopes 

β  mV/dec 

-87.49 -102.18 -37.43 -51.49 -33.4 -79.17 

Tafel slopes 

βc mV/dec 

110.84 180.09 42.04 62.95 64.22 114.87 

Corrosion 

potential 

mV 

-109.01 -11.81 -7.94 -45.93 -50.95 -60.04 

Corrosion 

current 

µA/cm
2 

1068 425 92.8 2.08 0.3416 0.110 

Corrosion 

rate/ mpy 

375.94 149.60 32.66 0.73 0.12 0.038 

 

In Figure 5, diagrams impedances seen by Nyquist for steels used as substrates, stages in this 

scheme presented in hot corrosion is clearly observed 600 ° C incubation process where the greatest 

value is obtained impedance is observed then 650 ° C the acceleration of the process is determined by 

the decrease in the total system impedance, as half the value found at 600 ° C is reduced; for 700 ° C is 

spread since it is the system where lower impedance value is recorded, the shapes of the curves 

indicate the performance of the protective layer, the lower the temperature value is generated two 

semicircles that are related to the formation of corrosion inhibiting products, this is due to the 
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compounds of nickel and chromium [28]. The higher the temperature the protective layer is destroyed 

and sulfidation is generated by diffusion of sulfur into the steel so that the corrosion rate increased by 

more than 10 times [29].  
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Figure 5. Nyquist diagrams corresponding to 316l steel, evaluated at three different temperatures for 

150 hours, immersed in corrosive salts of a mixture of pentoxide vanadium V2O5 and sodium 

sulfate Na2SO4, atmospheres formed by gas mixtures 99%O2-1%SO2. 

 

In Figure 6, the capacitive resistive behavior of the coatings is determined, the variation is 

obtained is due to the conductivity of the electrolyte improve on with temperature. Therefore 

microstructure constituents suffer a variation this is observed by changing the porosity [30]. The total 

impedance of the system evaluated at 600 ° C, has the highest value generated due to a suitable 

resistance value between the solution and the coating additionally a high value of the polarization 

resistance of the interface coating / metal, addition capacitance values generate an intact layer, that is 

corresponding to that obtained in the characterization by scanning electron microscopy [31]. Nyquist 

plots corresponding to 650 ° C and 700 ° C gradually decreased as it is noted that obtained in the 

polarization curves; wherein the corrosion rate increases with temperature, this is associated with the 

melting point of the mixture of corrosive salts entering the structure more easily due to the volumetric 

expansion generating a path for interconnecting pores and thus the total impedance of the coating is 

decreased. 
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Figure 6. Diagram impedances coatings aluminum oxides evaluated at three different temperatures, 

where they evidence the loss of impedance at the same time that the temperature increases, the 

coatings are immersed in corrosive salts of a mixture of pentoxide vanadium V2O5 and sodium 

sulfate Na2SO4, atmospheres formed by gas mixtures 99%O2-1%SO2. 

 

 

3.3. Microstructural analysis after the hot corrosion process 

In Figure 7, micrographs of the coatings are observed after cooling in the three temperatures is 

a fine network observable microcracks perpendicular to the plane of the layers. These microcracks are 

formed by the stresses produced by the restriction of thermal contraction of the coatings and the 

contact with salts and subsequent cooling to corrosive attack [32]. Tensions are observed for 

temperatures of 650 °C and 700 °C, because it volumetrically boost material and enable deformation 

thereof under thermal stresses, this improve the tolerance of deformation and fatigue resistance. As the 

temperature enhance a surface with increased wear on the coating, where detachment of the protective 

layer is evidence to 600 ° C is observed a composite molten salt surface be seen, which they are 

responsible for significant corrosion, in the figure 7a is evidence protection coating where the area is 

less affected because is in an initiation stage during which the corrosion rate is much slower. 

The system used is corrosion attack accelerated corrosion at high temperature (600 ° C to 700 ° 

C), the flow model salt is a mixture of vanadium pentoxide (V2O5) and sodium Na2SO4 sulfate, in a 

mixture of equal proportions. Vanadium (V), sodium (Na) and sulfur (S) are common impurities of 
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combustion [33]. During the combustion process, the vanadium is oxidized to form different oxides, 

the most representative V2O5, while sulfur is involved with sodium and creates sulphates, this salt is an 

electrolyte ionic conductor, therefore hot corrosion is electrochemical in nature, and involves flow of 

protective metal oxides also as solutes acids or molten salt.   

 

 

(a) 

  

(b) (c) 

 

Figure 7. Micrographs corresponding to surfaces evaluated after exposure to high temperature 

corrosion, a) 600 ° C surface with less damage microstructure b) worn surface be seen due to 

dissolved salts on the coatings, c) damage microstructural effect accelerated corrosion at high 

temperatures. 

 

3.4. X-ray diffraction 

In Figure 8 the main products of the reaction between the metal and molten salt film are shown 

oxides oxovanadium sulfate, bannermanita (Na0.76O15V6 which crystallizes in the monoclinic system) 

and sodium sulfate, the solubility of these oxides in molten defines corrosion resistance. The specters 

of XRD coincide for the three tests performed at different temperatures, indicating that only one 

incubation step was obtained, because no contributions to the coating or substrate components in the 

components found in the XRD spectrum are corrosive salts at 670 ° C  are liquid, so the effect is 

greater for temperatures approaching 700 ° C, however as can be seen in the micrographs the 

protective layer is not compromised a number of pores 650 ° C are observed and film cracking 700 ° 

C, this is due to change to solid state reaction of salts leading to the generation of reaction without the 

formation of sulphides that are accelerating the degradation process of the coating [34]. 
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Figure 8. Corrosion products Al2O3 coatings evaluated at high temperatures 600 ° C, 650 ° C and 700 

° C. 

 

3.5. Porosity factor 

 In Figure 9 it is observed the factor estimated porosities for coatings deposited by plasma and 

evaluated in the range of 600 to 700 ° C that they are among 20% and 26%.  Because porosity is 

another important feature of the coatings that strongly influences the mechanical and durability 

properties. For this study the porosity can be a desirable characteristic and is generally associated with 

a large number of unmelted particles or re-solidified to become embedded in the coating [35]. For the 

calculation factor Porosity ratio polarization resistance found through the EIS technique it was used the 

relationship is the resistance generated by the uncoated substrate relative to that generated by the 

coating evaluated at each temperature, these values are represented in Table 2. 

 

Table 2. Parameters found by electrochemical impedance spectroscopy coatings, used for the 

determination of porosity. 

 

Temperature  / °C 600 650 700 

Polarization 

resistance of steel / 

kohms cm
2 

2.82 1.55 1.11 

Polarization 

resistance of  Al2O3 

/ kohms cm
2
 

15.05 6.44 4.23 
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Porosity exposed, can interface with the environment surface to be coated, which tends to cause 

corrosion or the oxidation of this. The porosity can eliminate corrosion characteristics typical of the 

coating composition. Regarding the surface hardening or wear resistant coatings porosity decreases the 

hardness of the coating and contributes to poor surface finish, thereby decreasing wear resistance. The 

porosity in this class of coatings also leads to generation of fragments (spline) of the coating which 

become abrasive elements thereby increasing wear rates. 

The porosity in this type of coating is generally composed of aluminum oxides, which 

themselves are good thermal insulators. A 18% porosity in these coatings heighten its insulating 

properties it said porosity also enhance the thermal shock resistance and resistance to thermal fatigue 

increasing the temperature raising the porosity, these results respond to the boost in the corrosion rate 

as temperature raise the effect is due to volumetric expansion where the links are separated generating 

discontinuities contributing factor to increased porosity [36].  
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Figure 9. Porosity factor calculated from data Polarization resistance of the substrate and coating 

according to the temperature. 

 

 

 

4. CONCLUSIONS 

Coatings of Al2O3 obtained by thermal spray exhibit excellent performance in hot corrosion, 

due to its high volumetric density of the coating the corrosion rate decreases at high temperatures, as 

only the starting area is obtained unlike the steels having high speeds due to the propagation. 

Microcracks and a degree of porosity are beneficial, since they inhibit growth of higher cracks in the 

coatings. 
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