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ABSTRACT 
Aluminum oxide and chromium oxide are coated over the surface of the austenitic steel 304 and 309 materials by plasma spray 
technique to enhance the high temperature oxidation resistance. High temperature oxidation experiments are conducted on bare 
and coated specimens in CO2 + O2 environment at 650°C and 750°C under isothermal oxidation condition. The gravimetric 
technique is used to conduct the experiment and oxidation kinetics is analyzed. SEM and XRD techniques are used to analyze the 
formation of oxide layer over the surface of the coated and uncoated specimen. At 650°C and 750°C oxidation resistance of 
Alumina coated surface is better than Chromia coated surface and uncoated surface. At 650°C and 750°C Chromia coated surface 
showed more oxidation resistance than uncoated surface. Both Al2O3 and Cr2O3 coated surfaces showed better oxidation resistance 
than the uncoated surface. At 650°C and 750°C oxides scale composed of Fe3O4, Fe2O3,NiFe3O4and (Fe, Cr)3 O4 is formed uncoated 
surface of material and the scale composed of Al2O3 over the alumina coated surface and Cr2O3 oxide layer formed over the surface 
of the Chromia coated material. Alumina oxide and Chromia oxide layers which formed on the surface of the material are 
protective against high temperature oxidation. 
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INTRODUCTION 

 

Supercritical fossil fuel power plants with high efficiencies have much lower emission than subcritical 

plants for a given power output. Steam temperature is a key factor, which controls the plant efficiency and the 

emissions. Increasing the steam operating temperature and pressure will proportionally increase the plant 

efficiency with reduction in the emission of CO2 gas. Materials used in the power plant should withstand against 

creep, oxidation and Hot Corrosion, with increase in the steam operating temperature [1,2]. To allow these 

increases, advanced materials are needed that are able to withstand the higher temperature and pressure in terms 

of strength, creep and oxidation resistance. In recent years anew group of austenitic stainless steels have been 

developed with chromium content upto 18%.Typical representatives of these stainless steels are 304, 309, 310, 

316 and 347H, which are now a days widely used in the supercritical power plants. [3]. High temperature 

oxidation performance of these alloys in the mixed gas environment has been one of the main scientific and 

engineering interests in the large field of environmentally induced degradation of materials over the past 18 

years [11]. It is well known that parts of boiler system are exposed to high temperature oxidation and hot 

corrosion that are recognized as the main factors for degradation of boiler parts. [12] Many service 
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environments are steam as internal flow and CO2,CO and O2 are external flow in heat exchangers of boiler parts. 

All have harmful influence is oxidation resistance all the underlying metals. In general most of the metals are 

thermodynamically unstable with respect to ambient cases such as CO, O2 and CO2 at elevated temperature; 

finally the gas reacts with the surface of the boiler parts to form different compounds such as oxides or spinel. 

The certain compound may protect the underlying metals are may also thicken unproductive scale with various 

defects such as cavities, micro cracks and porosity [15]. Chromium leading steels used in high temperature 

application are subjected to break way: the transition from protective oxidation Cr2O3 scale, due to the further 

fast oxidation characterized by a rapid growth of iron rich oxides. The loss of protective properties is accelerated 

in the presence of CO2 atmosphere as compared to air or oxygen [16]. Generally the metallic materials are 

protected against high temperature oxidation by formation protective oxide scale such as Cr2O3,SiO2 or Al2O3. 

Among these oxides, Cr2O3  and Al2O3 having good physical and chemical properties. Cr2O3 and Al2O3 have 

high mechanical strength, chemical neutrality and low rate of corrosion in most environment and extremely low 

oxygen diffusion rate [16]. Taking all this aspects into consideration this present work, high temperature 

oxidation behaviour austenitic stainless steels 304 and 309 are investigated with Alumina and Chromia surface 

coating and without surface coating in CO2+O2 environment condition under isothermal exposure at 650°C and 

750°C. The oxidation rate kinetics are presented and subsequently explained on the basics of surface 

morphology and composition of the oxide layers formed over the surface. 

 

2. Experimental: 

2.1. Specimen preparation:  

Austenitic steel 304 and 309 were collected from BHEL Trichy, Tamilnadu. Rectangular specimens with 

dimensions of 10×10×5mm3 were cut by the electrical discharge method. The chemical composition of the 

alloys were determined by J.K. Metallurgical testing, Chennai and are tabulated in table-1.The surfaces were 

polished by Sic emery sheet with roughness from 100 to 1200 grit. Washed and subsequently cleaned in acetone 

before test. The surfaces are measured with vernier calliper and weighed on a precision balance before oxidation 

test. 

 
Table 1: Chemical Composition of the material in wt% 

Material C Mn Si S P Cr Ni Mo Fe 

304 0.09 0.45 0.25 0.08 0.014 9.1 0.13 1.02 Remaining 

309 0.025 0.512 0.727 0.001 0.035 18.308 10.283 2.087 Remaining 

 

2.2 Surface coating of alloys: 

The specimens were coated by Al2O3 and Cr2O3 in Sprayment coating toughness technologies, at 

Bengaluru. Atmospheric plasma spray coating technique is used for surface coating of specimen. Coating 

thickness 100µm and the size of powder particle size is 40µm.The coating parameters used for APS process are 

given table-2. 

 
Table 2: Coating Parameters used for Atmospheric plasma spray coating (cold type) 

S.No Contents For Al2O3 coating For Cr2O3 coating 

1 Organ (carrier gas 1) 
Pressure- 100 to 120Psi 

Flow rate- 80 to 90 SCFH 

Pressure- 75 to 100Psi 

Flow rate- 80 to 90 SCFH 
2 Hydrogen (carrier gas 2) 100 Psi 50 Psi 

3 Carrier gas flow rate 20 to 25 SCFH 15 to 18 SCFH 
4 Volts 60 to 70 60 to 70 

5 Current 490 amps 500 amps 

6 Powder feed 40 to 50 gms/min 30 to 45 gms/min 

7 
Spray distance from nozzle to 

specimen surface 
3 to 5 inches 2 to 3 inches 

 

2.3 Isothermal oxidation test-Gravimetric technique: 

The oxidation experiments were carried out carefully controlled condition in the environment CO2+O2,the 

composition of the mixed gas has 30%O2 – 70%CO2.The isothermal oxidation experiments were conducted at 

650°C and 750°C in mixed gas environment for 100hrs. Oxidation test was conducted in a sealed Quartz tube 

electrical furnace with an inlet and outlet to pass CO2+O2 mixed gases. The oxidation samples were placed in 

the Quartz tube which can be moved in/out in a electric tubular furnace freely. 

The environment was obtained by passing CO2+O2 mixed gas from the mixed chamber at the flow rate 

0.1m3/min. After the furnace reached the designed temperature, the gas flow was stabilized. The specimens were 

put in ceramic boat and the ceramic boat was put in the electric tubular furnace. The line diagram of 

experimental set up is shown in Fig-1 Oxidation test was conducted at temperatures of 650°C and 750°C upto 

100hrs. A precision weighing balance with sensitivity of 1×10-3g was used to measure the weight change of the 

specimens for every 10 hrs of interval. Thus the weight changes of the specimens were determined and 

tabulated. 
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Fig. 1: Line diagram for Experimental Setup (CO2 + O2 Environments) 

 

2.4 Characterization: 

After the isothermal oxidation test the oxidized samples are characterized to analyze the formation of 

oxides on the surface of coated specimens. For that microstructure of oxidized specimens were investigated by a 

scanning electron microscope (SEM). The phase compositions of the oxide larger formed on the surface of the 

specimens were analyzed by X-ray diffraction (XRD) technique. 

 

RESULTS AND DISCUSSION 

 

3.1 Isothermal Oxidation Kinetics studies in CO2+O2 Environment: 

The weight gain per unit area versus time in hours plots for the bare substrate and Cr2O3 and Al2O3 coatings 

deposited on 304 and 309 material subjected to high temperature of CO2+O2 environment oxidation studies at 

650°C and 750°C are shown in figs. 2(a),2(b),2(c) and 2(d). It is observed that under isothermal oxidation 

condition, the bare substrate is more prone to corrosion/oxidation attack. The nature of oxidation kinetics of 

coatings and bare substrates was determined by using change in their weight as a function of every 10 hours. 

The parabolic rate constant is calculated from the slob of linear regression fitted line from plots of (weight 

change/area)2Vs. time in hours. The parabolic rate constant Kp was calculated by a linear least square algorithm 

to a function of in the form of (W/A)2= Kpt, where W/A is weight gain per unit surface area(gm/mm2) where ‘t’ 

represents the time of exposure. The calculated Kp values are tabulated in table-3 

 
Table 3: Kp values (gm2/mm4s-1)– Environment CO2+O2 

Material Temp in °C Al2O3coated Cr2O3 coated Uncoated 

304 
650 0.7×10

-5

 1×10
-5

 2×10
-5

 

750 0.06×10
-5

 0.2×10
-5

 2×10
-5

 

309 
650 0.2×10

-5

 0.5×10
-5

 2×10
-5

 

750 0.08×10
-5

 1×10
-5

 2×10
-5
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Fig. 2a: weight change/area (gm/mm2) Vs time in 

hours at 650°C. 

Fig. 2b: weight change/area (gm/mm2) Vs time in 

hours at 750°C for bare and coated samples 

of 304. 

 

 
 

Fig. 2c: weight change/area (gm/mm2) Vs time in 

hours at 650°. 

Fig. 2d: weight change/area (gm/mm2) Vs time in 

hours at 750°C for bare and coated samples 

309 at CO2 +O2 Environment. 

 

The calculated Kp for Cr2O3 coating and Alumina Coating at 650°C on 304 material found to be 0.7×10-5 

gm2/mm4s-1and 1×10-5 gm2/mm4s-1. It is less as compared to the Kp value of 2×10-5 gm2/mm4s-1 obtained for the 

blank metal substrate. It shows that Al2O3coating provides better protection than Chromia coating to the 304 

material during high temperature oxidation at 650°. Also the calculated Kp for Alumina coating and Cr2O3 

Coating at 750°C on material found to be 0.06×10-5 gm2/mm4s-1and 0.2×10-5 gm2/mm4s-1. It is very less as 

compared to the Kp value of 2×10-5 gm2/mm4s-1 obtained for the blank metal substrate. Alumina coating 

provides better protection than Cr2O3 coating to the 304 material during high temperature oxidation at 

750°C.From the table-3 calculated values of Kp for Cr2O3 coating and Alumina Coating at 650°C on 309 

material found to be 0.2×10-5 gm2/mm4s-1and 0.5×10-5 gm2/mm4s-1. It is less as compared to the Kp value of 

2×10-5 gm2/mm4s-1 obtained for the blank metal substrate. It shows that Al2O3coating provides better protection 

than Chromia coating to the 309 material during high temperature oxidation at 650°C. Also the calculated Kp 

for Alumina coating and Cr2O3 Coating at 750°C on material found to be 0.08×10-5 gm2/mm4s-1and 1×10-5 

gm2/mm4s-1. It is less as compared to the Kp value of 2×10-5 gm2/mm4s-1 obtained for the blank metal substrate. 

Alumina coating provides better protection than Cr2O3 coating to the 309 material during high temperature 

oxidation at 750°C.from the Kp values of alumina coated 304 and 309 alloys, it is clear that during the oxidation 

test lesser weight gain as compared to chromia coated and un coated substrates. This shows that Al2O3 acts as 

resistant barrier on the surface of substrates against oxidation at temperatures of 650°C and 750°C in CO2+O2 

environment.    

 

3.2 Phase composition of oxide scale: 

Fig 3(a) shows XRD pattern of 304 steel isothermally oxidized with and without coating at 650° C for 100 

hrs. Based on XRD analysis, the phases are identified as Fe-Cr with peak densities of FeO, Fe2O3 and 

FeO.Cr2O3 on the uncoated surface. In analysis of alumina coated substrate the peak intensity showsAl2O3and 
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NiAl2O4on the surface. Likewise analysis of chromia coated surface reveals that dominated Cr2O3andNiCr2O4on 

its peak densities of surface and also FeO.Cr2O3visible on the surface. Fig3(b) shows XRD analysis of candidate 

material isothermally oxidized at 750°C for 100 hrs. The analysis shows iron rich oxides like Fe2O3,Fe3O4 and 

also FeCr2O4 oxide formed on the uncoated surface of bare metal. In the case of alumina coated samples peak 

densities shows theAl2O3,AlCrO3,NiAlOand AlFe2O3iron oxides. Chromia coated sample spectra shows Cr2O3, 

NiCr2O4, NiCr2O3, Cr2O3NiO on its peak densities and thin FeO.Cr2O3iron oxides on the surface. Fig 3(c) shows 

XRD pattern of 309 steel isothermally oxidized with and without coating at 650° C for 100 hrs. Based on XRD 

analysis, the phases are identified as Fe-Cr with peak densities of FeO, Fe2O3, NiFe2O4 and FeO. Cr2O3 on the 

uncoated surface. In analysis of alumina coated substrate the peak intensity showsAl2O3 NiAl2O4,AlFe2O3 and 

AlFe2O4on the surface. Likewise analysis of chromia coated surface reveals that dominated Cr2O3,Cr2O4 and 

NiCr2O4on its peak densities of surface and also FeO.Cr2O3visible on the surface. Fig 3(d) shows XRD analysis 

of candidate material isothermally oxidized at 750°C for 100 hrs. The analysis shows iron rich oxides like 

Fe2O3,Fe3O4 and also FeOCr2O3 oxide formed on the uncoated surface of bare metal. In the case of alumina 

coated samples peak densities shows theAl2O3, NiCr2O4, NiAl2O4 and Fe Al2O4 iron oxide. Chromia coated 

sample spectra shows Cr2O3, NiCr2O4 on its peak densities and thin FeCr2O4 iron oxide on the surface. 

The results obtained from XRD pattern of 304 and 309 alloys at temperatures 650°C and 750°C in CO2+O2 

environment. It is clear that iron oxides are formed on all the uncoated samples and aluminum oxides are visible 

in all peak densities of spectra of all alumina coated substrates. Like that chromium oxides are formed on the all 

the samples of Chromia coated. Here the iron oxide layer allows the oxygen to diffuse and react with bare metal 

for further oxidation, it means the iron oxide does not protect the bare metal from the environment. Naturally 

Al2O3 and Cr2O3 are providing better high temperature oxidation resistance for the alloys. Due to lack of 

aluminum in composition of parent metal as shown in table-1, Al2O3does not form on the surface of alloys. The 

coated Al2O3 acts as a barrier against high temperature oxidation for the alloys. 

 

  
Fig. 3: XRD pattern of a. Bare metal, Alumina coated 

and Chromia coated of 304 material at 650°C 

Fig. 3: XRD pattern of b. Bare metal, Alumina coated 

and Chromia coated of 304 material at 750° 

  
Fig. 3: XRD pattern of c. Bare metal, Alumina coated 

and Chromia coated of 309 material at 650° 

Fig. 3: XRD pattern of d. Bare metal, Alumina coated 

and Chromia coated of 309 material at 750°C. 
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3.3 Microstructures of oxide formed: 

Fig 4 shows surface morphologies of the 304 samples oxidized isothermally with and without coating at 

650°C and 750°C for 100 hrs, when the sample is oxidized in two different temperatures. The fig 4(a) shows the 

porous and thin iron oxide film on the surface at 650°C and fig 4(b) shows thick and dense iron rich oxides 

(XRD pattern) on the surface at 750°C.In the case of Al2O3 coating at 650°C microstructure fig 4(c) shows that 

oxides formed on the surface is porous and micro cracks. This may allow the oxygen to diffuse for further 

oxidation. In fig 4(d) the image of sample oxides at 750°C, the uniform dense of oxide layer formed is seen. 

This oxide layer resists the oxygen diffusion to the substrate of the base metal. The fig 4(e) and fig 4f shows 

morphologies Chromia coated samples oxidized at 650°C and 750°C respectively. It is clearly visible that 

uniform chromium rich oxide (Cr2O3) and nickel chromium oxide are formed on the surface of Chromia coated 

sample oxidized at650°Cand 750°C in CO2+O2 environment. The micrograph 4(e) shows whisker formation of 

oxides, the micrograph 4(f) shows the tiny porous on oxide layer. This indicates chromium oxides are unstable 

at high temperatures in the case of 304alloy. 

 

  
Fig. 4a: SEM – surface micrographs of uncoated 

304 material at 650°C. 

Fig. 4b: surface micrographs of uncoated 304 

material at 750°C    

  
Fig. 4c: surface micrographs of Alumina coated 304 

material at 650°C 

Fig. 4d: surface micrographs of Alumina coated 304 

material at 750°C  

  
Fig. 4e: surface micrographs of Chromia coated 304 

material at 650°C 

Fig. 4f: surface micrographs of Chromia coated 304 

material at 750°C. 
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Fig. 5 a: SEM – surface micrographs of uncoated 309 

material at 650°C. 

Fig. 5b: surface micrographs of uncoated 309 material 

at 750°C. 

  
Fig. 5c: surface micrographs of Alumina coated 309 

material at 650°C. 

Fig. 5d: surface micrographs of Alumina coated 309 

material at 750°C 

  
Fig. 5e: surface micrographs of Chromia coated 309 

material at 650°C. 

Fig. 5f: surface micrographs of Chromia coated 309 

material at 750°C. 

 

Fig. 5 shows surface morphologies of the 309 samples oxidized isothermally with and without coating at 

650°C and 750°C for 100 hrs, when the sample is oxidized in two different temperatures. fig 5(a) shows the 

thick porous oxide film over the surface at 650°C and fig 5(b) shows thick and dense iron rich oxides (XRD 

pattern) on the surface at 750°C.In the case of Al2O3 coating at 650°C microstructure fig 5(c) shows that oxides 

formed over the surface is porous and micro cracks. This may allow the oxygen to diffuse for further oxidation. 

In fig 5(d) shows the image of sample oxides at 750°C, the uniform dense of oxide layer formed is seen. At high 

temperature alumina remain more stable than Chromia. This oxide layer prevents the oxygen diffusion to the 

substrate of the base metal. The fig 5(e) and fig 4(f) shows morphologies of Chromia coated samples oxidized at 
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650°C and 750°C respectively. The uniform whisker chromium rich oxide (Cr2O3) formed over the surface of 

Chromia coated sample oxidized at 750°C. This layer acts more protective than the layer formed over the 

surface of the sample which is oxidized at 650°C in CO2+O2 environment 

 

Conclusion:  

High temperature oxidation behaviour of microstructure Al2O3 and Cr2O3 coating on 304 and 309 alloy 

substrates exposed to CO2+O2 environment at 650°C and 750°C has been investigated in present work. The 

oxidation kinetics of Al2O3 and Cr2O3 coating was compared with that of bare 304 and 309 alloys and found to 

be parabolic rate constant is less for formers, which due to the formation of continuous, non-porous, adherent 

and protective oxide scale over the surface of the coating. In XRD analysis of the corrected sample of Al2O3 and 

Cr2O3 coatings indicated the formation of protective oxide scales such as Cr2O3 and Al2O3. The morphological 

features of corroded coating and bare samples were characterized by SEM and it was showed that the scale 

formed on the surface coating are adherent and no spallation has occurred as compared to bare samples. Al2O3 

coating shows lower oxidation rate as compared Cr2O3 coated and uncoated specimens of 304 and 309. Cr2O3 

coating at 650°C and 750°C shows lower oxidation rate as compared to the uncoated samples of alloys. The 

improvement of oxidation resistance by micro coating on surface which needs further investigation.  
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