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Abstract— Non Renewable energy resources (Coal, Natural gas,
oil and bio-fuel) still accounts for major sources of power genera-
tion to satisfy the growing power needs of nations around the
world. According to International Energy Agency (IEA) the de-
mand in primary energy will increase by up to 49% by 2035.The
power industry suffers huge annual losses in the form of mainte-
nance repairs resulting from the super heater corrosion. There is
a huge downtime involved due to super heater tube fail-
ures.These tube failures are almost exclusively caused by fireside
tube metal wastage driven by complicated mechanisms of corro-
sion in combination with local erosion. The corrosion is caused by
salts in the slag that deposits on the boiler tubes, coupled with
high temperatures of flue gas going through the boiler.In this
study, we have done a meta-analysis (Analysis of analysis) of
various research published in the area and used the results to
predict the corrosion rate (For base metal and Weld Separately) -
for different boiler environments and temperature conditions. In
the study, 4 samples( two of base metal and two of weld) were
taken of T92 chrome- molybdenum alloy (Ultra super-critical
boiler material), two of the samples (one of base metal and one. of
weld) were heated at 650 degree Celsius and the other two sam-
ples (one of base and one of weld) at 750 degree Celsius. The
samples at each of the temperatures were put in two different
salts (Salt-1 and Salt-11) thereby simulating the actual boiler
working conditions. Each sample was heated for 5 hours then
cooled to room temperature and weighed. The process was re-
peated for 10 cycles for 50 hours.Upon completion of the corro-
sion kinetics study, the specimens were examined by optical met-
allography and a scanning electron microscope (SEM) equipped
with energy—dispersive X-ray analyser (EDAX). Optical exami-
nation of cross sections of exposed specimens, and analyses with
the SEM, were used to identify the morphological features of
corrosion product phases in the scale layers and to establish the
thickness of scales. The fundamental idea for such an analysis is
that if the corrosion could be reliably predicted, new power
plants could be designed accordingly, and knowledge of fuel se-
lection and determination of process conditions could be utilized
to minimize the super heater corrosion. This result will help re-
duce some burden on the power industries and will also help to
minimise pollution.
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1. INTRODUCTION

Ferritic steels, containing chromium and molybdenum are
well known for their excellent mechanical properties com-
bining high temperature strength and creep resistance
with high thermal fatigue life, as well as with good thermal
conductivity, weldability, and resistance to corrosion
and graphitisation. Because of these characteristics this
type of steels have attracted special interest for applica-
tion in industrial processes related to carbochemistry, oil
refining, carbon gasification and energy generation in ther-
mal power plants, where components like, heat exchangers,
boilers and pipes operate at high temperatures and pressures
forlong periods of time[1].

Power generation industries are very important for both de-
veloped and a developing country since electrical energy has
become a fundamental requirement for human beings. The
generation of increasing amounts of electricity while simulta-
neously reducing environmental emissions has become a goal
for the power generation industry worldwide. According to
international energy agency (IEA) the demand in primary
energy will increase by up to 49% by 2035 [2]. The power
generation industry around the world is under tremendous
pressure to generate a sufficient amount of power which is
sustainable, affordable and reliable; and meet the industrial,
transport, and domestic requirements. Some of the different
sources used to generate electrical energy are: nuclear,
solar, wind, hydro, bio-fuel, waste, fuel cell. However, fossil
fuels (coal, oil and natural gas) are the main sources used
within the power generation industry, and conventional steam
turbine power plants are still widely used across the globe as
the main source of power generation. Figure 1-1 illustrates the
world electric generation from different fuel sources.

Superheater corrosion causes vast annual losses to the power
companies. If the corrosion could be reliably predicted, new
power plants could be designed accordingly, and knowledge
of fuel selection and determination of process conditions
could be utilized to minimize of superheater corrosion. The
material loss in superheaters is one of the most expensive
phenomena as far as the maintenance costs of commercial
boilers are concerned.

Superheater corrosion is a common reason for boiler shut-
down. A shutdown and consequent superheater repair signifi-
cantly increase the operating costs of a boiler.
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Fireside corrosion is often a very complicated process.
Metal loss in a superheater can occur due to oxidation, sul-
fidation, erosion-corrosion, or a combination of these.
Chlorine-containing deposits may also be one of the crucial
factors

causing metal loss.
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Figure 1-1: World net electricitry generation by fuel [2]
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1.2 OXIDATION OF MATERIAL IN BOILER PLANTS

The most common metal degradation mechanism encoun-
tered in combustion is oxidation. Oxidation takes place
when the oxygen in the flue gas gets in contact with the
superheater steel surface. Due to the need for elevated
strength at high temperatures, the steels used in super-
heaters are often chromium and/or nickel containing al-
loys.The Oxidation of the alloy surface creates a protective
iron or chromium oxide layer which prevents diffusion of
oxygen. Because of the decreased diffusion, the oxidation
rate slows down, and a stable oxide layer is formed on the
steel surface.

This type of oxidation is called selective, and the mecha-

sion is often accelerated by alkaline components in the
fuel. At low temperatures, chlorine corrosion can take place
as hydrochloric acid corrosion, but in the case of superhea-
ter corrosion, the mechanism is initiated when the fuel con-
tains sufficient amounts of chlorine, and the superheater
tube temperature is sufficient for chlorides to form molten
eutectics.

Fireside metal wastage in conventional coal-fired boilers
can occur by gas- phase oxidation or deposit-induced lig-
uid-phase corrosion. The former can be minimized by us-
ing materials that are resistant to oxidation at the service
temperatures of interest. On the other hand, deposit-
induced corrosion of materials is an accelerated type of
attack, influenced by the vaporization and condensation of
small amounts of impurities such as sodium, potassium,
sulfur, chlorine, and vanadium (or their compounds) that
are present in the coal feedstock.

At the temperatures of interest in advanced combustion
systems, Mixtures of alkali sulfates, along with alkali chlo-
rides, will dominate the fireside deposit, and viable struc-
tural alloys must be resistant to attack by such deposits.
The temperature regimes in which this corrosion occurs are
summarized in Figure 2.

The effect of hot corrosion on the welds also leads to its
failure. The oxide formed due to oxidation, degrades the
weld property. The corrosion property of weld is different
from the base material. So our study is concentrated on

observing the corrosion rate of the base material and weld
differently. In present investigation, T92 ferritic stainless
steel base and TIG welded cut sample is used for the hot
corrosion test. After no. of heating cycle weight loss is
measured and the macro and micro images were taken.
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ing SO2, and, if the residence time and O2 content are suf-
ficient, it formsalso SO3. The initial sulfidation reaction
seldom continues so as to result in internal sulfidation of
the metal.

1.4 CHLORINE-INDUCED CORROSION IN BOILER
PLANT

Chlorine-induced corrosion is a common corrosion type in
waste combustion. This type of corrosion can also take
place in combustion of other chlorine-containing fuels, for
example biofuels and high-chlorine coals. Chlorine corro-

Metal Temperature ("C)
Figure 2: Regimes of fireside corrosion in coal-fired boilers

1.5 OBJECTIVES

To evaluate the weight change of the base and weld metal,
to examine macro and micro structural changes after the
heating cycles and to study the corroded surface morphol-
ogy through SEM and oxide formation through EDAX.
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2.0 EXPERIMENTAL TECHNIQUE

2.1 BASE MATERIAL

T92 is an ASTM A213 Grade ferritic stainless steel which
is used for the present study. It is an ultra super critical
boiler material, which can operate at high temperature of
650°C. It has the high elevated temperature strength and
excellent creep strength. It has the good resistance to high
temperature corrosion and steam oxidation. It shows good
resistance to thermal fatigue superior to austenitic stainless
steels. The chemical composition for the same is listed be-
low in table 3.1.

C%

Cr% | Ni% | W% | Si% [ Nb% | Mo% | N% | Mn% | P% | S% B% | Fe%

0.13

9.5 0.4 2 0.5 0.09 0.6 [ 0.07 0.6 | 0.02| 0.01| 0.006 | Bal

1JERTV 315080858

Table 3.1 Chemical composition of T92 material

2.2 WELDING PARAMETERS

The current, voltage and the variation of the WFR (wire
feed rate) can be measured by the digital display on the
power source. During the welding process, the power
source characteristics like voltage, current, WFR, standoff
distance of TIG process have been studied and tabulated.
The TIG welding parameters are tabulated in table 3.2.

parameter value
Process GTAW

Current 75A-220A

\oltage 15.5V-16.5V.
Filler wire feed rate 4m/min

Filler wire ER90S-G(92)

Welding position 1G rotating

Joint V-groove Butt joint
Electrode Th-wW
Gas flow rate 18Lpm
Shielding gas 90%Ar+10%CO2
No. of pass 2
Preheat temperature 220°C

Post-heat temperature 760°C for 30min.

Table 3.2: TIG welding parameter

2.3 MACRO AND MICRO IMAGE OF WELDMENT

The weldment cut from the tube were cold mounted to see
the macro and micro images to study the micro structure of
the base, weld and the HAZ (heat affected zone) of the
weldment. After suitable surface preparation the images are
shown in the figures shown below.
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Figure 3.3 at 500X (a) Base Metal, (b) HAZ, and (c) Weld

2.4 TUBULAR RESISTANCE FURNACE

The schematic diagram of the experimental setup used for
the isothermal corrosion tests is shown in Figure. 3.4. The
experiments were conducted in a horizontal resistance-
heated furnace that contained a 55-mm-i.d. x 3-mm-wall
alumina reaction tube (make: v. b. ceramic consultant,
Chennai, India). The temperature was measured by a ther-
mocouple inserted into an alumina thermo well that was
fed thr ough an opening in the flange of the reaction cham-

ber.

Furnace Wita

Alurrina
Th oupls Well

Aduming Tray
with Specirmens
coversd in Aph Maxture

Figure 3.4 Schematic diagram of furnace assembly

2.5 PREPARING SAMPLES

The eight samples (4 Base and 4 Weld), in the form of
cuboid. They were polished to some extent, identified by
letters stamped on it and were thoroughly degreased in
clean acetone, rinsed in water and dried.

Sample Name: T92 Base, Base sample Length: 13mm,
Base sample width: 5mm, Base sample thickness: 5mm.

Sample Name: T92 Weld, Weld sample length: 11mm,
weld sample width: 7mm, weld sample thickness: 6mm.
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2.6 MIXTURE PREPARATION

Two salts used to create the boiler simulating condition
contain ash, Na2SO4 and V205 (salt-1) & the ash, alkali
sulfate (Na2S0O4), KCI and NaCl (salt-11) in the weight
proportion of 75:10:15 & 85:5:5:5, in the form of powder is
prepared. This proportion melts and makes sludge at high
temperature, which is further stick to the material surface
for oxidizing. Proportion of the salts is given in the below
table 3.3 and table 3.4.

Ash Na2S04 V205
75 10 15

Table 3.3 Weight % for salt-1

Table 3.4 Weight % for salt-2
2.7 EXPERIMENTAL PROCEDURE

1. The samples for the experiment cut from the welded tube
of T92 material, in which the four samples were from the
base material and the rest four were from the weld area.
The cut samples were filed and polished with SiC paper to
get even uniform surface and to let the salt to stick with the
surface of the sample. All the samples were washed with
water dried with dryer to remove dust and other particle
and then kept for ultrasonic cleaning with acetone to re-
move other left particle and the moisture from the surface
and dried using dryer.

2. The alumina boat to hold the different samples with salt
is also rinsed with the water and with acetone ultrasonically
cleaned to make it free from any water particle and mois-
ture and dried using dryer.

3. Now the base and weld sample placed into the alumina
boat. The amount of the salt to be spread over the sample is
taken as the 3.5 times the surface area (in mm2) of the
sample, in milligram.

(Surface Area) of Base/Weld = 2(LXW+WxT+TxL)

(SA) of B = 2(13x5+5x5+5x13) = 310 mm2

(SA) of W = 2(11x7+7x6+6x11) = 370 mm2

Weight of salt = [3.5x2(LXW+WxXT+TxL)] milligram.
Where L= length, W= width & T= thickness of sample.
For base weight of salt were taken as

S of B = [3.5x2(13x5+5x5+5x13)] milligram = 1080mg
1.08gram.

For weld weight of salt were taken as

S of W = [35x2(11x7+7x6+6x11)] =
1.295gram.

1295mg

4. After calculating the amount of salts to be put on the
samples, the alumina boat with sample and salt were sprin-
kled with little drop of water to settle down the salt into the
boat with the sample. The boats were placed inside the tu-
bular furnace for removing the water particle and moisture
left in the boat.

5. The samples with salt kept inside the tubular furnace at
800°C for 2 hours of soaking to make it completely free of
any kind of moisture from the salt in boat. After 2 hours of
soaking the samples were let cool down to room tempera-
ture and then initial weight of the boat along with salt and
sample were taken.

6. After each 5 hours of soaking time in tubular furnace the
sample were cooled to room temperature and the weight
was taken with the electronic weighing machine. Fur-
ther the procedure were repeated up to 10 consecutive cy-
cle, 5 hours of each cycle, for total 50 hours of soaking
time.

7. The whole procedure were done for the two samples i.e.

Base and Weld for salt-1 at a temperature of 650°C, in two
Ash Na2S04 Kcl NaCl different alumina boat. After completing total 50 hours of
85 5 5 5 soaking cycle for the previous samples, the new Base and

Weld kept with the salt-11 for 650°C.

8. The soaking cycles were completed for two different
salts for the different base and weld for a particular tem-
perature of 650°C. The same procedures were again re-
peated for the temperature of 750°C for two different salts.

9. The weight change data obtain after each cycle of soak-
ing time is noted down and comparative graphs were plot-
ted for all variables i.e. Base and Weld, two different salts
and two different temperatures.

10. Upon completion of the corrosion Kinetics experiments,
the specimens were examined by optical metallography and
a scanning electron microscope (SEM) equipped with en-
ergy—dispersive X-ray analyzer. Optical examination of
cross sections of exposed specimens, and analyses with the
SEM, were used to identify the morphological features of
corrosion product phases in the scale layers and to establish
the thickness of scales.

2.8 HARDNESS TEST

Hardness value of base metal, heat affected zone and weld
metal is calculated using Vickers hardness method at load
at 5kg. The Vickers hardness test is an indentation hardness
test in which a square based pyramidal diamond indenter
with specified face angles is forced into the surface of the
material. The Vickers hardness number is related to the
applied load and the surface area of the permanent impres-
sion.

Hardness measurement provides indications of metallurgi-
cal changes caused by welding, metallurgical variation
and abrupt microstructural discontinuities in  weld
joints, brittleness and relative sensitivity to cracking under
structural loads. The equipment is already calibrated hence
the hardness value is obtained directly by specifying the
edges of the indentation. The figure for the Vickers hard-
ness test is given in the figure: 3.5.
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Figure 3.5: Indendation schematic diagram on Vickers
hardness testing machine

3.0 RESULTS AND DISCUSSION

3.1 STUDIES ON CORROSION RATE

The corrosion rate for the base and weld for two different
variables i. e. temperature and salt is observed, in which
samples were exposed to the given variables for 10 no. of
heating cycles (5 hours for each cycle), total of 50 hours.
From the figure 4.1 we can observe the base and weld, for
a particular temperature for two different salts showing the
different variation in weight change per cm square of sur-
face area of base metal for different time intervals.

15
10
5 s Weld
in salt-11
—7-=l=l=l-_-/7 Base
in salt-11\ o
0 510,15 20 2530 35 40 5 weld
in salt-| ..1.59359?’45&-
Base
in salt-I -
-5 X
-10 y X x
X X
15 X

Y-axis: Weight change in mg/cm2, X-axis: soaking time
(hrs)

Figure 4.1 corrosion rates of base and weld at 650°C

In the graph it is showing that the base in salt-1 having al-
most moderate weight loss but in salt-11 after some inter-
vals of heating cycle it is showing a weight loss and then a
weight gain. Almost same phenomenon occurs for weld in

salt-1. But weld in salt-I1 is showing increase and decrease
in weight lost. The salt-11 contains NaCl, which accelerate
the corroding process. In this temperature of 650°C, oxida-
tion taking places more for base than the weld for salt-I1.
But in salt-1 the oxidation of weld is taking place more than
the base.

Weld in salt-I7*

-15 Base in salt-H
Weld in salt-==

-20 Base in salt-fe=

-25

-30

Y-axis: Weight change in mg/cm2, X-axis: soaking time
(hrs)

Figure 4.2: Corrosion rates of base and weld at 750°C

At temperature of 750°C the corrosion rate graphs have
shown by the below figures. As we can observe from the
graph in figure 4.2 that oxidation of base in salt-I is almost
very less compare to the weld and the in salt-1l the oxida-
tion or weight loss is decreasing drastically. The weight
loss in salt-11 for both weld and base is almost same.

For particular salt-1 the comparative graphs have shown by
The below figures. As can be noted, the oxidation of base
metal at two temperatures of 750°C and 650°C is having a
small difference, salt-1 at temperature of 750°C the weld is
showing higher oxidation as compare to at temperature of
650°C.

15

10

5
weld at 750°C
h . A A weld
at 6
0 0 25 30 35 40 45 50

base
at7
5

X == base
at 650°C
[ |

X
X 2
10 ‘R *
I

15
Y-axis: Weight change in mg/cm2, X-axis: soaking time
(hrs)

Figure 4.3: Corrosion rates for base and welds at different temperatures
for salt-1

www.ijert.org

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)



1JERTV 315080858

In salt-1l the base metal weight loss at temperature of
750°C is very high comparatively to at temperature of
650°C. For weld at temperature 650°C weight loss is little
less than weight loss at temperature at 750°C. The graph in
figure 4.3 shows the comparative weight change in salt-I
for base and weld at different temperature of 650°C and
750°C.

10

52025 30 35 40 45 50
== weld at
weld

=% Base at

== base at

Y-axis: Weight change in mg/cm2, X-axis: soaking time
(hrs)

Figure 4.4: corrosion rates for base and weld at different temperatures for
salt-11

The weight loss for base metal for both temperatures is
higher than the weld. From the graph in figure 4.4 which
shows the comparative weight loss of the base and weld in
salt-11, it is observed that the weight gain for the base is
increasing for base at temperature of 650°C, which shows
the oxidation of base is increasing with the time interval.
For other base metal and two weld metal the weight loss is
increases gradually for the two temperatures.

3.2 MACRO IMAGE STUDY

From the macro study we can observe that at temperature
of 650°C in salt-1 the pitting corrosion occurred on base
and weld, where the base metal is having an adhered oxide
layer and the on the weld a peeled off surface surface is
coming to picture.

Also it is observed that at temperature of 750°C the base is
attacked locally and the protective oxide layer is peeled off
at some points, where in weld the severity is little high then
the base. In salt-1l the oxide layer is very thick and also
pitting corrosion took place on the base. For the weld at
this temperature the larger area, compare to base got peeled
off which shows the intensity of corrosion on it.
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3.3 SEM AND EDAX ANALYSIS

The given figures below shows the SEM images of the
base and weld samples before and after the corrosion test,
their respective EDAX graph and the element present in the
particular area of the surface, in percentile of that area.

In the EDAX graph the peaks shows the elements present
in there. From the graph, the higher peak shows the higher
percentile of the element.

From the given figure 4.6 which shows the surface of the
sample after the corrosion test, we can see that the elements
like O, Fe and Cr are predominating. It is indicating that
the oxides of Fe and Cr present on the surface. These ox-
ides of Fe and Cr act as a protective layer to some extent
for the metal surfaces exposed to corroding environment.

From figure 4.6 onward almost in all SEM images we can
observe that the corrosion which is occurred is localized on
the surfaces which is called pitting corrosion.

Figure 4.5: SEM image, element available in shown area and EDAX
analysis (Wt%) or base metal before corrosion
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Figure 4.6: SEM image, element available in shown area and EDAX
analysis (wt%) for base metal after corrosion in salt-1, at 650°C
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Element | Weight's | Atemic®s
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AIK 022 033
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MaK 0.55 04
FeK 6630 48.11

Figure 4.7: SEM image, element available in shown area and EDAX
analysis (wt%) for base metal after corrosion in salt-11 at 650°C
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Figure 4.8: SEM image, element available in shown area and EDAX
graph for analysis (wt%) metal after corrosion in salt-1, at 750°C
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Totals 100.00

L s
-

Figure 4.9: SEM image, element available in shown area and EDAX
analysis (wt %) for base metal after corrosion in salt-11, at 750°C

From the graph in figure 4.6 it is clearly showing the oxide
of Fe is high as compare to Cr. The weld metal is having
the Fe oxide will protect for some time interval after which
it may deplete from the surface due to temperature and the
environment it exposed of. As we can see from the figure
4.4 the oxidation of weld is increasing after some time in-
terval.
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All composition occurred on the surface of the base and
weld is oxides of Fe, Cr and few amount of W, as we can
see from the graph.

4.0 CONCLUSION

The fireside corrosion test of the T92 material and its
weldment is carried out in simulated boiler plant condition
for two types of salt (environment) and for two tempera-
tures of 650°C & 750°C, for 10 no. of heating cycle each of
5 hours, total of 50 hours. Based on the study following
conclusion were made.

1. The type of corrosion occurs for base and weld is pitting
type corrosion as we have observed from the macro and
SEM images.

2. From the EDAX graph we have observed the presence of
elements and oxides, which is found on the base and weld
surface before and after corrosion test. Mainly the oxides
of Fe and Cr are dominating on the surfaces of samples
after the test.

3. For a particular temperature of 650°C the weight loss of
base in salt-1 is increases. Where in salt-11 base shows fast
Increment in weight gain after 25 hours of heating.

4. For a particular temperature of 650°C the weight loss of
Weld in salt-1 increases and after 25 hours of heating it
Slowly decreases that means weight gain increases. Where
In salt-11 the weight loss increased drastically and little
variation occurs in it.

5. For a particular temperature of 750°C the weight loss for
base in salt-1 is almost constant, where in salt-11 the weight
loss is drastically increases.

6. For a particular temperature of 750°C the weight gain of
weld is almost negligible upto 30 hours of heating cycle.
After it increases slowly upto 40 hours of heating cycle and
then become constant from 40 to 50 hours of heating cycle.
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