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Abstract: Hot corrosion is a serious problem in power plants, boilers, gas turbine and internal combustion engines. 
There are several alloys and super alloys which are capable to protect the components within a certain limit. 
So many coatings are widely used to improve service life of components by providing better erosion-corrosion 
resistance to the substrate. The present investigation is on the detonation gun spray coating of SS 304L boiler 
steel using fused, blended powder, Al2O3 and NiCr. The hot corrosion experiments were done on the coated as 
well as uncoated specimens of NiCr and Al2O3 at high temperature hot corrosion (900°C) and low temperature 
hot corrosion (700°C). The cyclic oxidation is carried out in the presence of Na2SO4 molten salt for 75 cycles. Each 
cycle of oxidation was 1 hour heating and 20 minute cooling was followed for hot corrosion study. After each five 
cycles weight measurement was carried out. For the determination of morphology and microstructure of coatings 
X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDAX) 
were used. It was observed that from the results NiCr coated specimens are more resistant to hot corrosion than 
Al2O3 specimens at low and high temperature.
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surface. Under certain conditions, these deposited 
salts give rise to severe hot corrosion attack and 
accelerate its degradation [7]. It is not possible for 
a single material to have different properties to 
meet the demand of today’s industry. Therefore, a 
composite system of a base material providing the 
necessary mechanical strength with a protective 
surface layer different in structure and/or chemical 
composition can be an optimum choice in combining 
material properties [6]. Nowadays, there are several 
types of protective coatings being applied and 
improvements at various levels have been reported. 
Thermal spraying as a convenient way has been 
reported by several researchers. Thermal spraying 
offers a successful and economic way to make the 
coating without disturbing any other properties of 
the component [8-9]. Among the available thermal 
spray processes, the detonation gun spray coating 
technique is one of the most promising methods 
capable of producing carbide cermet coatings with 
high density, strong adhesion to substrates, high 
cohesive strength and limited reactions due to 

inTroduCTion1. 

Degradation of metals and alloys with respect to 
hot corrosion has been recognized as a serious 
problem for many high temperature aggressive 
environment applications, such as boilers, internal 
combustion engines, heat exchangers, gas turbines, 
fluidized bed combustion and industrial waste 
incinerators [1-4]. Power station boiler tubes 
of coal-fired plants are subjected to frequent 
degradation by erosion–corrosion problems. The 
environment is characterized by high-temperature 
conditions together with aggressive atmospheres 
[5]. Due to depletion of high-grade fuels and for 
economic reasons, residual fuel oil along with coal is 
extensively used in the energy generation systems, 
which contains sodium, vanadium and sulphur as 
impurities [6]. Most of these environments contain 
oxygen and other reactants such as sulphur, 
carbon and chlorine. Moreover, the deposits of 
metallic sulphates and chlorides, such as NaCl 
and Na2SO4, may also accumulate on the exposed 
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its moderate process temperatures and high gas 
velocities [10-12]. The NiCr and Al2O3 coatings are 
deposited by detonation gun spray on the boiler steel 
for study the hot corrosion behaviour with respect 
to high and low temperature hot corrosion in the 
presence of molten salt.

experimenTaTion2. 

2.1. material Selection and preparation

SS 304L boiler steel has been selected in consultation 
with Guru Nanak Dev Thermal Plant Bathinda for 
the experiment because of its properties and high 
corrosive protective nature. Selected material SS-
304L boiler steel which was cut into rectangular 
shape of 20mm ¥ 10mm ¥ 6mm size. The samples 
were polished using emery papers of 120, 320, 600, 
800, and 1000grit size.

Table 1 
nominal and actual Chemical Composition 

(wt. %) of SS 304l

Chemical Composition (wt. %)

Alloy C S P Si Mn Ni Cr Fe

Nominal 
Composition

0.030 0.030 0.045 1.00 2.00 8.120 18.65 Bal.

Actual 
Composition

0.020 0.010 0.030 0.400 1.76 8.010 18.51 Bal.

2.2. Coating formulation

At SVX Powder M Surface Engineering Pvt. Ltd., 
Greater Noida (India) the coatings were deposited 
with the help of detonation gun spray coating 
techniques. Nitrogen was used as carrier gas and 
Oxy-acetylene was used as fuel gas. The parameters 
are mentioned in manual apparatus were used for 
the D-Gun spray techniques for coating. All the 
standard Spray parameters are:

Table 2 
Spray parameters employed for d-gun Spraying

Variant D-Gun Spraying 
(Al2O3)

D-Gun Spraying 
(NiCr)

Oxygen Flow Rate 4800 L/H 2800 L/H

Fuel (Acetylene) Flow 
Rate

1920 L/H 2240 L/H

Carrier Gas (Nitrogen) 
Flow Rate

800 L/H 800 L/H

Spray Distance 200 mm 165 mm

Flame Temperature 3900 °C 3900 °C

Detonation Frequency 3 Shots/Sec 3 Shorts/Sec

2.3. hot Corrosion Behaviour of Coatings 
 after oxidation

Oxidation done in open air

The specimens of both coatings (NiCr and 
Al2O3) and bare samples are heated at elevated 
temperature in open air at low temperature (700°C) 
and high temperature (900°C) for 75 cycles. Weight 
gain measurement was also done after every five 
cycle to compare the coatings.

Hot corrosion behaviour at low temperature and 
high temperature in molten salt after oxidation.

Firstly the coated specimens of NiCr and Al2O3 
coatings are preheated at 250°C in the tubular 
furnace for one hour. After preheated the molten salt 
(Na2SO4) is provide to the coated specimens to heat 
at 700°C and 900°C for 75 cycles of oxidation. Weight 
gain measurement was done after each 5 cycles.

Analysis of coated corroded specimens of NiCr 
and Al2O3 coatings

The specimens of SS 304L which are coated with 
NiCr and Al2O3 coatings are subjected to 700°C and 
900°C for 75 cycles were analysed with the help of 
SEM/EDAX and visual examination.

2.4. Cyclic oxidation

 ∑ Tubular furnace is used for the cyclic 
oxidation at 900°C and 700°C temperature 
for HTHC and LTHC of the coated samples 
of NiCr and Al2O3 coatings.

 ∑ Firstly the samples of both coatings were 
pre-heated at temperature 250°C for 1 
hour.

 ∑ Then a camel hair brush is used to provide 
the molten salt (Na2SO4) to the pre-heated 
samples.

 ∑ The specimen is kept into the tubular 
furnace at 900°C for the high temperature 
hot corrosion and at 700°C for the low 
temperature hot corrosion. After 1 hour of 
heating the specimen is taken out with tong 
and cooling at ambient air for 20 minutes.

 ∑ Every each 5 cycle the weight is recorded 
with the help of digital weighing machine.

 ∑ The molten salt is providing to the coated 
sample after 10 cycles and it is continuous 
for the 75 cycles of oxidation.
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reSulTS and diSCuSSion3. 

3.1. visual examination of Coatings Before 
 Cyclic oxidation

Visual examination of coatings was done for the 
detection of cracks, colour and tendency of spalling. 
In case of NiCr the colour of coating was blackish 
and in case of Al2O3 the colour of the coating was 
light cream colour. Both the coatings were crack 
free and uniform. The surface of the coated sample 
was also smooth.

  
figure 1: (a) niCr coated sample (b) al2o3 coated sample

3.2. xrd of al2o3 Coated Sample Before 
 oxidation

XRD analysis was performed on the surface of the 
sample to determine the outermost oxides present 
at each oxidation time, which is a kind of semi-
quantitative analysis method. It was also used to 
observe the various phases develop on the surface. The 
Figure 3.3 shows the maximum peak value of Al2O3.

figure 2: xrd of al2o3 coating before oxidation

3.3. Sem/edax of al2o3 Coated Sample 
 Before oxidation

SEM was used for the determination of the 
morphology and microstructure of the Al2O3 samples. 
It was also used for the detection of the pores on the 
surface of the coated surface. The coating is uniform 
coated over the sample of SS 304L boiler steel and 
it is also crack free. Due to the EDAX analysis the 
components al., and O was shows.

 
figure 3: Sem/edax of al2o3 coated sample before 
oxidation

3.4. xrd of niCr Coated Sample Before 
 oxidation

XRD analysis indicates the presence of NiCr primary 
phases on the coatings. Figure 3.5 shows the XRD 
result of NiCr coatings. In this Figure 3.5 the various 
peaks of NiCr powder was seen that at the different 
diffraction angles and intensity.

figure 4: xrd of niCr coating before oxidation

3.5. Sem/edax of niCr Coating Before 
 oxidation

To examine the morphology and microstructure of 
the NiCr coated sample the SEM was used. Due to 
this analysis it indicates he coating is crack free 
and uniformly coated over SS 304L boiler steel. 
EDAX indicates the components of Ni and Cr on 
the coating and Ni have maximum peak value as 
compare to the Cr.

 
figure 5: Sem/edax of niCr coated sample before 
oxidation
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3.6. weight Change measurement
The result of gravimetric analysis is displayed in the 
form of a plot of cumulative weight gain (mg/cm2) 
as a function of time expressed in number of cycles. 
Weight change measurement was that techniques 
which used for differentiate the weight of bare 
sample and coated samples (NiCr and Al2O3). 
The weight change measurement was taken out 
after each five cycles of oxidation. Initial weight 
of specimens used which was heated at 700°C 
are 11.720 grams (Uncoated specimen), 12.262 
grams (Al2O3 coated specimen) and 13.040 grams 
(NiCr coated specimen) and for specimens heated 
at 900°C are 11.628 grams (Uncoated specimen), 
12.034 grams (Al2O3 coated specimen) and 13.228 
grams (NiCr coated specimen). It was observed that 
after 75 cycles of oxidation the coatings were free 
from cracking and changes its colours after heat 
treatment at various temperatures. From the final 
result it was found that the NiCr coating has better 
and greater corrosive in nature at high and low 
temperature hot corrosion.

figure 6: weight change graph at high temperature

figure 7: Bar chart at high temperature hot corrosion

At low temperature the weight change graph and 
bar chart of total weight gain is given velow:

figure 7: weight change graph at low temperature

figure 8: Bar chart at low temperature hot corrosion

3.7. Sem/edax analysis of al2o3 Coated 
 Specimen after oxidation at high 
 Temperature
In case of Al2O3 coating the scanning electron 
microscopy (SEM) was used to determine the 
morphology and the microstructure of the coated 
sample. Due to these techniques it was observed 
that there is no cracking are occur on the surface 
of the coated sample after 75 cycle of the oxidation 
at high temperature (900°C). In the presence of the 
molten salt Na2SO4 the pores are also detected on 
the surface of the coated sample after oxidation. The 
colour of the coating was changed after each cycle 
of oxidation. EDAX also displayed the peaks of the 
coating elements.

 
figure 9: Sem/edax of al2o3 coating at high 
temperature
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3.8. Sem/edax analysis of niCr Coated 
 Specimen after oxidation at high 
 Temperature

SEM was used to detection of cracks on coated 
samples of NiCr coatings at high temperature hot 
corrosion (900°C). It also observed from test the 
pores were found on the surface of coated sample. 
This pores are occur due to the presence of molten 
salt on the surface. EDAX (energy dispersive X-ray 
spectroscopy) was also used to determine the peaks 
of the coating elements. From the test of EDAX it 
was observed that the O has greater peak value as 
compare to the Ni and Cr.

 
figure 10: Sem/edax of niCr coating at high 
temperature (900°C)

3.9. Sem/edax of al2o3 Coating at low 
 Temperature

SEM was used to determine the morphology and the 
microstructure of the coated sample of Al2O3 coating. 
It was also used to examine the crack on the surface 
of coated samples after oxidation. The colour of the 
coating was changed after each cycle. EDAX was 
determining the elements that are present on the 
coated surface after oxidation at low temperature 
(700°C). The peak value of the al., is greater than 
other coating elements.

 
figure 11: Sem/edax of al2o3 coating at low 
temperature (700°C)

3.10. Sem/edax of niCr coating at low 
  temperature

In case of NiCr coating the SEM was used to 
determine the microstructure and morphology of the

 
figure 12: Sem/edax of niCr coating at low 
temperature (700°C)

coating. The SEM was also used to detect the cracks 
on the coated surface. The coating is uniform and 
there is no crack on the surface but the pores of the 
molten salt was also detected. EDAX determine the 
peak values of the coating elements. From the test it 
was observed that the Ni has maximum peak value 
than the Cr and other elements that are present in 
coating.

ConCluSionS4. 

Under the employed spray conditions, Al2O3 and 
NiCr powder has been successfully deposited by 
D-gun thermal spray process to develop coating on 
SS 304L boiler steel, with a coating thickness of 
range 180 – 230 mm.

Weight gain analysis at low temperature hot 
corrosion (700°C) and high temperature hot corrosion 
(900°C) shows that Al2O3 coating have gained higher 
weight as compare to the NiCr coated sample.

Lower weight gain of NiCr coatings at high 
and low temperature indicates higher corrosion 
resistance than the Al2O3 coating under same 
condition.

There are no cracks in the coatings that indicate 
strong bond strength.

Due to the presence of the Nickel and Chromium 
in the NiCr coating provides higher corrosion 
resistance as it decreases the attack of molten salt 
on the substrate.
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