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Abstract 

 

In this study, ASTM A53 grade B steel samples were coated with 13% chromium 

steels via electric arc thermal spraying (EATS); these samples underwent 

oxidation cycles at 500°C and 600°C. Scanning electron microscopy (SEM), 

energy dispersive spectroscopy (EDS), and X-ray diffraction (XDR) were 

performed to study the composition, morphology, and structure of the chromium 

oxide (FeCr2O3) layer formed on the surface. Layers formed on the steel without 

coating were continuous, had low adherence, and mainly composed of Fe3O4 and 

γ-Fe2O3. Samples without coating exhibited high mass loss because protective 

oxides were not formed and oxide husk could be detached easily. Samples coated 

via EATS exhibited a good performance because of the presence of an 

anticorrosive FeCr2O3 layer, thereby presenting good adherence between the 

chromium layer and the substrate. This phenomenon prevented the oxide husk 

from detaching easily from the substrate. 
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1. Introduction 
 

This study aims to improve the performance of industrial equipment and 

achieve excellent thermal efficiency by developing materials with better 

protective properties against aggressive environments at high temperatures. 

Industrial equipment, such as boilers, must have high-temperature corrosion 

resistance because high temperatures expedite the deterioration of their parts and 

accessories. Active elements of the substrate react at high temperatures, forming 

an oxide layer that generally lacks good adhesion, thereby leaving the substrate 

unprotected. 

 

By increasing the chromium content in alloys, the oxidation resistance of steels 

considerably increases because chromium is selectively oxidized, thereby forming 

a protective chromium oxide (Cr2O3) layer. Cr2O3 layer, unlike the iron oxide 

layer, is compact, continuous, and has good adhesion. This layer can occasionally 

detach from the substrate due to the thermal shocks generated by alternating 

cooling and heating cycles. Further, thermal stresses may build up in the oxide 

layer due to the difference in the thermal expansion coefficients of the substrate 

and protective oxide layer [1, 2]. 

 

Systems that operate at high temperatures following thermal cycles exhibit 

different isothermal and cyclic oxidation kinetics. Cyclically oxidized layers have 

cracks due to oxide stresses, thereby detaching it from the substrate layer. Alloys 

that undergo thermal cyclic oxidation must be monitored for their oxidation 

behaviors to better understand their corrosion resistance under high temperatures. 

Thus, cyclic oxidation has become one of the most important and frequently used 

method to study oxidation behaviors at high temperatures [3, 4]. 

 

The composite oxide layer crack, break, and subsequently separate from the 

substrate during the cooling period of a thermal cycle due to drastic temperature 

variations and difference in the thermal expansion coefficients of the substrate and 

oxide layer generated, thereby producing thermal stress. Moreover, any defects in 

the oxide layer may increase the generation and propagation of cracks, gradually 

separating it from the substrate. If the oxide layer is detached from the substrate 

during a thermal cycle, the substrate will be exposed to the environment. Thus, 

this surface substrate will have less alloying elements and, consequently, the 

subsequent oxide layer generated will be less protective. If the chromium content 

in the alloy/oxide layer interface falls below a critical level during oxidation, then 

an iron-rich oxide layer will be formed; this layer is more porous, exhibits faster 

growth, and therefore, is less protective. The corrosion protection performance of 

an oxide layer is determined by factors, such as cooling speed and frequency of 

thermal cycles, which deteriorate the mechanical behavior of the oxide layer. The  
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effect of cycle frequency on the oxidation behavior is complex and depends on the 

adhesion of the oxide layer, the type of defects that control oxide breakage and 

separation of the oxide, the total time and the temperature of the test. Usually, the 

higher the cooling rate, the greater the amount of rust that is detached [3-5]. 

 

Thermal arc spraying is a frequently used method to coat metals and alloys 

because it offers better corrosion and wear resistance, is cost-effective, and has 

high deposition rate [6-8]. Thus, it is preferably used for protecting industrial 

equipment that operate at high temperatures. However, materials coated using this 

technique have porous oxide layers and contain micro and macro cracks produced 

due to the heterogeneity in the feeding materials and the rapid cooling of the 

deposit when it reaches the substrate. Controlling these variables may allow 

achieving good-quality coatings with low porosity [8-10]. 

 

In thermal arc spraying, two consumable wires are fed simultaneously to 

finally meet at a point and form an electric arc, which melts and pulverizes the 

tips of the wires. A gas, commonly compressed air, is directed through the area of 

the electric arc, thereby atomizing the molten metal and projecting the particles 

onto the substrate. The molten particles that deposit on the substrate quickly 

solidify to form a coating [9-12]. 

 

2. Experimental Procedure 
 

Several ASTM A53 grade B steel test specimens (dimensions: 10 × 7 × 5 cm3) 

were manufactured herein. ASTM A53 grade B steel is commonly used in boilers. 

The chemical composition of ASTM A53 grade B steel is listed in Table 1. The 

samples underwent sanding process using emery paper No. 80, 200, 320, and 400 

to obtain a uniform surface for the cyclic oxidation test. The oxide layer coating 

had good adhesion because of suitable anchor depth profile achieved using 

thermal arc spraying. Half of the specimens were coated with chromium via 

thermal arc spraying at a pressure of 55 Psi and at 15–20 cm between spray gun 

and substrate. 420 stainless steel wires with 1.6-mm diameter were used; the 

deposition rate was3.5 kg/h at 100 amps. 

 

Table 1. Main Chemical Composition of ASTM A53 Grade B Steel 
 

C Mn P S Cu Ni Cr Mo V 

0.3 1.2 0.05 0.045 0.4 0.4 0.4 0.15 0.08 

 

After coating deposition, cyclic oxidation tests were performed in a convection 

oven at 500°C and 600°C. The oven was programmed to automatically perform 

50-min heating cycles, after which the samples were removed and kept 30 cm 

away. Then, the samples underwent 10-min cooling cycles, thus approaching the 

work cycles to which these steels are usually exposed. To changes in the mass of 

the samples were measured using an analytical scale calibrated at 10-5 g before the  
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samples were placed in the oven and after 5, 10, 25, 50, 100, 150, 200, and 500 

oxidation cycles. The oxides generated were characterized in each of these stages 

via scanning electron microscopy (SEM), dispersed energy spectroscopy, and x-

ray diffraction (XRD), obtaining the samples’ chemical composition and 

superficial cross-section images. These images were used to identify the 

topography, porosity, and homogeneity of the oxides as well as the changes 

caused by their exposure to this environment, which is directly related to the 

formation of an oxide layer. 

 

3. Results and Discussion 
 

Coated and uncoated samples were subjected to cyclic oxidation at 500°C and 

600°C; the mass of the samples increased during the first five cycles due to the 

formation of iron oxides (non-protective) in the uncoated steel and chromium–

nickel oxide in the coated samples. 

 

Figure 1 shows mass variation in the two types of samples at 500°C during 500 

cycles. After 30 cycles, the mass of uncoated samples decreased because the oxide 

husk (iron oxides) formed easily on the sample surface. Further, the oxide layer 

detached from the substrate due to compressive stress generated by difference in 

thermal expansion coefficients of the oxide layer and substrate [2-4]. After 5 

cycles, iron oxide spinels begin to appear, generating a layer that isolates the 

substrate from the oxidizing environment. However, after 10 cycles, Fe2O3 and 

Fe3O4 are generated, which are porous oxides released during the cooling cycle. In 

contrast, the coated samples report a constant mass gain; the mass increased 

considerably during the first 150 cycles and remained stable thereafter. This 

indicates that chromium and nickel oxides are more protective and form slower 

compared with the iron oxides generated in the uncoated samples. Moreover, 

chromium and nickel oxides do not detach easily, thus preventing considerable 

mass loss. 

 

 
 

Figure 1. Mass Variation of Samples Subjected to Oxidation Cycles at 500°C 
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At 600°C, both samples show similar mass-variation behaviors in the first 5 

cycles, reporting mass gains (Figure 2). In the first 10 cycles, the uncoated 

specimens display a clear decrease in their mass; the masses of the samples 

continue to decrease until it reaches a minimum value at the 500th cycle. The 

previous phenomenon is similar to that observed at 500°C; however, at 600° C, 

the mass loss began a few cycles earlier and was faster. For the coated samples 

subjected to cyclic oxidation at 600°C, the decrease in mass is less drastic, starting 

after 5 cycles, recovering quickly, and reaching an almost constant mass variation 

(0.25 g on average) up to 150 cycles. An evident mass loss was observed, which 

lasted up to 200 cycles before finally stabilizing; a compact chromium–nickel 

oxide layer is generated, which adheres to the substrate. 

 

The samples coated via thermal arc spraying exhibited a better protective behavior 

against cyclic oxidation at 500°C compared with that at 600°C because the 

samples did not undergo mass loss at 500°C, preventing the detachment of oxide 

layer from the substrate. 

 

 
 

Figure 2. Mass Variation of Samples Subjected to Oxidation Cycles at 600°C 

 

Figure 3 shows the cross section of an uncoated sample after 25 oxidation cycles 

at 500°C obtained via SEM. From left to right, the darker area indicates Bakelite, 

followed by the oxide layer and the lightest area corresponding to the substrate. 

This image shows the 200- μm-thick oxide layer (Fe2O3 and Fe3O4) generated on 

its surface. This layer exhibits high porosity and ~100-μm-long crack toward the 

substrate, which will lead to its future detachment from the substrate. 

 

Figure 4 shows the SEM image for the cross section of a sample coated with 

Chromium–Nickel alloy after 5 oxidation cycles at 500°C, in which a 

heterogeneous coating of ~250-μm thickness with considerable porosity is 

observed. Points 1 and 2 in the image obtained via EDS analysis indicate the 

presence of 98.6% Fe, 1.2% O, and 0.2% C on the substrate. Points 3 and 4 

indicate the bond layer (nickel). Point 5 indicates an unmelted particle 

(chromium). Subsequently, points 6–9 indicate the coating with 22.4% Fe, 57.2%  
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Cr, 18.4% Ni, and 2.0% O. Finally, point 10 shows a small oxide layer with the 

following composition: 68.5% Cr, 21.4% O, and 10.1% Ni. It is evident that good 

adhesion exists between the coating and the substrate because the coating–

substrate interface is continuous and Cr–Ni oxide is generated on the coating 

surface [13-16]. 

 

 
Figure 3. Cross-Section Image of ASTM A53 Grade B Sample after 30 Oxidation 

Cycles at 500°C. 
 

 
Figure 4. Cross-Section Image of a Coated Sample after 5 Oxidation Cycles at 

500°C 

 

Figure 5 shows the coated specimen after 50 oxidation cycles at 500°C. The 

thickness of the oxide layer increases, generating an inter-diffusion of the nickel 

and chromium layer and an increase in its porosity. Figure 5 shows the Bakelite in 

area 1, followed by an oxide layer (area 2), for which the EDS analysis reports 

79% Cr, 15.2% O, and 5.8% Ni. Area 3 shows the coating with 27.3% Ni, 61.7%  
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Cr, 8.3% Al, and 2.7% O. Finally, in area 4, the substrate is located with the 

following contents: 97.5% Fe, 2.1% O, and 0.4% C. It is evident that the 

generated oxide layer is starting to detach due to its high porosity, separating from 

the coating, which is consistent with Figure 1 and the literature [17-19], where a 

gradual growth is reported in mass variation with small periodic decreases in 

mass. 
 

 
 

Figure 5. Cross-Section Image of a Coated Sample after 50 Oxidation Cycles at 

500°C 

 

After 200 oxidation cycles at 500°C, the thickness and porosity of the oxide layer 

continues to increase. The EDS analysis for the surface oxide layer under the 

aforementioned conditions reported the composition of 10.2% Fe, 68.9% Cr, 

17.3% O, and 3.6% Ni. The nickel layer on the substrate is composed of 91.3% 

Ni, 6.4% Cr, 2% Fe, and 0.3% O. This layer is highly porous, allowing oxidation 

of the bond layer (nickel) with 74.8% Ni, 0.3% C, and 24.9% O were reported. At 

last, the substrate is located. 

 

Finally, after 500 oxidation cycles at 500°C, the cracking and detachment of the 

oxide layer generated in the coating became evident. Figure 6 shows the 

detachment of the outermost oxide layer. EDS analysis revealed the average 

composition of this layer to be 28.4% O, 44.3% Cr, and 27.3% Ni. In these areas, 

pore sizes continue to increase, facilitating its subsequent detachment and leading 

to a decrease in mass variation. The previous phenomenon increases with the 

number of cycles and as temperature increases (Figure 2). Next, the Cr–Ni coating 

may be observed, which has less thickness and homogeneity, thus allowing for the 

generation of discontinuities in its topography and promoting the oxidation of the 

substrate. The composition reported for this Cr–Ni coating is 18.3% Fe, 46.2% Cr, 
25.6% Ni, and 9.9% O. Herein, because of the high porosity in the coating obtained 
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via deposition process and increased by the constant thermal changes, the coating 

has begun to separate from the substrate, thus reducing its adherence to it. 
 

 
Figure 6. Cross-Section Image of a Coated Sample after 500 Oxidation Cycles at 

500°C 

 

The behavior observed in Figure 6 for the coated samples subjected to cyclic 

oxidation at 500°C in 500 cycles is verified in Figure 7, which displays the cross-

section image of a coated specimen subjected after 500 cycles at 600°C. The 

separation between the nickel layer and substrate, where the iron oxide films 

(Fe2O3 and Fe3O4) grow, is more evident. The figure also indicates the absence of 

chromium as well as the oxidation and reduction in the thickness of the nickel 

layer, which has larger porosities than those observed at 500°C for the same 

number of cycles. This phenomenon is aligned with the notable decrease in mass 

variation under these conditions (Figure 2). 

 

 
Figure 7. Cross-Section Image of a Coated Sample after 500 Oxidation Cycles at 

600°C 
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XRD tests for uncoated ASTM A53 grade B steel samples oxidized at 500°C 

reported a composition mostly comprising iron oxide, followed closely by 

magnetite and goethite in a much lower proportion. In short, Fe2O3 has been 

identified as the main phase in the oxides generated in the uncoated samples. For 

the samples coated via thermal arc spaying, NiO and Cr2O3 are the main phases 

observed in addition to the presences of Fe2O3 in the coating–substrate interface. 

 

4. Conclusions 
 

*ASTM A53 grade B steel samples coated with 420SS stainless steel deposited 

via thermal arc spraying exhibit good adhesion and better resistance to oxidation 

compared with the same uncoated samples, after being subjected to cyclic 

oxidation for 500 cycles at 500°C and 600°C. 

 

*The coated samples exhibited a protective behavior against cyclic oxidation 

because their mass gradually increased (oxide generation) during the first 150 

cycles at 500°C and then decreased, reaching a constant value; the oxide layers 

exhibited good adhesion to the substrate. The SEM images of the oxidized 

coatings show the chromium-rich oxide layers on the surface, despite the high 

porosity of the coating. 

 

*Iron oxide layers were formed on the uncoated samples which experience 

constant mass gain for the first 10 cycles. However, due to the easy detachment of 

the oxide layer, a stable mass loss was then initiated in the subsequent cycles. 

High porosity and the generation of cracks were the cause for the detachment of 

the oxide layers, leaving the substrate exposed to harsh environment. 
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