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ABSTRACT 

Hot corrosion is one of the major problems observed with the boiler tubing operating in advanced 
ultra-supercritical (A-USC) power plants. It is due to the combined coal ash and flue gas 
environments encountered in A-USC power plants.  Alloy 617OCC, a variant of the nickel based 
super alloy 617 with an optimized chemical composition, has been identified as one of the promising 
materials for manufacturing such boiler tubing. Hot corrosion behavior of alloy 617 OCC in a 
synthetic coal ash environment at 700oC has been discussed in this present work. Simulation of the 
coal ash environment was carried out by coating the alloy samples with a salt mixture containing 5% 
Na2SO4, 5% K2SO4, 30% Fe2O3, 30% Al2O3 and 30% SiO2. In addition, oxidation tests were also 
conducted in laboratory air environment for reference purpose. In both the cases the exposure 
temperature was 700oC, the exposure time extending up to 5000 hours. The thermal cycling taking 
place in USC power plants was simulated by cooling down the alloy samples to room temperature 
after every 500 hours of exposure. Weight change of the samples was monitored as a function of 
exposure time to study the kinetics of hot corrosion. Characterization of the corrosion products was 
carried out using Scanning Electron Microscopy coupled with Energy Dispersive X-ray Spectroscopy 
(SEM/EDS) and X-Ray Diffraction (XRD). Oxidation testing in the air environment showed the 
presence of Cr2O3 as the corrosion product over the entire range of exposure times. On the other 
hand, the corrosion products observed on the samples tested in the salt environment were Cr2O3, 
Fe2O3 and spinel oxides – NiCr2O4, FeCr2O4. There was no perceptible weight gain during the 
oxidation tests. There was significant weight gain, in contrast, in the salt environment tests. Weight 
gain plot for the salt testing indicated the presence of two distinct stages – initiation and propagation; 
the former extended to ~ 1000 h with essentially no weight gain. The adherent, impervious Cr2O3 
layer forming in oxidation testing is highly protective and prevents further ingression of corrosive 
species (oxygen) into the metal. In the presence of salt mixture, however, Cr2O3 reacts with nickel 
and iron oxides leading to the formation of spinel phases. The paper presents the findings and 
discusses the corrosion mechanisms coming into play. 

1.INTRODUCTION 

An increased demand for electricity and a significant reduction in the enhanced greenhouse effect 
due to the CO2 emission from the fossil fuel are the two challenges that the advanced ultra-
supercritical (A-USC) power plants are expected to be overcome. An increase in the power plant 
efficiency and a major reduction in the CO2 emission from the pulverized coal fired power plants can 
be realized by increasing the operating temperature and pressure of their steam systems [1]. The 
goal A-USC power plant is to generate 760

o
C steam; under such conditions the metal surface 

temperature of the key components such as the superheater and reheater tubes will be 800
o
 C or 

even higher [2]. The superheater and reheater materials in the coal-fired boiler environment always 
suffer coal ash hot corrosion at elevated temperatures [3, 4]. Alloy 617 with an optimized chemical 
composition (617 OCC) has been identified as one of the promising materials in this perspective, 
where  chromium is very high for enhancing its corrosion resistance; cobalt and molybdenum are 
also present in the alloy at a relatively high level for reinforcing the mechanical properties of the 
material at high temperatures [5]. Alloy 617 has been widely used for high temperature applications 
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because of its excellent oxidation resistance, superior elevated temperature mechanical properties 
and high temperature phase stability [6]. There have been no studies on the hot corrosion behaviour 
of the alloy 617 OCC in environments encountered in A-USC power plants. It is necessary to bridge 
this important gap. In the present study, the hot corrosion behaviour of alloy 617 OCC has been 
investigated in a laboratory simulated coal fired A-USC power plant environment at a temperature of 
700

o
C under cyclic loading conditions. 

2.EXPERIMENTAL 

The alloy 617 OCC was procured in the form of 16mm x 175mm x 200mm hot rolled plate; the 
chemical composition is shown in Table 1.  

Table. 1. Chemical composition of Alloy 617 OCC (wt%) 

The test samples (25 mm × 16 mm × 5 mm in size) were extracted from the as received alloy plate 
by wire EDM method. Each of the samples was mirror polished and cleaned thoroughly with acetone. 
The corrosion experiments were conducted in two sets, salt environment and air environment. In the 
first set of experiments, the experiment was conducted by coating the samples with a salt mixture 
consists of Na2SO4 (5%) + K2SO4 (5%) + Fe2O3 (30%) + Al2O3 (30%) + SiO2 (30%) (figures in wt. %) 
and the test was carried out using a tubular furnace operating at 700

o
C. The second set of 

experiments comprised of high temperature oxidation test, conducted for comparison sake; testing of 
each of the samples was carried out using a tubular furnace operating at 700

o
C in the laboratory air 

environment. Experiments for both the environments were carried out for a total exposure time of 
5000 h. One corrosion cycle comprised of 500 h of dwell at the exposure temperature followed by 
cooling to ambient temperature. The study was carried out for 10 such cycles. Thermo-gravimetric 
studies were carried out to establish the kinetics of corrosion. Standard techniques such as X-ray 
Diffraction (XRD), Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Analysis (EDS) 
etc. were utilized to characterize the corroded surfaces with an attempt to understand the 
mechanisms underlying the high temperature corrosion.  

3.RESULTS AND DISCUSSION 

        The scale developed on the alloy 617 OCC samples corroded in the air environment at 700
o
C 

was smooth when compared to the rough surface morphology of the scale developed on the samples 
tested in the salt environment. Fig. 1 gives the weight gain graph for the air oxidation and salt 
environments for the alloy samples corroded at 700

o
C for 10 cycles of 500h of exposure time. The 

alloy samples exposed to the salt environment showed a much higher weight gain compared to the 
samples corroded in the air environment. An initiation and following propagation phase was observed 
in the weight gain plot for the salt environment. The air environment test was observed to have 
negligible mass gain which is believed to be because of the protective Cr2O3 layer developed on the 
surface acts as diffusion barrier for the inward penetration of oxidizing species. 

Base Metal 

Chemical Composition (% Wt.) 

Ni Cr Co Mo Al C Fe  Others 

Alloy 617 
OCC 

Bal 22.56 10.32 8.75 0.95 0.068 1.18  
0.029 (Mn), 0.08(Si), 0.001 (S), 
0.413 (Ti), 0.003 (Cu), 0.001 (B) 
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A. Corrosion in Air Environment 
 The SEM/EDS results of the hot corroded alloy samples exposed at 700

o
C for 500, 

1500 and 5000h in the air environment are shown in Figure 3. Figs. 3(i), 3(ii) and 3(iii) show the 
surface morphology of the scale developed on the alloy surface after 500, 1500 and 5000 h of 
exposure time respectively. Figures. 2 (a & b), 2 (c & d) and 2 (e & f) give the respective EDS results 
obtained at two randomly chosen sites shown in the corresponding SEM images (Figs. 2 (i) 2 (ii) and 
2 (iii)). The major elements observed in the SEM/EDS analysis of the air environment (Figs. 2(a) and 
2(b)) after an exposure time of 500 h are Ni, Cr and O. Figure 4(a) compares the results of the XRD 
analysis of the samples before exposure and after exposure for different times. Cr2O3 was the only 
phase observed in the XRD pattern after 500h of exposure in the air environment test. No additional 
phases other than Cr2O3 was observed even after longer exposure times such 2000 h and 5000 h. 
This unique presence of the Cr2O3 phase until the final cycle of the experimentation reveals the 
presence of a protective chromium oxide scale layer developed on the alloy samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 2. SEM/EDS analysis of the Alloy 617 OCC samples corroded for at 7000C in the Air environment. Figures 3(i), 3(ii) and 

3(iii) are SEM images of the corroded surfaces after 500, 2000 and 5000 h of exposure respectively. Figures (a & b), (c & d) and 

(e & f) are the corresponding EDS analyses. 
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 B. Corrosion in Salt Environment 
 
Major elements observed in the EDS analysis of the samples corroded in the salt environment (Figs. 
2(a) and 2(b)) after 500 h of exposure are Ni, Cr and O. Figure 5(a) compares the XRD results of the 
alloy samples before exposure and after exposure for different times. The major phases observed in 
the XRD pattern after 500h of exposure are Cr2O3 and Fe2O3. The EDS and XRD results taken 
together, it emerges that Cr2O3 is the reaction product dominating after 500 h of exposure. Presence 
of the spinel phases such as NiCr2O4 and FeCr2O4 was identified additionally in the alloy samples 
exposed to 2000 h and 5000 h; Fe2O3 was also present to some extent at these exposure times. 
Presence of the spinel phases is believed to be due to the reaction between Cr2O3 and oxides of Ni 
and Fe. Following are the reactions leading to their formation [7, 8]. 
       2Cr (c)   +   O3               Cr2O3               (1)                                                  
            2Ni    +   O2               2NiO              (2)                                                                               
            NiO   + Cr2O3            NiCr2O4         (3)                                                       
              2Cr  +   O3                 Cr2O3             (4)                                                                    
          2 Fe +   O2                  2FeO              (5)                                                                       
            FeO+Cr2O3                FeCr2O4             (6)          
                                                                                                                                                 
 
 
 
 
 
 
 

 

 

 
 
 
C. 

Comparison of Air Environment and Salt   
     Environment 

The weight change plot for the alloy samples shown in Fig. 2 indicates a higher rate of mass gain for 
the alloy samples corroded in the salt environment compared to the air environment. This higher rate 
is believed to be due to the severe corrosion caused by the synthetic coal ash present at the sample 

Fig. 3. SEM/EDS analysis of the Alloy 617 OCC samples corroded for at 7000C in the Salt environment. Figures 3(i), 3(ii) and 3(iii) are 

SEM images of the corroded surfaces after 500, 2000 and 5000 h of exposure respectively. Figures (a & b), (c & d) and (e & f) are the 

corresponding EDS analyses. 
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surface. The NiCr2O4, FeCr2O4 spinel phases are believed to act as diffusion barriers for the 
oxidizing species and prevent their penetration through the  

 

 

 

 

protective oxide layer to the metal surface in the Salt environment [7, 9]. The substrate peaks could 
not be seen in samples corroded in the salt environment for 2000 and 5000 h.  This is believed to be 
due to the presence of a compact and continuous scale layer consisting of spinel phases on the alloy 
surface which prevents the penetration of the X-ray beam from reaching the substrate surface. On 
the other hand, the highly smooth, continuous and thin                                  nature of the scale in the 
air environment makes the scale layer more adherent to the substrate surface, resulting in the 
protection of the alloy form corrosion attack. Cr2O3 is the only phase observed in the air environment 
even after 5000 h of exposure at 700

o
C to the ambient air. This presence of Cr2O3 phase throughout 

the span of experiment shows the presence of a continuous chromium oxide layer at the alloy 
surface which protects the material from corrosion attack. 

4.CONCLUSION 

 A higher rate of mass gain was observed in the Salt environment when compared with the Air 
environment 

 Presence of the spinel phases such as NiCr2O4, FeCr2O4 observed in the alloy samples 
exposed for 2000 – 5000 h of exposure time in the salt environment indicates that 
aggressiveness of the synthetic coal ash applied on the alloy surface. 

 The Cr2O3 scale layer developed in the air environment was more adherent, thin and 
continuous in nature than that of the scale developed in the salt environment. This is 
believed to be an important contributing factor to the enhanced corrosion resistance in the air 
environment 

Fig 4. XRD patterns of alloy 617 OCC samples corroded for 500, 2000h, and 5000 h at 7000C in: (a) Air environment, (b) 

Salt environment   
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