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Abstract: Hot corrosion is the major problem occur in boilers and its components. When metals are heated at 
650-900°C temperature range in sulphate environment, as a result of which reaction occurs between sulphur 
compounds and sodium chloride in gas phase around the metals which is responsible for hot corrosion. Principal 
agent which causes the hot corrosion is molten sodium sulphate. In the present study SS-316 boiler steel has 
been selected and investigated for low temperature and high temperature hot corrosion with respect to molten 
salt environment and oxidation behaviour. D-Gun spray process was used for coating of SS-316 boiler steel with 
Cr3C2–NiCr & Al2O3-40%TiO2 powders. Cr3C2–NiCr & Al2O3-40%TiO2 coated specimens were exposed to low 
temperature hot corrosion at 6500C and high temperature hot corrosion at 9000C in the presence of Na2SO4 molten 
salt environment for 75 cycles. Characterization of coatings was done by Scanning electron microscope (SEM), 
Energy-dispersive X-ray spectroscopy (EDAX) and X-ray powder diffraction (XRD). For both conditions of low and 
high temperature hot corrosion Cr3C2–NiCr coating has indicated better oxidation resistance than Al2O3-40%TiO2 
coating. Weight change measurements also indicated higher weight gain in case of Al2O3-40%TiO2 coated sample 
than Cr3C2–NiCr coated sample.

Keywords: Detonation spray coating, Hot corrosion, SS-316 Boiler Steel, Cr3C2–NiCr & Al2O3-40%TiO2, Cyclic 
oxidation.

Among these techniques D-gun is widely known for 
its outstanding bond strength & density [6]. Al2O3-
TiO2 is one of the binary mixed oxides that offers 
an attractive combination of mechanical strength, 
interfacial adhesion and oxidation resistance [7, 8]. 
Cr3C2–NiCr coatings are widely studied regarding 
wear and erosion resistance behavior. Now there 
is an increasing interest being shown in their 
application for protection against high temperature 
corrosion [9-13]. The present work analyses the 
behaviour of Cr3C2–NiCr & Al2O3-40%TiO2 coated 
SS-316 boiler steel with respect to low temperature 
and high temperature hot corrosion in a molten salt 
environment.

experimeNTaTioN2. 

2.1. Sample preparation

SS-316 Boiler steel was selected and cut into 
rectangular shape of 20mm ¥ 10mm ¥ 5mm size. 

iNTroduCTioN1. 

Hot corrosion is the accelerated oxidation of material 
at elevated temperature induced by thin film of fused 
salt deposit [1]. Coal is an attractive fuel owing to its 
low price linked to its worldwide availability and due 
to the future shortage of other fossil fuel reserves such 
as oil and gas. But combustion of coal generates very 
corrosive media in the boilers and its components 
[2]. It has been accepted that applying coating to 
steel prevents surface degradation by corrosion 
and wear [3]. Nowadays, there are several types of 
protective coatings being applied and improvements 
at various levels have been reported [4, 5]. Coatings 
are generally provided on the substrate to protect 
them from high temperature oxidation. Thermal 
spray techniques are used to deposit coatings for 
high temperature application. Various thermal 
spray techniques used for providing coatings are 
HVOF, plasma spray, D-gun, wire arc spray etc. 
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Emery papers of 320, 600, 800, 1000 grit sizes were 
used for polishing of samples.

2.2. deposition of Coatings

Detonation spraying technique were used for 
deposition of coatings which was available at SVX 
Powder M Surface Engineering Private Limited, 
Noida (India). Oxy-acetylene was used as fuel gas 
and nitrogen as carrier gas. Spray parameters used 
for deposition of coatings are given below:

Table 1 
Spray parameters

Variant
Detonation 

Spray Process 
(Cr3C2-NiCr)

Detonation 
Spray Process

(Al2O3-40%TiO2)

Gas Flow m3/hr 11 11

Flame/Plasma Temp. °C 3900 3900

Atmosphere Around Particle N2, CO, C2, H2O N2, CO, C2, H2O

Particle Impact Velocity m/s 600-1200 600-1200

Oxide Content % 0.1 0.1

Max Spray Rate, kg/hr 3 3

2.3. oxidation and hot Corrosion 
 Behaviour

2.3.1. Oxidation Studies in Open Air

Both coated and bare samples are exposed to 
elevated temperature in air at 650°C and 900°C for 
75 cycles of oxidation at each temperature. After 
every 5 cycles visual inspection is carried out and 
weight change measurement is recorded.

2.3.2. Low Temperature and High Temperature 
 Hot Corrosion Behaviour in Molten Salt 
 Environment

Samples were first preheated at 250°C and then 
dissolved Na2SO4 salt was applied on the surface of 
preheated samples using hair brush. Applied salt 
specimens are place in the tubular furnace at 6500C 
and 9000C for 75 cycles at each temperature.

2.3.3. Analysis of coated corroded samples

SS-316 coated specimens which are subjected to 
650°C and 900°C for 75 cycles at each temperature 
were analyzed for corrosion elements. Samples 
subjected to visual examination and analyzed after 
corrosion with the help of SEM/EDAX.

2.4. Cyclic oxidation

 1. Preheating of SS-316 samples at 200°C 
for 1hr period and then a Na2SO4 salt is 
dissolved with the help of magnetic stirrer 
on which the beaker is placed which contains 
Na2SO4 salt and distilled water.

 2. Dissolved Na2SO4 salt solution is then 
applied on the surface of coated and bare 
samples.

 3. Coated and bare specimens are placed in 
tubular furnace at 650°C for low temperature 
hot corrosion and at 900°C for high 
temperature high corrosion for 1hr in a 
tubular furnace and after 1hr of heating 
samples were taken out with the use of 
a tong. Samples are placed in open air 
environment for 20min of cooling.

 4. When the specimens are cooled, their weight 
gain is measured by using digital weighing 
machine. All specimens undergone 75 cycles 
for low temperature and high temperature 
oxidation and hot corrosion studies.

reSulT aNd diSCuSSioN3. 

3.1. visual examination Coated Samples 
 Before oxidation

Visual examination reveals that Cr3C2-NiCr coated 
specimen was silver in colour whereas Al2O3-40%TiO2 
coated specimen was black in colour. Surface of both 
coated specimens were smooth without the presence 
of any pores and crack formation.

figure 1: Cr3C2-NiCr coated sample

figure 2: al2o3-Tio2 coated sample

3.2. xrd analysis of Cr3C2-NiCr Coated 
 Sample

XRD analysis of the powder coated Cr3C2-NiCr 
sample was done in order to observe various phases 
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developed on the surface of the sample. XRD results 
of pre oxidation sample confirmed the presence of 
Cr3C2 and NiCr as the major phases in Cr3C2-NiCr 
coatings.

figure 3: xrd analysis of Cr3C2-NiCr coated sample

3.3. Sem-edax analysis Cr3C2-NiCr Coated 
 Sample

Cr3C2-NiCr coatings on SS-316 boiler steel have 
been analyzed for checking the surface morphology. 
Microstructure of the coating showed to be uniform 
and to some extent porous. Globules indicates the 
presence of non-melted and semi melted particles. 
EDAX analysis shows that Cr, C, Ni as main 
components.

figure 4: Sem analysis Cr3C2-NiCr coated sample

3.4. xrd analysis of al2o3-40%Tio2 Coated 
 Sample

XRD analysis was performed on Al2O3-40%TiO2 
coated sample which shows that Al2O3 and TiO2 are 
present as primary phases in the coatings.

figure 5: edax analysis Cr3C2-NiCr coated sample

figure 6: xrd analysis of al2o3-40%Tio2 coated sample

3.5. Sem-edax analysis al2o3-40%Tio2 
 Coated Sample

Al2O3-40%TiO2 coatings on SS-316 have been 
analyzed with SEM-EDAX. Surface of the coating is 
crack free which confirms that the coating has been 
deposited successfully. EDAX analysis also confirms 
that al., O, Ti are present in the coating.

figure 7: Sem analysis al2o3-40%Tio2 coated sample

3.6. weight gain measurements

Weight gain measurements was recorded after every 
5th cycle. Weight gain graph was plotted with respect
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figure 8: edax analysis al2o3-40%Tio2 coated sample

to number of cycles. Initial weight of samples used 
which was heated at 650°C are 8.593 grams (Bare 
sample), 11.029 grams (Cr3C2-NiCr coated sample) 
and 10.054 grams (Al2O3-40%TiO2 coated sample) 
and for specimens heated at 900°C are 8.869 grams 
(Bare sample), 10.865 grams (Cr3C2-NiCr coated 
sample) and 9.936 grams (Al2O3-40%TiO2 coated 
specimen). Weight gain in case of coated samples 
was observed during initial cycles and less weight 
gain was seen for further cycles. There was lower 
oxidation in case of coated samples as compared to 
bare samples. After 75 cycles oxidation at different 
temperatures no cracks were seen in the coating.

figure 9: weight gain graph at low temperature hot 
corrosion

3.7 Sem-edax analysis of Cr3C2-NiCr Coated 
 Sample at 650°C after oxidation

SEM/EDAX analysis of Cr3C2-NiCr coated sample 
confirmed that no cracks on the surface after 75 cycles 
of oxidation. SEM is done at in order to discover if 
there are any cracks in the coating after oxidation.

figure 10: weight gain bar at low temperature hot 
corrosion

figure 11: weight gain graph at high temperature hot 
corrosion

figure 12: weight gain bar at high temperature hot 
corrosion

Spallation was not seen in the coating. Oxide 
particles are present on the sample surface. Na 
and Sulphur was also present on the surface which 
confirms that it is the main attack element for hot 
corrosion. It is concluded that Cr3C2-NiCr coatings 
remain intact with the surface of the sample and 
EDAX analysis shows that Cr, C, Ni elements are 
present in higher quantity as compared to corrosion 
elements on the surface after oxidation and their 
bonding did not break.
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figure 13: Sem analysis of Cr3C2-NiCr coated sample at 
650°C after oxidation

figure 14: edax analysis of Cr3C2-NiCr coated sample 
at 650°C after oxidation

3.8 Sem-edax analysis of al2o3-40%Tio2 
 Coated Sample at 650°C after oxidation

SEM analysis of Al2O3-40%TiO2 coated sample was 
done in order to confirm if there are any cracks 
present. SEM confirms that after oxidation there 
are no cracks in the coating which indicates that 
coating bond is efficient barrier against corrosion. 
EDAX analysis indicated oxide and sodium peaks 
are responsible for the corrosion of the substrate. 
Titanium concentration was higher after oxidation 
and also aluminium oxide was also present as shown 
by EDAX peaks.

3.9 Sem-edax analysis of Cr3C2-NiCr Coated 
 Sample at 900°C after oxidation

SEM analysis Cr3C2-NiCr coated sample at 900°C 
after 75 cycles of oxidation showed surface corrosion 
with the formation of oxide layer. At high temperature 
hot corrosion of 900°C, SEM images showed no

figure 15: Sem analysis of Cr3C2-NiCr coated sample at 
6500C after oxidation

figure 16: edax analysis of Cr3C2-NiCr coated sample 
at 650°C after oxidation

cracking in the coating which proves that coating 
have resistance to hot corrosion and adherent to the 
substrate. S, Na and O are the coating elements on 
the surface as shown by EDAX.

figure 17: Sem analysis of Cr3C2-NiCr coated sample at 
900°C after oxidation
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figure 18: edax analysis of Cr3C2-NiCr coated sample 
at 900°C after oxidation

3.10. Sem-edax analysis of al2o3-40%Tio2 
  Coated Sample at 900°C after oxidation
SEM analysis of Al2O3-40%TiO2 coated sample at 
900°C after 75 cycles of oxidation indicates that 
there are no cracks in coating but the metal suffered 
more corrosion due to formation of oxide as compared 
to Cr3C2-NiCr coated sample.

figure 19: Sem analysis of al2o3-40%Tio2 coated sample 
at 900°C after oxidation

figure 20: edax analysis of al2o3-40%Tio2 coated sample 
at 900°C after oxidation

CoNCluSioNS4. 

 1. Weight gain measurements shows that 
Al2O3-40%TiO2 coated sample suffered 
more weight gain than Cr3C2-NiCr coated 
sample at both low and high temperature 
hot corrosion. Lower weight gain in case of 
Cr3C2-NiCr coated sample indicates that 
it has better resistance to hot corrosion 
than Al2O3-40%TiO2 coatings under same 
environment.

 2. Bonding was strong in both the coatings 
with the dense surface and also without any 
cracks.

 3. Coatings proved to be effective barrier 
against high and low temperature hot 
corrosion in the presence of molten salt 
environment.

 4. Al2O3-40%TiO2 coated samples have 
high oxide layers than Cr3C2-NiCr coated 
samples which are responsible for higher 
hot corrosion in Al2O3-40%TiO2 coated 
samples.

 5. Chromium and Nickel presence in the 
coatings provides more corrosion resistance 
as it reduces the attack of molten salt on the 
substrate.
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