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ABSTRACT

The morphology, wear and corrosion resistance of bilayer coatings elaborated by flame spraying on AISI 
SAE 1020 substrates are reported. The first layer (bond coat) is a nickel-base alloy (CPM 1205TM), and 
the second is a compound of ZrO2-36 wt.% of Al2O3 (MetaCeram 25088TM). The ceramic coating was 
deposited using oxidizing and super oxidizing flames, obtained from the fuel/comburent ratio of 1: 2.8 
and 1: 4.3 respectively, at projection distances of 8, 9 and 10cm. The corrosion resistance was evaluated 
by electrochemical impedance spectroscopy (EIS),wear resistance was analyzed using a tribometer 
MicroTest in the ball-disc configuration, and the morphology was studied using scanning electron 
microscopy (SEM). The results showed a varied surface morphology of these coatings and the presence 
of bimodal areas formed by nanometric unmelted particles surrounded by melted particles. The wear 
resistance and Vickers microhardness of the ceramic coatings did not vary significantly with changes to 
the type of flame used and spray distance. By comparing the corrosion resistance of the substrate (AISI 
SAE 1020) and the coated samples, a significant increase of approximately 27 times was observed for 
these; moreover, it was reported that for coatings obtained using a super oxidizing flame, resistance to 
polarization increased with increasing spray distance, and for the oxidizing flame, the opposite behavior 
was observed. Overall, the results show the versatility of the thermal spray flame technique in forming 
bilayer coatings of ZrO2-Al2O3/Ni that efficiently protect the surfaces of steel AISI SAE 1020 when 
exposed to corrosive and erosive environments.
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RESUMEN

En este trabajo se reporta el comportamiento a la corrosión, al desgaste y morfología de recubrimientos 
bicapa elaborados por proyección térmica oxiacetilénica sobre sustratos de acero AISI SAE 1020. 
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La primera capa (bond coat) de una aleación base Ni (CPM 1205TM) y la segunda de un compuesto de 
ZrO2-36% en peso de Al2O3 (MetaCeram 25088TM). El recubrimiento cerámico se depositó usando llama 
oxidante y súper-oxidante, obtenidas de la relación combustible/comburente 1:2,8 y 1:4,3, respectivamente, 
para distancias de proyección de 8, 9 y 10 cm. La resistencia a la corrosión fue evaluada por espectroscopia 
de impedancia electroquímica EIS, el desgaste fue analizado usando tribómetro MicroTest en configuración 
bola-disco, y la morfología se estudió usando microscopia electrónica de barrido (MEB). Los resultados 
evidencian una morfología superficial propia de este tipo de recubrimientos, así como la presencia de 
zonas bimodales formada de partículas nanométricas sin fundir rodeadas por partículas fundidas. Se 
encontró que la resistencia al desgaste y microdureza Vickers de los recubrimientos cerámicos no variaron 
significativamente al cambiar el tipo de llama y la distancia de proyección. Al comparar la resistencia 
a la corrosión de sustrato (acero AISI SAE 1020) y de las muestras recubiertas se observó para estas 
un incremento significativo de aproximadamente 27 veces, por otra parte, se reporta que para la llama 
súper-oxidante la resistencia a la polarización se incrementa al aumentar la distancia de proyección, 
mientras para la llama oxidante el comportamiento fue inverso. En general, los resultados muestran la 
versatilidad de la técnica de proyección térmica por llama, permitiendo realizar recubrimientos bicapas 
de ZrO2-Al2O3/Ni eficientes para proteger superficies de acero AISI SAE 1020 expuestos a ambientes 
corrosivos y erosivos.

Palabras clave: Proyección térmica por llama, desgaste, recubrimientos, corrosión, ZrO2-Al2O3 / Ni, 
acero AISI SAE 1020.

INTRODUCTION

The materials in turbines, exhaust pipes, fireplaces, 
furnaces, dryers, boilers and pipes, among others, 
are frequently exposed to both erosive and corrosive 
environments, resulting in reduced lifetimes and 
large maintenance expenses [1-3]. An example of 
this is the exposure of the oil industry transport 
infrastructure, usually made of steel AISI SAE 1020, 
to high temperatures and pressures when transporting 
crude oil and its derivatives [4]. Ceramic coatings 
act as an alternative method of corrosion and wear 
protection for these materials [4-6].

One thermal spraying technique using an oxyacetylene 
flame can be applied to protect and recover worn 
metal parts [4-7] by fabricating hundred-micron-
thick coatings in one, two or more layers. For 
these coatings, an initial anchor layer (bond coat) 
is applied, which is usually a nickel-base alloy 
whose function is to improve the adhesion of the 
ceramic coating to the metal substrate and protect 
against corrosion [5-6]. For the wear and erosion 
protection of the metal substrate, it is common to 
use ceramic coatings of alumina (Al2O3), zirconia 
(ZrO2) or titanium oxide (TiO2), among others [6-7].

Alumina-zirconia coatings on steel AISI SAE 1020 
have been prepared by atmospheric plasma spraying 

(APS) or high velocity oxy-fuel (HVOF), among 
other techniques [8,9], and they are expensive 
compared to thermal spray flame techniques. 
Therefore, in this work, bilayer coatings of ZrO2-
Al2O3/Ni were produced on substrates of steel 
AISI SAE 1020 using oxyacetylene flame thermal 
spraying with a spray distance of 8, 9 or 10cm, and 
two types of flames, oxidizing and super-oxidant. 
The objective was to evaluate the morphology, the 
wear and corrosion performances of these coatings.

MATERIALS AND METHODS

AISI SAE 1020 carbon steel substrates were used, 
and their surfaces were prepared by abrasive 
blasting with corundum particles (malla10-20) 
at a distance of 15 cm and an angle of 30º, The 
influence of the impact angle is still subject to 
controversy. However, all authors agree on the 
fact that if a surface is blasted at an angle between 
45 and 90º Ra is not affected [4]. According to 
Pawlowski [10], using an angle of 30 degrees, an 
Ra of 5um is obtained, sufficient for the purposes 
of this investigation. Next, they were cleaned in 
an ultrasonic bath with ethyl alcohol to remove 
impurities, yielding an average roughness (Ra) 
of 4.9 ± 0.77 µm (an optimal result for coatings 
by oxyacetylene thermal spraying), which was 
measured using a profilometer Mitutoyo SJ 201 [4].
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For fabrication of the coatings, commercial reference 
powders CPM 1205TM and MetaCeram 25088TM 
of commercial Castolin-Eutectic were used. The 
first was a base nickel-base alloy used for the bond 
coat, which counteracts the difference in thermal 
expansion coefficients of the substrate and the 
ceramic layer, improving adhesion. The second is 
a ceramic powder of ZrO2-36 wt% Al2O3 used to 
exploit the good thermal properties of zirconia and 
the tribological properties of alumina. The chemical 
composition of the powders was obtained by X-ray 
fluorescence (XRF). The size distribution of the 
MetaCeram25088TM particles was determined by 
laser dispersion (Master Size 2000E); meanwhile, the 
size distribution of the CPM 1205TM was determined 
by analyzing the scanning electron microscopy 
(SEM) micrographs using Image-J software.

The coatings were deposited using an Areste I camera 
developed by the GIPIMME Group of the University 
of Antioquia (Colombia), which is equipped with a 
Castolin-Eutectic Terodyn 2000 torch and a RAYTEK 
infrared pyrometer to measure the surface temperature 
of the substrate, as well as the electromechanical 
systems that control the speed of the torch and the 
sample holder. The parameters used are presented 
for the both coating anchoring layer (CPM 1205TM) 
and the ceramics powder (MetaCeram 25088TM). 
In Table 1 a spray distance of 15cm was employed 
for the bond coat, along with an oxidizing flame 
obtained from a mixture of 59.46 L/min of O2 with 
21.18 L/min of C2H2. For the ceramic layer, three 
projection distances (8, 9 and 10cm) and two flames, 
an oxidizing flame obtained from a mixture of 59.46 
L/min of O2 with 21.18 L/min of C2H2 and a super-
oxidant flame obtained from a mixture of 91.18 L/
min of O2 with 21.18 L/min of C2H2 were tested. 
The number of passes for the bond layer and the 
ceramic layer was 3 and 7, respectively. All of these 
parameters were obtained at the recommendation of 
the powder supplier and through pilot testing.

In Table 2, the sample designations are presented 
by the type of flame and the spray distance, where 
the letter O corresponds to an oxidizing flame, 
the letters SO correspond to a super-oxidant, and 
the numbers 8, 9 and 10 correspond to the torch-
substrate distances in cm.

The porosity of the coatings was calculated from 
optical microscopy images of the cross-section 

Table 1. The thermal spraying parameters of the 
coatings MetaCeram 25088TM and CPM 
1205TM.

Parameter
MetaCeram 

25088TM 

[ZrO2-Al2O3]

CPM 
1205TM

Pressure O2 (Psi) 50 50
Pressure C2H2 (Psi) 12 12
Pressure N2 (Psi) 40 40
Pressure air (Psi) 30 30
Flow O2 (l/min) 59.46* 91.18* 59.46*
Flow C2H2 (l/min) 21.18* 21.18** 21.18*
Flow N2 (l/min) 17 17
Speed torch (cm/s) 0.59 0.72
Speed sample holder (rpm) 116 116
Preheating temperature (ºC) 155 160 196 233
Substrate emissivity 0.685 0.8
Passes projection 7 3
Projection distance (cm) 8 9 10 15
Powder flow (g/min) 9 46.8

* Oxidizing flame. ** Super-oxidant flame.

Table 2. The sample designations according to the 
type of flame and spray distance.

Designation Flame type
Projection 

distance (cm)

O8

Oxidizing
8

O9 9
O10 10
SO8

Super-oxidant
8

SO9 9
SO10 10

of the samples according to the ASTM 2109-01 
standard protocol [11].

The microhardness of the coatings was measured 
using a Vickers microhardness indenter (Shimadzu 
HMV-G). The critical load for the coatings obtained 
with the oxidizing flames and the super-oxidants 
was 120 and 150 g, respectively, with a hold time 
of 15 s. A total of 10 indentations were taken in air 
at room temperature in accordance with the ASTM 
1327-08[12] standard protocol.

The surface morphology and cross section of 
the samples were evaluated using SEM at a high 
magnification. The samples were prepared according 
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to ASTM E 1920-03 [13]. MicroTest tribometer was 
used in the ball-disk configuration to test the wear. 
A sphere of polished alumina 6 mm in diameter was 
used as the ball, and disc-shaped coated substrates 
2.56 cm in diameter and 1cm thick were used. 
They were polished with abrasive SiC paper until 
an average roughness (Ra) of 11.12 ± 0.24 μm was 
obtained. After, they were subjected to wear tests 
while the following parameters were held constant: 
a disk speed of 95.5 rpm for 20000 cycles, a load of 
5 N and a sliding speed of 0.1 m/s; the diameter of 
the track was 10 mm with a distance of 1256.6 min 
3.5 hours. The wear rate (W.R) was calculated using 
equation (1), as reported by [6,14].

W.R.= Wear  volume
Load × distance covered

=
2πrAd
P2πrNc

=
Ad
PNc

(1)

Where Ad is the area of the profile of the mark on 
[µm2]. Ad was determined from 10 measurements 
of the wear track, for which a Leica-brand confocal 
microscope was used.

The corrosion resistance was evaluated by 
electrochemical impedance spectroscopy (EIS) 
using a Gamry galvanostat potentiostat. The 
polarization experiments were performed using 
an electrochemical cell with three electrodes. Steel 
was used as the working electrode, a platinum 
wire as the counter electrode and a silver chloride 
electrode as the reference electrode. An electrolyte 
solution of 0.012% acetic acid with a pH of 5.5 
was also used. Acetic acid is commonly used as an 
electrolyte buffer to evaluate corrosion in low-density 
coating systems or thin films using electrochemical 
methods. The pH values can be maintained at 6 to 
avoid excessive production of H2, thus controlling 
the damage against the iron substrate and allowing 
evaluation of the coating performance as a function 
of the spray parameters. Also, acetic acid allows 
adding controlled ion concentrations such as Cl- and 
Br- without modifying the pH level, to evaluate the 
coating damage of these ions [15-18].

Electrochemical impedance tests (EIS) were 
performed at a potential frequency of Vrms = 
5  mV amplitude in an open circuit potential. 
Electrochemical impedance tests (EIS) were 
performed at a frequency of 105-10-1 Hz, with a 
potential amplitude of Vrms = 5mV.

RESULTS AND DISCUSSION

Chemical composition and morphology of the 
starting powders (MetaCeram 25088TM and 
CPM1205TM)
In Table 3, the XRF results of the chemical composition 
of the powders and CPM1205TM MetaCeram 25088TM 
are shown. It is noted that the powders used as the 
bond coats have a 97.62 wt% of Ni, 1.79 wt% Si 
and small amounts of iron, aluminum and copper.

Table 3. Chemical composition of the powders XRF 
MetaCeram 25088TM and CPM 1205TM.

MetaCeram 25088 TM CPM 1205TM

Compound (wt%) Element (wt%)

ZrO2 59.72 Ni 97.62
Al2O3 35.7 Si 1.79
HfO2 0.94 Fe 0.34
MgO 0.35 Al 0.18
Y2O3 0.25 Cu 0.07

Others 2.74

The particle size distribution obtained for the 
MetaCeram 25088TM ranged between 15 and 
94 µm with an average size of 50 µm; meanwhile, 
the powder CPM 1205TM ranged between 20 and 
70 µm, with an average size of 31 µm.

The analysis of the morphology of the powders was 
performed using SEM micrographs. In Figure 1, 
the powder morphology of MetaCeram 25088TM is 
observed (see Fig. 1a); it consisted of spherical particles 
of micrometer agglomerated and sintered alumina 
nanoparticles (dark areas) and zirconia (light areas) 
[19], (see the cross-section of a microsphere, Fig. 1a’).

For the material of bond coat (CPM 1205TM), the 
micrometric particles are round or oval, and they 
are obtained by spraying (spray dry) in water (see 
Fig. 1b) [10]. A cross section of these particles (see 
Fig. 1 b ‘) illustrates that some are hollow, which 
facilitates their melting in the flame.

ANALYSIS OF THE MORPHOLOGY 
OF COATINGS

Bond coat (CPM 1205TM)
In Figure 2, the morphology is presented in the 
SEM images of the nickel-base alloy (CPM 
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1205TM) coating used as a bond coat. Lamellae 
were observed having formed from the completely 
melted particles of different sizes, and the stacking 
faults and macrospores of such coatings are also 
noted. An average thickness of 249 microns was 
measured, with an average porosity of 4.9 ± 1.6%, 
which is lower than the thicknesses reported by 
other authors (7.2 ± 1.6% and 23.7 ± 3.4%) for 
similar coatings [20,21]. The parameters used 
for the projection of this layer (see Table 1) are 
therefore considered suitable because they allow 
the largest amount of particles of the starting 
powder to melt, which then optimally adhere to 
the substrate with a lower porosity.

Layer of ZrO2 -36%Al2O3 (MetaCeram 25088TM)

In Figures 3 to 8, the morphology of the coatings 
of ceramic layer (MetaCeram 25088TM) samples 
O8, O9, O10 are presented (for SO8, SO9, SO10, 
see Table 2). Part a) of Figures 3 to 8 corresponds 
to the coating surfaces, where the following main 
features are observed: splats (1), bimodal areas (2), 
cracks (3), pores produced by particle evaporation 
(4) and (5). Meanwhile, part b) corresponds to 
the micrograph of a cross section of the coating 
in which the following features are observed: 
lamellae (1), bimodal areas (2), cracks (3), pores 
(4), stacking faults (5) and the substrate (6). The 

Figure 1. Micrograph powders. a) MetaCeram 25088TM. b) CPM powder 1205TM.

Figure 2. The morphology of the bond coat (CPM 1205TM) by SEM: (a) the surface view and b) the 
cross-sectional view.
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splashes are formed when the melted particles are 
hitting the surface are flattened to form a disc or 
splash shape. The lamellae are the result of molten 
particles and form parallel to the substrate. Bimodal 
areas result from agglomerated nanoparticles (see 
Figure 1a), which, at the time of passing through 
the flame, are partially melted leaving unmelted 
particles trapped by others that have completely 
melted. The formation of these areas was also 
reported for these same coatings by A. González 
et al. [22], although in smaller quantities, but they 
used atmospheric plasma spraying. This type of 
bimodal area improves the mechanical properties 
of the coatings, such as the prevention of fracture 
resistance and crack propagation by dissipating 
energy in the nanometric areas [14, 19].

The cracks are generated by the impact and rapid 
solidification of the splat and are typical of this 
type of coating [6, 7, 10, 23, 24]. Stacking defects 
occur from the irregularities of the substrate or a 
previously deposited layer [14]. The circular pores 
correspond from the partial evaporation of particles.

In the images (Figures 4 to 9), areas of white, dark 
gray and light gray appear; the white areas correspond 
to the ZrO2 phase. Dark gray corresponds to the Al2O3 
phase, and light gray lamellae are associated with a 
solid solution of ZrO2 and Al2O3 and correspond to 
these phases: m – ZrO8 Al12O8(corindon), t – Zr2O3.94, 
c – Zr4O8. In Figure 3, you can see the present 
phases as two amorphous zones, the first between 
24 and 36 degrees and the second between 53 and 
65 degrees. Some investigators reported similar 

results in coatings made with the same powder using 
atmospheric plasma spraying (APS) and plasma 
but with the raw material in a suspension [19, 25].

Porosities of approximately 5% for the coatings 
obtained with an oxidizing flame and between 6 
and 9% for the super-oxidizing flame were found 
(see Table 4). This demonstrates the relationship 
between the porosity and the type of flame, where 
the porosities of the coatings obtained with oxidizing 
flames are lower than those obtained with super-
oxidizing flames; this sort of behavior was also found 
by C. Cano et al., who noticed that, by lowering the 
flame temperature, the splat size decreases and the 
amount of unmelted particles increases, therefore, 
increasing the porosity [26].

The results show that the porosity tends to decrease 
as the projection distance increases. As the projection 
distance increases, the number of particles that 
are deflected is lower because the kinetic energy 
decreases, resulting in a more uniform coating.

The porosity of the coatings obtained with the 
same powder and the same technique, but with 
the thermal spray parameters, is lower in this work 
than the porosities reported by A. Gonzalez et al. 
They report porosities between approximately 15% 
and 18% [20].

MICROHARDNESS AND WEAR 
OF CERAMIC COATINGS 
(METACERAM 25088TM).

In Table 4, the percentage of porosity, Vickers 
microhardness and wear rate of the ceramic coatings 
are reported. It is noted that there is no relation 
between the microhardness and the type of flame 
and spray distance (8, 9 and 10cm) with very similar 
results ranging from 7.8 ± 0.6 and 8.6 ± 0.4 GPa. 
It is known that measuring the microhardness of 
coatings obtained by thermal spraying is widely 
affected by the defects [7,10]. For each hardness 
measurement, at least 20 indentations were 
performed, but only 10 filled the requirements of 
the standard protocol [12]; the selected traces were 
normally in well melted areas of the coating well, 
and this is why the microhardness values are similar 
for all samples. When comparing the values obtained 
in this work with those reported by other authors, 
the coatings obtained by flame spraying were found 

Figure 3. XRD pattern O8 coating obtained with 
an oxidizing flame at a distance of 8cm.
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Figure 4. The morphology of the O8 sample: a) the surface and b) the cross- section of the coating.

Figure 5. The morphology of the O10 sample: a) the surface and b) the cross- section of the coating.

Figure 6. The morphology of the O10 sample: a) the surface and b) the cross- section of the coating.

to have microhardnesses ranging between 2.02 and 
6.22 GPa [20], while the coatings obtained using 
the same powder but with the APS technique have 

microhardnesses of 10.1 GPa [22], which is greater 
than the one found in this work. The larger value 
is justified by a lower percentage of porosity and 
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a greater amount of molten particles, which was 
expected for coatings obtained by APS.

From the results of wear resistance, it is observed 
that all are of the same order of magnitude, ranging 

between 1.2×10−4 and 2×10−4 mm3/Nm. These, are 
higher than those reported by A. González et al. 
(4.6×10−5 mm3/Nm) [22] and J. Suffner et al. 
(11.03±0.17×10−5 mm3/Nm) [19], who used APS 
to obtain the coatings. In Figure 10, the morphology 

Figure 7. The morphology of the O10 sample: a) the surface and b) the cross- section of the coating.

Figure 9. The morphology of the SO10 sample: a) the surface and b) the cross- section of the coating.

Figure 8. The morphology of the SO10 sample: a) the surface and b) the cross- section of the coating.
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of the wear surface is shown for the test on S08 
sample. The images of the other samples are 
similar, and for this reason, they are not presented 
here. The observed ductile deformation zones were 
caused by the contact between the coating and the 
alumina ball used as the counterbody [27]. This 
phenomenon generates withdrawn particles (debris) 
and abrasion marks on the surface (grooves). The 
particles are broken away or detached (debris) also 
generate plastic deformation, and the hardest ones 
tilled the softer surface to produce edges that were 
flattened with the contact of the passing ball, and 
they formed continuous protrusions that become 
flakes during the plastic deformation wear [27].

ELECTROCHEMICAL CORROSION TESTS

In Figure 11, the Bode plot for a sample of bare 
steel is presented, and Figures 12 and 13 show the 

diagrams for samples coated using an increasing 
oxidizing and super-oxidant flame, respectively. 
From these it is seen that low frequency steel has a 
polarization resistance (Rp) of 4.908 KOhm, which 
is similarly reported in reference [28] for the same 
type of steel.

It is clear that for the coatings made with a super-
oxidizing flame, the resistance during polarization 
is greatly increased as the spray distance increases 
(see Figure 13), indicating an improvement in the 
ability of protecting against corrosion. This was 
also observed in the morphology of the coatings, 
where, at a greater spray distance, the surface 
morphology was more uniform (see Figures 7, 
8, 9) resulting in a lower porosity (see Table 4). 
Furthermore, it was inferred that, for coatings made 
with an oxidizing flame, shorter distance projection 
resulted in a higher polarization resistance (see 
Figure 12).

Also in Figures 12 and 13, the effects of the two 
types of metal (Ni and Steel) are observed because 
two elements of constant phase are observed: the 
first is between 100 and 1 kHz, and the second 
is between 1 and 0 Hz. This indicates that nickel 
forms its own element of constant phase. Table 5 
lists the polarization resistance for each of the 
samples.

According to the results reported in Table  5, 
coating a bilayer of coatings of ZrO2-Al2O3/
Ni protects the substrate in the worst case, 
approximately 27 times better than if it were 
uncoated. Therefore, the coatings can be used to 
protect steel surfaces (AISI SAE 1020) exposed 
to corrosive environments.

Table 4. The mechanical properties of the coatings 
(MetaCeram 25088TM).

Sample
Porosity 

[%]

Average 
pore area 

[µm2]

Microhardness
Vickers 
[GPa]

Wear rate 
×10-4

[mm3/N.m]
O8 5.3 ± 0.9 14.9 ± 1.2 7.8 ± 0.6 1.3 ± 0.07
O9 5.1 ± 0.9 15.4 ± 1.7 8.4 ± 0.9 2.1 ± 0.20
O10 5.4 ± 1.2 16.1 ± 1.6 8.6 ± 0.3 2.1 ± 0.46
SO8 9.1 ± 1.1 18.2 ± 1.3 8.0 ± 0.4 1.2 ± 0.13
SO9 6.9 ± 1.1 17.7 ± 1.5 8.3 ± 0.4 1.7 ± 0.31
SO10 5.8 ± 0.9 17.0 ± 1.9 8.2 ± 0.6 1.3 ± 0.20

Figure 10. The morphology of the wear track of the 
SO8 coating.

Table 5. The polarization resistance of the bilayer 
coatings ZrO2-Al2O3/Ni for different 
configurations.

Sample Polarization resistance (KOhm)

O8 224.4
O9 194.6
O10 188.7
SO8 130.9
SO9 175.4
SO10 233.4
AISI SAE 1020 4.908



Ingeniare. Revista chilena de ingeniería, vol. 25 Nº 4, 2017

730

CONCLUSIONS

Bilayer coatings (ZrO2-Al2O3/Ni) were elaborated 
by oxyacetylene thermal spraying on steel substrates 
AISI SAE 1020. The first layer (bond coat) was 
fabricated using a commercial powder of a nickel-
base alloy (CPM1205TM) with an oxidizing flame 
and a spray distance of 15 cm. The second layer 
is made from a mixture of ZrO2-36 wt% Al2O3 
(MetaCeram 25088TM) applied using both super 
oxidant and oxidant flames at spray distances of 
8, 9 and 10 cm.

The morphology of the bond layer (CPM1205TM) 
demonstrates the formation of lamellae from 
completely molten particles, and the stacking 
faults and micropores of these coatings are also 
acknowledged.

For the ceramic layer, the morphology of the surface 
and the cross section of the coating were evaluated, 
showing the formation of bimodal areas due to 
nanoparticulate agglomerations in other micrometric 
agglomerations that, when crossing the flame, are 
partially melted, leaving unmelted particles trapped 
by melted particles.

The results of Vickers microhardness and wear 
resistance tests for the ceramic coatings do not 
change when varying the type of flame and the 
spray distance (8, 9 and 10 cm).

It was evident that using a super oxidant flame, 
the resistance to polarization increases as the 
spray distance increases; meanwhile, for samples 
with the oxidizing flame, the opposite behavior 
was observed. When comparing the corrosion 
resistance of the steel substrate AISI SAE 1020 
and the coated samples, a significant increase was 
observed, meaning that these bilayer coatings can 
be used to protect steel surfaces AISI SAE 1020 
exposed to corrosive and erosive environments, 
thus demonstrating the utility and versatility of 
the flame spray technique.
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Figure 11. The Bode diagram for steel AISI SAE 
1020 in a solution of 0.012% acetic acid 
with a pH of 5.5.

Figure 12. The Bode diagrams for O8, O9 and O10 
samples in a solution of 0.012% acetic 
acid with a pH of 5.5.

Figure 13. The Bode diagrams for coated SO8, 
SO10, SO9 and substrates in a solution 
of 0.012% acetic acid with a pH of 5.5.
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