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Abstract: Hot corrosion is the serious problem in power generation equipments, gas turbine and chemical plant 
which ulmately lead to failure metallic components. The hot corrosion and high temperature oxidation behaviour 
of 316L boiler steel was studied of uncoated and coated material at 900°C. The coating AlCrN and TiAlN was 
deposited on the surface of specimens by physical vapour deposition technique of D.C magnetron sputtering 
process. The uncoated as well as coated 316L samples were subjected to cyclic high temperature oxidation in air 
at 900°C and hot corrosion in molten salt environment of Na2SO4 at 900°C, for 75 cycles. TiAlN coated specimen 
was very less corroded than AlCrN and uncoated specimens in both hot corrosion and high temperature oxidation 
process.

1.1. hot Corrosion

Hot corrosion may be defined as accelerated form 
of oxidation of material at elevated temperature 
resulting from the presence of salt contaminants 
such as Na2SO4, NaCl and V2O5 that combine to 
form molten deposits, which damage the protective 
surface oxides.

type of hot Corrosion: Hot corrosion is two 
types: type I (high temperature hot corrosion) and 
type II (low temperature hot corrosion). Type I hot 
corrosion is occurs at temperature range 850-900°C. 
Type II hot corrosion is occurs at temperature range 
600-850°C.

1.2. protective Coating

A coating can be defined as a layer of material which 
formed naturally, synthetically or deposited on the 
surface of an object made of another material, which 
has aim to prevent material and increase the life 
of the material, deposited and added material onto 
the surface by many type of process, it is known as 
a coating. Many type of coatings are used to prevent 
the loss of materials by corrosion, hot corrosion, 
erosion, wear etc. Coating can be done by different 
processes. Coating was done by physical vapour 
deposition technique.

introduCtion1. 

For different modern applications, mechanical 
parts must work under extreme condition of high 
temperature, extreme chemical environment, low 
temperature and so on. Metals and alloys, utilized 
at high temperature in distinctive situations 
what’s more for different purpose, normally 
experience crumbling in their mechanical and 
physical properties, which ultimately lead to the 
failure of the metallic components. Hot corrosion 
is a consequential problem in power generation 
equipment, gas turbines and chemical plants. It 
is an accelerated form of oxidation of materials, 
at elevated temperatures, induced by a thin film 
of fused salt deposit. So, alloys used for these high 
temperature applications should possess good 
mechanical properties along with corrosion-erosion 
resistance. Now days, boiler steels to prevent from 
corrosion used the many type of protective coating. 
These protective coatings increase the life and 
performance of the boiler steels. Thus, are helpful in 
a manner to reduce the economic loss caused by hot 
corrosion. A large number of coatings are available 
which are coated on the materials with different 
deposition techniques such as CVD and physical 
vapour deposition (PVD) etc.
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1.2.1. Physical Vapour Deposition

For protection from hot corrosion and high 
temperature oxidation thin film deposited on the 
specimens by physical vapour deposition method. 
PVD technique is the newest coating process in 
which variety of vaccum deposition method used 
to generate the thin film coatings. In this process 
the material goes in to three stage. Sputtering and 
evaporation process was done by PVD technique. 
PVD technique provide thin film for all types of 
components and tool etc. like mechanical, optical, 
electrical. The variety of coating materials can 
be deposited utilizing physical vapor deposition 
technique which includes TiN, AlCrN-based, DLC, 
TiAlN (Latuma) and so on. In PVD process using the 
active gas like nitrogen, oxygen and methane etc.

1.3. d.C magnetron Sputtering method

Sputtering is the basic strategy PVD process. In 
this process, those species to buildup are made 
toward the positive ions of an inert gas bombarding 
the sources, which will be called those target, and 
Therefore generating atoms-ions of the focus material 
toward momemtum exchange. The sputtering rate 
is consequently subject to those force enter of the 
target, i.e., The cathode voltage and present to 
sputtering. In sensitive sputtering, however, you 
quit offering on that one must think as of target 
poisioning impacts. Further, those sputtering rate 
may be likewise reliant on those plasma in the 
vicnity of the target surface. Previously, practically 
cases, the inactive or respectable gas may be argon. 
Argon need higher impostor over other respectable 
gases, for example, such that neon or helium, and 
may be less demanding on ionize. Higher impostor 
provides for higher sputtering yield, particularly 
Assuming that those impostor of the bombarding 
particles will be of the same request of extent 
alternately is those more amazing over that those 
target molecule. The material was deposited on the 
stable part of base material after the process.

1.4. material and Coating deposited by 
 physical vapor deposition technique

The present study is an attempt to determine the 
high temperature corrosion behavior of uncoated and 
nanostructured coatings use as alcrona (AlCrN) and 
latuma (TiAlN) coated 316L-SS boiler steel. TiAlN 

and AlCrN being corrosion resistance coating have 
been selected as protective coatings on selected 
sample of boiler steel with done by PVD technique. In 
that would be helpful to determine the performance 
of the coatings at high temperature oxidation and 
also determine the resistance to hot corrosion of 
316L-SS boiler steel.

eXperimental detail2. 

Specimens with dimension of approximately 15mm 
¥ 12mm ¥ 6mm were cut from the large piece of 
the material. The specimens were finishing surface 
using many type emery papers of 220, 400, 600 
grit size and then the specimen were polished 
using cloth polishing wheel machine with alumina 
powder like mirror. For this research work prepared 
specimens manually. Two types nano coating layer 
was deposited on surface of the substrate. The layer 
which deposited on surface of the substrate was 
titanium chromium nitride and titanium chromium 
nitride.

 Bare sample alCrn tialn

table 1 
Specification of Coating

Specification (AlCrN) (TiAlN)

Material of coating AlCrN thin film AlTiN thin film Light

Colour of coating Grey Grey 

Hardness of coating 
HIT[GPa]*

38 +/-4 35+/-8

Max. service temp. 
[°C]

1,150 1,050

2.1. procedure and Setup of experiment

For research work, silicon carbide tube furnace 
was used for high temperature oxidation and hot 
corrosion at 900°C. For doing the experiment, 
specimens was kept in ceramic bowl and before the 
experiment measuring the of specimens to electronic 
digital weighing machine. Then, the bowl with the 
samples placed in to furnace at 900°C. The bowl with 
taken out after 1 hour and cooled in the ambient 
air for 20 min. Then, molten salt mixture paste on 
the surface of the samples and again placed in to 
furnace. After 5 cycles was weight measuring to 
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electronic digital machine and note down the weight. 
The study was carried out for 75 such cycles.

figure 1: Silicon carbide tube furnace showing the 
ceramic bowl placed along with samples

Specification of silicon carbide tube furnace

Max. Temperature 1200 ± 5°C

Power 1 kWh

Heating Element Silicon carbide

Thermocouple Used K-Type

Tube Material Al2O3

Heating Zone 8 inches

reSult and diSCuSSion3. 

3.1. analysis of Coating

SEM/EDAX point reveal the surface morphology 
of TiAlN and AlCrN coated 316L-SS boiler steel. 
Micrographs for TiAlN coating at higher magnification 
(10000X). Dense structure with lower porosity is 
showed in the coating microstructured and also it 
free from cracks. EDAX analysis shows the Ti, al., 
and N with negligible amount of iron. Find higher 
amount of Ti and less concentration of al., in this 
coating. In term of AlCrN coated 316L-SS boiler steel. 
SEM micrographs shows dense grey colored coating 
with tiny dark grey particles dispersed in the matrix. 
In coating show that higher amount of al., Cr, and N 
along with very less amount of Fe, C, Na and oxygen.

 
figure 2: Sem/edaX analysis of alCrn Coated 316l-SS 
Boiler Steel showing elemental Composition (Wt. %) at 
different points, X100

 
figure 3: Sem/edaX analysis of tialn Coated 316l-SS 
Boiler Steel showing elemental Composition (Wt. %) at 
different points, X100

3.2. Xrd analysis

XRD diffractograms pattern of TiAlN and AlCrN 
coated 316L-SS boiler steel are depicted on reduced 
scale. As showed by the diffractograms TiN, AlN are 
the main element present in the nanostructured thin 
TiAlN coating. Further, in term of AlCrN coated 
316L-SS boiler steel, the element are CrN and AlN 
grain size of the nanostructured thin coatings was 
estimated from the scherrer formula.

figure 4: Xrd diffraction of the alCrn Coated surface

3.2. visual examination

For uncoated 316L-SS boiler steel, a whitish brown 
colored observed after the 10th cycle and some 
metallic sound was also observed during cooling for 
some cycles. At the last of cycle study; a dark whitish 
brown colored with some little cracks observed. In 
term of TiAlN coated 316L-SS boiler steel colour 
of the grey was showed at the last of the cycle and 
some whitish grey area on the surface whereas In 
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term of AlCrN coated 316L-SS boiler steel has shown 
fine cracks, when subjected to the high temperature 
oxidation in air at 900°C for 75 cycles.

figure 5: Xrd diffraction of the tialn Coated suface

 Bare Sample alCrn Coated tialn Coated
figure 6: uncoated and coated corroded specimen in 
high tempeture oxidation at 900°C

Uncoated and coated 316L-SS boiler steel 
subjected to high temperature oxidation in sodium 
sulphate (Na2SO4) molten at 900°C to 75 cycles are 
shown in figure above. To uncoated 316L-SS boiler 
steel, observed like white colour due to deposition 
of salt after the 10th some metallic sound was also 
observed during cooling for some cycles. At the end 
of cyclic study; a blackish grey colored with severe 
little cracks observed. In term of TiAlN coated 316L-
SS boiler steel, colour of the grey was observed at 
the last of the cycle and some whitish grey area 
on the suface, hairline cracks were observed after 
50th cycles whereas In term of AlCrN coated 316L-
SS boiler steel has shown severe spalling and 
visible cracks, and brown color surface observed 

when subjected to hot corrosion in the molten salt 
environment at 900°C for 75 cycles.

 Bare Sample alCrn Coated tialn Coated

figure 7: uncoated and Coated corroded specimen in 
hot corrosion in molten salt at 900°C

3.3. Sem/edaX analysis

SEM/EDAX analysis of the coated and uncoated 
316L-SS boiler steel subjected to high temperature 
oxidation air at 900°C for 75 cycles are shown 
in Figure (8, 9). The SEM micrographs of AlCrN 
coatings is shown Figure 8. The developed surface 
scale appears like vertical needles grown on matrix. 
EDAX analysis scale revealed the presence of N, 
al., and Cr as the main element in the needles 
and minor amount of sodium and sulphur matrix 
along with very small amount of oxygen. The SEM 
micrographs showed the oxidized element of TiAlN 
coatings is shown Figure 9. The developed surface 
scale appears like vertical needles grown on matrix. 
EDAX analysis scale revealed the presence of N, 
al., and Ti as the main element in the needles and 
minor amount of sodium and sulphur matrix along 
with very small amount of oxygen.

 
figure 8: Sem/edaX analysis of alCrn coated 316l-SS 
percentage of the element after the high tempeture 
oxidation at 900°C

 
figure 9: Sem/edaX analysis of tialn coated 316l-
SS show the percentage of the element after high 
temperature oxidation at 900°C
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figure 10: Sem/edaX analysis after the hot corrosion of 
alCrn coated 316l boiler steel in molten salt environment 
show element composition (wt%) at the different point

SEM/EDAX analysis shows the surface 
morphology of the coated and uncoated 316L-SS 
boiler steel subjected to hot corrosion in molten 
salt environment at 900°C for 75 cycles. The SEM 
micrographs of AlCrN coatings is shown Figure 10. 
The developed surface scale appears like vertical 
needles grown on matrix. EDAX analysis scale 
revealed the presence of Na (50.22%), S (25.64%) as 
the main element in the needles and minor amount 
of nitrogen, aluminium and chromium matrix 
along with very small amount of oxygen. The SEM 
micrographs showed of oxidized element of TiAlN 
coatings is shown Figure 11. The developed surface 
scale appears like vertical needles grown on matrix. 
EDAX analysis scale revealed the presence of Na 
(52.11%), S (25.15%) as the main element in the 
needles and minor amount of nitrogen, aluminium 
and titanium matrix along with very small amount 
of oxygen.

 
figure 11: Sem/edaX analysis after the hot corrosion of 
tialn coated 316l boiler steel in molten salt environment 
show element composition (wt%) at the different point

SEM/EDAX and Visual examination analysis 
was done of uncoated and coated specimen for high 
temperature oxidation process. The results of weight 
gain (mg) of all 75 cycles is shown in the table as 
per 5 periods. The graphs for the same has been 
shown in Figure 12. The cumulative weight gain for 
uncoated and AlCrN and TiAlN coated 316L steel 
after 75 cycles was found to be 0.802mg, 0.254 mg 
and 0.159mg respectively and as shown in table.

Oxidized uncoated specimen was maximum 
weight gain comparison coated specimen. Weight

table 2 
Specification of Coating

S. 
No.

Number of 
cycles

Bare samples 
(mg)

AlCrN coated 
samples (mg)

TiAlN coated 
samples (mg)

1. 5 9.130 10.313 10.289

2. 10 9.138 10.324 10.292

3. 15 9.142 10.337 10.296

4. 20 9.148 10.345 10.296

5. 25 9.156 10.358 10.305

6. 30 9.179 10.363 10.325

7. 35 9.186 10.392 10.330

8. 40 9.229 10.408 10.343

9. 45 9.280 10.420 10.354

10. 50 9.325 10.445 10.366

11. 55 9.393 10.464 10.378

12. 60 9.439 10.488 10.393

13. 65 9.520 10.501 10.402

14. 70 9.594 10.526 10.425

15 75 9.647 10.547 10.438

figure 12: graph plot for weight gain/area of uncoated 
and coated specimen for 75 cycle in high temperature 
oxidation at 900°C

gain of oxidized uncoated and AlCrN and TiAlN 
coated specimen increase with respect to number 
of cycle increase. SEM/EDAX analysis showed the 
element distribution of higher and lower percentage. 
Coated specimen was less corroded than uncoated 
specimen in higher temperature oxidation at 900°C 
of 316L boiler steel.

SEM/EDAX analysis and visual examination 
was done of uncoated and coated 316L boiler steel 
for hot corrosion in molten salt environment. The 
results of weight gain of uncoated and AlCrN and 
TiAlN coated 316L boiler steel in hot corrosion in 
molten salt environment is shown in the form of a 
graph plotted in Figure 13. The weight gain is shown 
in table as per 5 periods. The cumulative weight gain 
and loss for uncoated and AlCrN and TiAlN coated 
316L boiler steel after 75 cycles was found to be 
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0.8309 mg, 0.5889 mg and 0.5158 mg respectively 
and as shown in table.

table 3 
Specification of Coating

S. 
No.

Number of 
cycles

Bare samples 
(mg)

AlCrN coated 
sample (mg)

TiAlN coated 
samples (mg)

1. 5 9.133 10.323 10.563

2. 10 9.173 10.346 10.576

3. 15 9.238 10.381 10.601

4. 20 9.294 10.417 10.629

5. 25 9.357 10.460 10.664

6. 30 9.402 10.489 10.691

7. 35 9.468 10.531 10.729

8. 40 9.512 10.565 10.761

9. 45 9.592 10.615 10.801

10. 50 9.653 10.654 10.830

11. 55 9.699 10.686 10.858

12. 60 9.748 10.727 10.892

13. 65 9.802 10.768 10.930

14. 70 9.870 10.816 10.972

15. 75 9.936 10.860 11.014

figure 13: Weight gain of uncoated and coated specimen 
for 75 cycle in hot corrosion in moltensalt at 900°C

In molten salt environment hot corrosion of 
uncoated specimen was maximum weight gain 
comparison coated specimen. Weight of hot corroded 
uncoated and AlCrN and TiAlN coated specimen 
increase with respect to number of cycle increase. 
SEM/EDAX analysis showed the element distribution 
of higher and lower percentage. Coated specimen 
was less corroded than uncoated specimen in hot 
corrosion molten salt at 900°C of 316L boiler steel.

ConCluSion4. 

The nano coating of AlCrN and TiAlN were 
successfully deposited on substrate 316L by D.C. 
magnetron sputtering, PVD technique. The substrate 
316L boiler steel have undergone huge weight gain 
i.e. 1.215 mg during high temperature oxidation in 

air and 1.914 mg in Na2 SO4 salt environment at 
900 °C after 75 cycles with large deterioration of 
boiler steel. The AlCrN coated 316L boiler steel have 
gain weight 0.254 mg in case of high temperature 
oxidation in air and 0.579 mg in Na2SO4 salt 
environment at 900 °C after 75 cycle. The TiAlN 
coated 316L boiler steel have gain 0.159 mg weight 
in case of oxidation in air and 0.467 mg in molten salt 
environment of Na2SO4 at 900°C after 75 cycles.
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