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ABSTRACT 
Aluminum oxide (Al2O3) and chromium oxide (Cr2O3) were coated on the surface of the 316alloy by using plasma spray technique 
to improve the oxidation resistance. The experiments have been carried out in CO2+O2 environments at 650°C and 750°C under 
isothermal oxidation condition with atmospheric pressure in gravimetric oxidation technique up to 100 hrs. The results indicated 
that without coating sample having linear kinetic due to the formation non protectiveFe2O3 oxide. However coating sample 
showing parabolic kinetic compared to uncoated sample. These behaviors were obtained due to the formation of protective Cr2O3 
and Al2O3 oxides. These oxidized samples were characterized by using   SEM and XRD techniques. 
 
KEYWORDS: High temperature oxidation, Alumina coating, Chromia coating.  

 

INTRODUCTION 

 

Coal based power plant is a major producing electricity compared to other types of power generating plants. 

The efficiency power plant is always depends with operating temperatures and pressures such as turbine inlet 

and outlet temperature of steam. At present the efficiency power plat is around 35% [1,2]. The efficiency of the 

power plant increased, the materials cannot withstand high temperature and prone to oxidation/hot corrosion. 

Boiler tubes materials were made up of mainly of iron-chromium austenitic or ferritic steels. 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.  A new 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. 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 [7]. However the 

oxidation/hot corrosion point of view, it is not suitable for high temperature application with CO2+O2 

environments due the formation un protective oxides [8]. Taking these points under consideration, the present 

work focus toward to study the oxidation / hot corrosion behavior of 316alloy with coating of Aluminum oxide 

(Al2O3) and Chromium oxide (Cr2O3) at different temperatures. The oxidation mechanism also explained in this 

paper. 
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II. Experimental: 

 Specimen preparation:  

316 alloy have been received from BHEL Trichy, Tamilnadu. Specimens were cut with dimensions of 

10×10×5mm3usingelectrical discharge method. The chemical composition of the specimens were analyzed   by 

J.K. Metallurgical testing, Chennai and tabulated in table-1.The specimens were polished with Silicon carbide 

emery sheet up to1200grit. The specimens were coated by Al2O3 and Cr2O3. Atmospheric plasma spray coating 

technique is used for surface coating of the specimens. Coating thickness 100µm and the size of powder particle 

has used 40µm.This coating has done by Sprayment coating toughness technologies, at Bengaluru. The coating 

parameters used for process are given table-2.The specimens were washed and subsequently cleaned in acetone, 

surfaces area and weight were measured before oxidation tests.  

 
Table 1: Chemical Composition of the material in wt% 

Material C Mn Si S P Cr Ni Mo Fe 

316 0.024 0.912 0.267 0.001 0.035 16.308 10.223 2.087 Remaining 

 
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 

 

III.Isothermal oxidation test: 

The experimental setup is shown in fig (1).The oxidation furnace consists of Quartz tube with dimensions 

of 60 in diameter (mm).The furnace temperature has maintained using PID controller. The oxidation  test were 

carried out in controlled environment CO2+O2, the composition of gas has  mixed  with  30%O2 – 70%CO2and  

the specimens were exposed  in these gas environment at 650°C and 750°Cupto100hrs. The oxidized samples 

were taken out atevery ten hours of interval, cooled in the open atmospheric and weighed usingprecision 

weighing balance with sensitivity of 1×10-3g.Oxidized samples were characterized by using SEM and X-ray 

diffraction (XRD) techniques 

 

 
 

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

 

IV.Results: 

 A.Oxidation kinetic: 

The weight gain vs time plot of 316alloy as shown in fig (a) and fig (b). It is observed that the uncoated 

specimen prone to hot corrosion/oxidation and follow linear oxidation.The parabolic behavior was obtained for 

coated specimen due to the protective oxide layer without porous nature. This acts as barrier of inward and 

outward diffusion of metal and oxygen. The parabolic rate constant was calculated and tabulated in table-3. 
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(a)                                                                                 (b) 

 

Fig. 2 a: Weight Change/area (g/cm2) Vs Time in hrb. Weight Change/area (g/cm2)Vs Time in hr at 650°C and 

750°C. 
 

Table 3: 

Material Temp in °C 
Al2O3 coated 
(g2/cm4s-1) 

Cr2O3 coated 
(g2/cm4s-1) 

Uncoated 
(g2/cm4s-1) 

316 
650 8×10-8 1×10-7 2×10-7 

750 1×10-7 3×10-8 2×10-7 

 

From the Kpvalues of Cr2O3 coating and Al2O3 coating at 650°C, It found that the Kp value were less as 

compared to uncoated specimens. However Al2O3 coating is provides better protection than Chromia coating at 

650°C in CO2+O2 environments. At 750°C, thisbehavior is inversely results were obtained.  

 

B.Phase composition of oxide scale: 

Fig 3(a) and 3(b) shows XRD pattern of 316alloyoxidized with and without coating at 650°C and 750°C for 

100 hrs. Based on XRD analysisof Cr2O3and Al2O3coated having dominated Cr2O3with Al2O3on its peak and 

Fe2Cr2O4 also observed on the surface of coated specimen. At650°C and 750°C results shows iron rich oxides 

like Fe2O3, Fe3O4and also Fe-Cr oxide form 

 

 
(a)                                                                           (b) 

Fig. 3: XRD pattern of a. bare metal, Al2O3coated and Cr2O3coated of 316 material at 650°C   b. bare metal, 

Al2O3coated and Cr2O3coated of 316 material at 750°C 

 

C  Microstructures: 

Fig (4) shows surface morphologies of the samples oxidized alloy. The results shows in fig 4(a) in that the 

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

surface at 750°C.In the case of Al2O3 coating, fig 4(c) shows the microstructure of oxidized sample at 650°C.In 

this microstructure it is clearly visible that the oxides formed over the surface is porous and micro cracks. This 

can allow the oxygen diffuse to metal for further oxidation.In fig 4(d) the image of sampleoxides at 750°C is 

shown, the uniform and protective oxide layer formed. This oxide layer cannot allow oxygen diffusion to the 

base metal. The fig 4(e) and fig 4(f) shows morphologies Cr2O3 coated samples oxidized at 650°C and 750°C 

respectively. The uniform chromium rich oxide (Cr2O3) formed on the surface of Cr2O3coated sample oxidized 

at 750°C. This oxide layer provides better protection than the layer formed on the surface of the sample which is 

oxidized at 650°C in CO2+O2 environment. 
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Discussion: 

From the results it is observed that uncoated specimens of 316alloy shows the poor high temperature 

oxidation resistance.The reason is formation of iron rich oxides along withCr2O3. It means there is unprotective 

iron oxide layer formed on the surface at high temperature. Also the bare material is not able to form 

protectiveAl2O3 scale on the surface due to lack of aluminum. Oxidation kinetics of Al2O3 coated sample shows 

in the fig.2 (a) and fig.2 (b), it is cleared that weight gain of the uncoated metal is high as compared to Al2O3 

coated sample at 650°C and 750°C,that means protective oxide layer formed on the surface of material. From 

the XRD analysis (fig 3a and 3b) it is confirmed that Al2O3 remain on the surface and it acts as a protective 

layer. Since Al2O3is very effective oxide layer against high temperature oxidation, it does not allow the oxygen 

to inward diffusion. SEM images (Fig 4 c) of Al2O3 coating shows porous and micro cracks on surface, 

sometime it may allow or may not allow the oxygen inside to react with bare metal. In the case of 750°C 

oxidized sample SEM Image (fig 4 d) shows thick and dense of Al2O3 layer formed on the surface. From fig 

2(a) and fig 2(b)Cr2O3 coated material have lower weight gain when compared to uncoated metal, it shows 

Cr2O3 coating gives more protective than the uncoated and Al2O3 coating in the case of oxidation at 750°C. The 

XRD pattern (Fig 3a and 3b) also shows Cr2O3 on their high peaks along with Fe-Cr oxides. The dense and thick 

Cr2O3 layer formed on the surface of sample material. It is clearly visible in the SEM images (fig 4e and 4f) of 

Cr2O3 coated sample oxidized at 650°C and 750°C. This Cr2O3 layer does not allow the oxygen for inward 

diffusion and also provide barrier to iron rich oxides for outward diffusion. 

 

 
(a) (b) 

 
(c)                                                                   (d) 

 

 
(e)        (f) 

 

Fig. 4: a.SEM-micrographof uncoated 316 alloy at 650°Cb.uncoated alloyat 750°Cc.Al2O3coated alloy at 

650°Cd.Al2O3 coated  alloy at 750°Ce.Cr2O3 coated alloy at 650°Cf.Cr2O3 coated alloy at 750°C. 
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Conclusion: 

From the experimental investigation the following results were obtained. 

1. Uncoated 316 alloy shows poor oxidation resistance at 650°C and 750°C 

2. Coated specimens having better protective oxide layer than the uncoated samples  at 650°C and 750°C 

3. Oxidation rate of coated specimen is one order of magnitude compared to uncoated specimen with 

same temperature in CO2+O2 environment. 
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