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ABSTRACT 

Hot corrosion is the degradation of materials caused by the presence of a deposit or ash, predominantly sodium sulfate.Hot 
corrosion is observed in marine and aircraft engines. It is very well established that sodium sulfate alone causes accelerated 
oxidation of super alloys and coatings at high temperatures, where Na2SO4 is in liquid form. In marine environments, because 
of low power operation the alloys are maintained at lower temperature i.e., below the melting point (m.p) of Na2SO4, the 
predominant form of attack is due to low temperature hot corrosion. In this study, the  hot corrosion behavior of IN738 at 
750oC in static air, under thermal cyclic conditions has been studied. Salt-coating technique was employed, in which alloy 
samples were coated with approximately 2.5 mg/cm2 of salt.  The mixture of Na2SO4 and NaCl salt is applied to alloy samples 
to investigate mechanism of Low temperature hot corrosion.Hot corroded samples of IN738 have been analyzed using SEM, 
EDS, XRD ,and correlated with corrosion kinetics. The results indicated that Na2SO4 +1%NaCl was aggressive compared to 
that of   pure Na2SO4. No pitting morphology was observed for the Na2SO4 +1% NaCl coated samples. Sulfidation-Oxidation 
Mechanism has been proposed for hot corrosion of IN738 at 750oC. 
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1. INTRODUCTION 
Hot corrosion is the degradation of a metal and/or an alloy owing to the oxidation processes which are affected by 
liquid salt deposits, predominantly Na2SO4. The primary source of sodium sulfate, in marine and aircraft engines, is 
due to the reaction between NaCl in ingested air and sulfur in fuel according to the following reactions. 
2NaCl + SO2+1/2O2 +H2O = Na2SO4+2HCl(1) 
2NaCl+SO3 +H2O= Na2SO4+2HCl (2) 
 It is assumed that the sulfation of sodium chloride may take place in the hot section of a gas turbine and according to 
equation (1) or (2) and then a thin liquid sulfate film may be deposited on the hot components either by condensation or 
by direct impingement of liquid droplets from the hot gas stream. The main components that are subjected to severe 
attack by salt deposit are the turbine blades and vanes. 
Depending on the melting point of the salt deposit the hot corrosion phenomena has been divided into two categories. 
One is high temperature hot corrosion or type I hot corrosion, where the salt is clearly a liquid. The other is low 
temperature hot corrosion i.e., type II hot corrosion, which occurs below the m.p of Na2SO4 and where the salt is solid. 
It is very well established that sodium sulfate alone causes accelerated oxidation of super alloys and coatings at high 
temperatures where Na2SO4 is in liquid form.  
In marine environments, where low power operations maintain the alloys at relatively lower temperature (below m.p of 
Na2SO4), the predominant form of attack of first stage blades and vanes of gas turbines is due to type II hot corrosion 
[1-2] which further forms the shallow pits accompanied by a thin layer of sulfide. In this study, an attempt is made to 
identify the morphology of Na2SO4+NaCl coated samples under thermal cyclic conditions. 
The influence of solid contaminants including NaCl, Na2SO4 and Na2SO4+NaCl mixtures on iron and nickel-base 
alloys was examined by Hurst et al[3] using hot stage microscopy. All samples showed extensive attack in salt mixture. 
Conde[4] suggested that low temperature hot corrosion morphology should occur in the presence of NaCl+ Na2SO4 
mixtures. Kameswari[5-6] observed preferential removal of Cr, Al and Ti and a network of voids in the substrate as 
proposed by Barkalow and Pettit[7]. Suryanarayanan et al[8] attributed attack on pure Ni in Na2SO4+NaCl mixtures to 
the oxidation of Ni-Ni3S2 and oxidation of Chlorides. 
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Based on this, Na2SO4+NaCl coated samples are selected for studying the low temperature hot corrosion behavior of 
alloy samples because a low melting eutectic (m.p. 625oC) forms on the specimen surface which is liquid at the test 
temperature. This eutectic may decompose at the test temperature under thermal cyclic conditions and act as a source 
for release of SO3.The present study concerns the understanding of the effects of NaCl on low temperature hot corrosion 
behavior of IN738 under thermal cyclic conditions.  
2. EXPERIMENTAL SET-UP  
A schematic diagram of the high temperature test system used in this study is shown in figure[1].  

 
Flow Chart of Test Runs in High Temperature Experimental Test System 

The test system consists of Lindberg horizontal tube furnace with a maximum usable 3 inch outer diameter tube and 
which can be operated to a maximum temperature of 1200oC. A one-end closed ceramic tube of 2 inch internal 
diameter is inserted into the tube furnace supported by tube adapters at both ends of the furnace. Two insulating 
blankets of alumina sponge were provided at the two-ends of furnace to minimize heat loss and /or temperature 
gradients within the furnace. The test temperature used in this study is 750oC. The test temperature in the reaction 
chamber is continuously checked with a chromel-alumate thermocouple. In this test system, the samples are corroded 
for 1 hr and brought to cold zone to cool the specimens during the process of thermal cycling. Test runs were performed 
for the Na2SO4+1%NaCl salt coating for 20 cycles to study the corrosion morphology during initial stages and 150 
cycles to observe the corrosion morphology of corroded samples at the propagation stage. Salt coating method is 
adopted to coat the samples with salt mixtures after intensive polishing with Sic paper and diamond paste. The 
corrosion samples were examined using SEM, EDS and XRD. The methodology of preparation of the sampless and the 
experimental procedure is mentioned in the following flow chart. 
 
3. RESULTS AND DISCUSSION 
Figure [2] shows the kinetic data during the exposure of IN 738 to LTHC environment under thermal cyclic conditions. 
In pure Na2SO4, the results indicate a slight increase in weight gain upto 20 hrs, ensued by steady but slight weight 
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loss after the breakdown of the protective scale. A dramatic loss in weight has been produced during both initiation and 
propagation stages in Na2SO4+1%NaCl mixture under similar exposure conditions.  
Figure [3] shows SEM micrograph and EDS spectra of pure Na2SO4-coated IN738 after exposure for 20 cycles in static 
air at 750oC. During this stage, the scale formed on the  surface is a uniform, compact and protective oxide layer which 
consists of Cr2O3 and NiO. No internal oxide or sulfide particles have been observed in the substrate. 
Figure[4] shows the cross-sectioned morphology of IN 738 alloy corroded in 99% Na2SO4+1%NaCl mixture after 20 
cycles in air. The corrosion product-alloy interface is fairly irregular, and was detached from the substrate at numerous 
locations. The outermost region of the scale near the salt-air ingerface is enriched in Cr with almost no trace of sulfur 
(spotC) indicating that it consists of Cr2O3. Below the alloy/oxide interface, the subscale may consists of large number 
of S-rich and Cr-Ti as well as W-rich particles (spot B) indicating that it may consist of CrS and TiS. At the alloy/Scale 
interface Ni-rich islands are observed (SpotD) which appears to be metal fragments dispersed in the intermediate 
phase. 
Figure[5] shows the morphology in cross-section of IN 738 sample coated with 99% Na2SO4+1%NaCl after exposure 
for 150 cycles in air at 750oC. The scale-alloy interface fairly irregular and very thin dark layer rich in Al indicate that 
it consists of  primarily Al2O3 (spotA).Above the alloy/scale interface, the presence of a thick, continuous grey layer 
rich in Cr and Ti indicate that it may be intermix oxide of Ti and Cr(spotB). EDS analysis at spotC indicate a dark 
phase enriched in S indicating that it may consists of mixture of Na2SO4 and probably some Cr and Ni sulfides. EDS 
analysis at spotD shows a thin strip of dark phase,  a fairly high levels of Ni,Cr and S. This dark phase may consists of 
sulfides of Ni, Cr which may be liquid at test temperature, because the melting point of nickel sulfide is lower than the 
test temperature. The formation of nickel sulfide is positively confirmed from XRD analysi as shown in Fig [6]. 
During  the early stages of exposure of alloy specimen with Na2SO4+1%NaCl, a non-protective corrosion product layer 
forms on the alloy surface with numerous sulfide particles in the  substrate and ahead of corrosion front. The formation 
of sulfides may be attributed to the ingress of Sulfur after decomposition of Na2SO4 when an eutectic of Na2SO4-NaCl 
comes in contact directly with metal surface. This is mainly because of thermal cycling carried out in present study. In 
the mean time, NaCl in liquid eutectic mixture interacts with Cr and Ti  in alloy to form metal chlorides,which 
migrated outward to the salt/scale interface due to their high vapour pressure, interacting with O2 and form Cr-oxide. 
The formation of mixed oxide layer in the intermediate corrosion product region (spot F of fig4) results from the 
continuous oxidation. After prolonged exposure of test specimen to Na2SO4+1%Nacl mixture, the metal fragments 
formed in early stages reacts with sulfur in sodium sulfate and form Ni3S2 and probably CrS. Further availability of 
oxygen from the environment oxidizes Ni3S2 and CrS, which releases further sulfur. The presence of oxides at the 
salt/gas interface may be attributed to sulfidation-oxidaiton mechanism No pitting morphology was observed indicating 
the characteristic LTHC morphology, but instead a broad frontal attack on the Na2SO4+1% NaCl coated samples were 
observed. 
 
4. CONCLUSIONS 
This study has shown that Na2SO4 +1% NaCl mixture is aggressive compared to that of pure Na2SO4for IN738 alloy. 
Both at initial and propagation stages internal sulfides were identified.An oxide layer is present at the salt/gas interface, 
which is probably due to the mechanism of sulfidation and oxidation. No typical LTHC features, formation of shallow 
pits with blister cover has been developed in Na2SO4+1%NaCl mixture, instead a broad frontal attack is observed. The 
propagation of Na2SO4+1%NaCl coated samples may be attributed to the sulfidcation-oxidation mechanism as the 
formation of sulfides were confirmed from XRD.  
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Fig.1 Experimental setup of high temperature                      Fig.2 Rate of hot corrosion of IN738 
test system 

 
Fig3. SEM and EDS of pure Na2SO4 coated IN738          Fig4 . SEM and EDS of  99% Na2SO4 +1% NaCl 
for 20 cycles at 750 oC                                                        coated IN738  for 20 cycles at 750 oC 

                           
Fig5 . SEM and EDS of  99% Na2SO4 +1% NaCl     Fig6:XRD pattern of 99%% Na2SO4 +1%NaCl 
coated IN738 for 150 cycles at 750 oC                             Coated IN 738 after 150 cycles  at 750 oC 

 
 
 
 
 


