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ABSTRACT

ARTICLEINFORMATION

The high-temperature oxidation resistance of low alloy steel affected by the cladding of austenitic stainless steel
has been investigated in this study. For this purpose, Shielded Metal Arc Welding (SMAW) technique was used
to prepare a proper layer of AISI347 on the surface of ferritic steels. The microstructure and morphology proper-
ties of the alloys were examined using transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and Energy Dispersive X-Ray Analysis (EDX) techniques. Results demonstrated that the construction of
oxide shells on the surface of non-modified ferritic steel was responsible for its low resistance in contrast to the
oxidation at high-temperature conditions. The oxidation screening of coated and uncoated samples with tuning
time at constant temperature showed the increased oxidizing intensity of both materials. Conversely, with tuning
temperature from 850 to 950 oC at a constant time, an abnormal increase was observed in oxidation intensity. The
corresponding ks of the uncoated sample was determinate 1.27708x10*, 3.267x10%, and the corresponding k,s
of coated material was determinate 54.5x107°, 6.6x107'°. The performed investigation proved that the formation

of oxidized compact needle microstructures in the resulting alloy is the reason for the extraordinarily oxidizing
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1. Introduction

The alloy of 2.25Cr-1Mo (ASTM Grade 22) is low-alloy ferrit-
ic-bainitic steel. This was developed for high-temperature applications
and is also being applied primarily in the current systems of energy gen-
eration [1], properly considered as an alternative material for pressure
containers of nuclear power plants (NPPs) at high-temperature condi-
tions [2-4]. The radiation resistance [5, 6], high-temperature creep [7],
welding [8, 9], and the microstructure [8] of 2.25Cr—1Mo steel have
been widely investigated during the last three decades. Additionally,
some researchers are keen on the wearing and corrosion of this material
and have performed several explorations [10, 11]. Recently, Wang et al.
have studied the tangential fretting wear of 2.25Cr—1Mo steel and the
effect of 2.25Cr—1Mo steel wear behavior at high temperatures [10, 12].

Having enough stability, mechanical properties, and ease of fabri-
cation are additional requirements. Stability, requires corrosion and
oxidation resistance, microstructural stability, and resistance to graphi-
tization that is a requisite for creep resistance. The thermal efficiency in
power generation relies on operating temperatures, thus there has been,
and remains, a constant striving to find material technologies that en-
able higher operating temperatures. This is the case in applications such
as turbine materials and the operating temperatures of heat exchangers
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and pipes. In a typical application, Grade 22 steel is applied for super-
heater tubing and filler metal for joining steam piping because of its
good creep-rupture strength [13, 14] and radiation resistance [15-17] as
mentioned above.

Bainitic alloys have been developed to prepare analogous creep
properties, with excellent weldability, but they will be more susceptible
to oxidation. Since the 1990s, the focus of the development of power
plant steels has been on higher chromium alloys that provide increased
oxidation resistance, while minimally reduces its ductility [18].

The steam generated by boilers passes through the superheater tubes
to produce superheated steam. The superheater tubes are frequently
subjected to failures due to corrosion-related issues. The materials of
superheater tubes are selected for a specific design life in a complex sit-
uation involving high temperature, pressure, and corrosive environment.
The 2.25Cr-1.0Mo low-alloy steel is one of the most common materials
used for the construction of super heater tubes due to its high-tempera-
ture mechanical strength and great corrosion resistance. However, as a
result of improper operation conditions such as temperature runaway
or inadequate corrosion mitigation, superheater tubes are susceptible
to failure mechanisms such as oxygen pitting [19, 20], creep [21, 22],
thermal fatigue [22, 23], temper embrittlement [24], and stress corrosion
cracking (SCC) [25, 26]. Stress corrosion cracking occurs when tensile
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Fig. 1. The images of a plate; (a) primary plate (before creption), (b) plate after
creption, and (c) polished creptsample.

stress, corrosive environment, and susceptible material exist at the same
time. In boilers built with carbon and low-alloy steel tubes, oxygen and
sodium hydroxide are corrosive agents that can cause SCC failures [27].
Research works have indicated that induced pits due to poor water treat-
ment may act as stress concentrators for the initiation of the cracks [28].

In welded tubes, a strength mismatch between weld deposit and
base metal due to great hardenability of 2.25Cr-1.0Mo steel increases
cracking occurrence in the tube weldment [28]. Therefore, post-weld
heat treatment of weld in 2.25Cr-1.0Mo tubes, in addition to reducing
residual stress, is necessary to minimize strength and hardness mismatch
by the reduction of weldment hardness [29].

Furthermore, studies have demonstrated that the use of more cor-
rosion-resistant materials, including stainless steel, effectively limits
the boiler equipment corrosion, helping the lifetime duration of boil-
ers. However, this is expensive, and interesting aims are to provide a
cost-effective substitute to the application of cheaper materials, such as
Fe-2.25Cr-1Mo (as low-alloy steel) and high-temperature operations.
To make this possible while maintaining a reasonable lifetime of the
boiler equipment, it is necessary to understand the underlying mecha-
nisms of the rapid corrosion of low-alloy steels necessitating a better
understanding of the effect of existing corrosive species. There are a
few essays that closely investigate the influence of some elements such
as chlorine-containing composites, particularly alkali chlorides [30], on
high-temperature corrosion of low-alloy steels [31], pure iron [32], and
stainless steels [33].

In addition, while it is well-known that oxygen-released compounds
cause oxidation and corrosion in all these materials, the underlying
mechanisms of this element are still under discussion. Herein, we aim
to study the effect of austenitic stainless steel cladding on the high-tem-
perature oxidation resistance of ferritic 2.25Cr-1Mo (Grade 22) steel,
which has not been studied so far. For this purpose, the SMAW tech-
nique was applied to prepare a suitable layer of AISI347 over the surface
of ferritic steels. The microstructure and morphology properties were
examined in the resulted alloys.

2. Materials and methods
2.1. Materials

The material used in this study is 20 plates of ASTM A387 Grade
22 steel (Table 1), prepared with equal dimensions (40x30x10 mm).
Austenitic steel (E347-16) purchased from Methrod Co. (the UK) was
employed as the coating metal SMAW was used to clad austenitic steel
over each Fe-Cr-Mo plate.

2.2. Sample preparation

Table 1.

Chemical composition of the consumed steel as a substrate
%Mo %Cr %Si %S %P %Mn %C
0.99 2.32 0.45 0.03 0.028 0.4 0.13
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Fig. 2. Air oxidation weight gains of the uncoated and coated samples oxidized at
850 °C; (a) weight gain against time and (b) squared weight gain against time.

The crept specimens were sectioned on the upper surface of 10 sam-
ples, to comparison 10 others plates without crepitation. Note that none
of the samples had obvious necking regions and the samples were ex-
tracted in such a way to examine the surface parallel to the loading axis,
as shown schematically in Figure 1.

The extracted samples were polished in multiple stages using a di-
amond paste (3-um solution, followed by 1-um solution) and colloidal
silica (15-nm solution) before the hardness measurements.

2.3. Characterization

To investigate and identify the type and number of induced oxide
phases on the surface of the samples in the oxidation test, the XRD
analysis was used using the PAN Analytical instrument (Model X’Pert
PROMPD, the Netherlands). The growth of oxide layers depends on the
ability of oxygen to penetrate and the morphology of the primary oxide
shells. The morphology of the detected shells on the oxidation effect
was studied by a SEM (JEOL model JSM-6610LV, Japan) equipped with
EDS of Oxford instrument facility (model number 51-ADD0013).

3. Results and discussions
3.1. Oxidation kinetics

The weight gain of the samples per unit area (Aw/s) versus time (t)
is shown in Figure 2a. This exhibits the results of tThermogravimetric
analyses of steels containing 2.25 Cr-1Mo (AISI A387) as the substrate
steel (uncoated) and austenitic stainless steel AISI 347 as the coated
steel coated at 850 °C inside the furnace for 60 h.

For the comparison of weight increase of uncoated and coated sam-
ples (Fig 2a), the weight gain of coated samples was almost uniform and
low, contrary to the uncoated samples. On the other hand, uncoated sam-
ples have a significant weight increase due to the high rate of oxidation.
Fig 2b shows the ratio of (Aw/s)* to the times for coated and uncoated
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Fig. 3. Air oxidation weight gains of the uncoated and coated samples oxidized at
950 °C; (a) weight gain against time and (b) squared weight gain against time.

samples at 850 °C.
In most cases, there is a linear relationship between the ratio (Aw/s)?
and (t), which indicates the parabolic law corresponding to Eq. 17

(Aw/s V¥ =K .t 1

»
where “w” is the weight gain of the samples, is the area, and

g )
S t

is time. The parabolic relationship indicates that the growth of oxide
shells is a function of diffusion, and “Kp” as a coefficient for the growth
rate of Cr oxide is proportional to the penetration of oxygen. The “Kp”
coefficients for coated and uncoated samples at the tested temperatures
are given in Table 2.

By comparing Figure 2a and 3a, it seems that increasing the tempera-
ture from 850 °C to 950 °C has little effect on the growth rate of the ox-
ides and the increase in weights of the uncoated and the coated samples
relative to each other. However Fig 3a depicts a large difference between
the weight increase of coated and uncoated samples. Fig 3b also shows a
ratio of (Aw/s)? for coated and uncoated samples at 950 °C. Although in
the thermogravimetric analysis of samples at two applied temperatures,
the effect of temperature is not very considerable, in comparison to Fig-
ures 2b and 3b, there is a remarkable difference in the ratio of (Aw/s)>.
This means that the growth rate of oxide layers in uncoated samples at
950 °C is much higher than that at 850 °C, but the growth rate does not
change considerably in coated samples.

Fig. 4 shows a comparison of a ratio of (Aw/s)? for coated samples at
both 850 and 950 °C. At 850 °C the ratio of (Aw/s)? increased linearly,
while it was almost curved at 950 °C, and did not change markedly in
comparison with the uncoated samples. Persdotter et al [30] investigated

Table 2.
K, coefficients at the tested temperatures
Temperature (°C) AISI347 2.25Cr-1Mo
850 6.6 x10—-10 3.267 x 10-8
950 54.5x10—-10 1.27708 x 10-8
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Fig. 4. Comparison of squared weight gain of samples per unit time for coated
samples at 850 and 950 °C.

the oxidation of Fe-2.25Cr-1Mo in presence of KCl(s) at 400 °C and
crack formation and its influence on oxidation kinetics. Their results
show slow parabolic kinetics recorded by TGA, which indicates that the
oxide growth is diffusion-controlled in good agreement with previous
studies [31, 34, 35]. The difference in parabolic rate constant between
iron and Fe-2.25Cr-1Mo observed in their study indicates that the pres-
ence of chromium, detected in the inward growing spinel, has an import-
ant influence on the overall growth rate at 400 °C.

3.2. Surface morphology examination

SEM images with a magnification of 15000x were also used to
compare the morphology of the oxides. As mentioned in the previous
sections, the test variables were time and temperature. To study the mor-
phology of surface oxides for both uncoated and coated samples, the
times of 10 h and 60 h were selected at both temperatures of 850 and
950 °C.

Figure 5 (a and b) shows the SEM images of the uncoated sample,
which was placed in a normal atmosphere furnace at 850 °C for 10 h and
60 h. As expected, there are iron-rich phases on the oxidized surface of
the uncoated sample. The types of these phases will be specified by XRD
analysis in the next section.

Figur 5a clearly defines the block-shaped surface oxides. Open spac-
es between oxide blocks are the best place for oxygen to penetrate the
substrates and this will increase the oxidation rate in uncoated samples.
This will cause the oxide shells formed during servicing of these steels
at high temperatures to easily accelerate oxidation from the separated
surface. Moreover, peeling off the oxide blocks will reduce the thickness
of the relevant sheet and thus reduce the service time of the part.

Figure 5b also shows the SEM image of the uncoated sample kept in
the furnace at 850 °C at a maximum time of 60 h. At a constant tempera-
ture, increasing the oxidation time will certainly lead to the growth of
oxidative shells which is understood by examining and observing Figure
5 (a and b). The growth of oxide blocks was oberved with increasing
time from 10 h to 60 h, and their compaction decreased compared to 10
h. Figure 5 (a and b) is presented to investigate the effect of time on the
morphology of surface oxides.

To study the effect of temperature, it was necessary to take pictures
of samples that were oxidized at 950°C in proportion to 10 and 60 h.

Figure Sc shows the SEM image of a sample placed in a furnace at
950 °C for 10 h. Comparing Figure 5 a and c, the effect of temperature
is well visible. Increasing the temperature will increase the growth rate
of oxide layers and shells. On the other hand, comparing Fig 5a and ¢
reveals that the growth rate of oxide layers is almost the same. Increas-
ing both the temperature and the oxidation time will lead to a decrease
in the height of block-shaped oxides, which will sometimes increase the
adhesion of the oxide shells. Jagadeeswara Rao et al. [36] studied at-
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Fig. 5. SEM image of uncoated sample, oxidized in (a) T =850 °C, t=10 h
(15000x), (b) T =850 °C, t = 60 h (15000x), (¢) T =950 °C, t =10 h (15000x),
and (d) T =950 °C t =60 h (15000x).

mospheric air oxidation of 9Cr-1Mo steel and found that as increasing
the time of oxidation to 50 h increased the size of the oxide globules,
yielding two different morphologies of platelet and globules.

Unlike uncoated samples whose surface morphology was in the form
of block-shaped oxides, the morphology of the oxides in coated samples
is needle-shaped and compact in structure. Figure 6 (a and b) show the
SEM images of the coated samples, which were placed in an oven at
850 °C for 10 h and 60 h. As can be seen from Fig 6a, the needle-shaped
oxides are observed in coated samples. The compactness of these nee-
dle-shaped oxide layers is considered to be the most important reason
for increasing oxidation resistance because it has made it difficult for
oxygen to penetrate the underlying layers and this has reduced the oxi-
dation rate in coated samples. Similarly, to investigate the effect of ox-
idation time on coated samples, a comparison was made between SEM
images at longer times. Figure 6b shows the SEM image of the coated
sample, kept in an oven at 850 °C for 60 h. Comparing Fig 5a and b, it
seems that increasing the oxidation time did not have much effect on the
surface morphology of the samples at a constant temperature. The only
effect that will increase over time is a slight increase in the weight of the
samples due to oxidation. Figure 6 (c and d) shows the SEM images of
a sample placed in a furnace at 950 °C for 10 h and 60 h to investigate
the effect of increasing the temperature from 850 °C to 950 °C on the
morphology of surface oxides.

Increasing the temperature led to an increase in the number of oxide
needles per unit area. In other words, due to the formation of compressed
oxide needles, the weight gain rate of coated samples significantly de-
clined compared to uncoated samples in the same conditions and com-
pared to a sample placed in the furnace at 850 °C for 10 h. The needles
did not grow but became more compact. On the other hand, increasing
the time from 10 to 60 h at 950 °C will make the oxide needles more
compact, which will create a stronger barrier against oxygen penetration
and thus reduce the oxidation rate at high temperatures.

According to the result of the EDX analysis, the peaks indicate iron-

" Fig. 6. SEM
(15000x), (b) T = 850 °C, t= 60 h (15000x), (c) T = 950 °C, t = 10 h (15000x),
and (d) T = 950 °C, t = 60 h (15000x).

rich oxide phases, with the difference that the intensity of these peaks
is relatively higher than previous peaks, which confirms the increase in
the percentage of oxide phases. EDX analysis also shows the presence
of Cr-rich phases along with iron-rich phases. In the next section, the
types of phases formed on the surface of coated samples will be fully
discussed based on XRD analysis. Unlike uncoated samples, EDX anal-
ysis in coated samples did not differ much between the obtained peaks.
This means that the thickness of the needle-shaped layers was not very
large, but the increase in time and temperature caused the compression
of the oxide layers.

3.3. Phase analysis

As shown in the previous section and according to the relevant SEM
images, only the growth of the initial phases was observed that occurred
in the first stage of the experiment, i.e. at 10 h and 850 °C. For this
reason, the samples were subjected to an XRD test by applying both
the maximum temperature and oxidation test time. Among the uncoated
samples, a sample was selected that was exposed to a temperature of 950
°C for 60 h. Figure 7a shows the XRD analysis image of the uncoated
sample, which along with the obtained results, can prove with certain-
ty that the iron-rich phases will include the oxidative phases of Fe,O,,
Fe,0,,
is present in the formed oxide shells due to the presence of Cr in the sub-

and FeO. Also, some Fe-Cr-O compound in the form of FeCr,0O,

strate steel. In contrast, the XRD analysis was performed to investigate
the type and number of phases formed on the surface of coated samples
from a sample that was in the oven at 950 °C for 60 h. Fig 7b shows the
XRD analysis image of this sample.

As shown in Figure 7b, the phases that formed in the coated samples
were Cr,0,, Fe,0,,
ide will usually form at temperatures above 1100 °C, which will reduce

and some of the oxide phases of CrO,. CrO, ox-

the oxidation resistance due to the porosity of the oxide-shaped needle
shells. Creating any porosity will increase the possibility of oxygen pen-
etration and thus increase the rate of oxidation. In this sample, some of

(a)

N ]
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this free phase was formed due to storage at 950 °C for a long time (60
h), but it had little effect on reducing oxidation resistance due to a low
temperature in this experiment. Earlier studies show that the oxidation
of ferritic steels can result in the formation of a multi-layered oxide scale
on the surface consisting of Fe O,, Fe,O,, and FeO [37, 38].

273 374

3.4. Microstructural degradation of weldments

To study the microstructure of the weldments, it was necessary to
first prepare the cross-section of the samples and then sand and polish
them. For this purpose, sanding numbers of 120, 240, 280, 360, 400,
600, 800, and 1000 were used, respectively, for pre-prepared sections.
Then, images of the coated samples were taken with a light microscope
before and after the oxidation test.

In this section, an attempt is made to provide a brief and useful ex-
planation of the effects of oxidation time and temperature on the area
affected by welding and the welding area, along with the relevant metal-
lographic images. Figure 8a shows a metallographic image of the weld
affected area at 200x magnification before any oxidation test. As a result
of welding in an area as narrow as 60 pm, it has changed and is out of
coaxial state.

Figure 8b shows a metallographic image of a welding-affected area
after an oxidation test at 850 °C for 10 h. As can be seen in Figure 8
(a and b), storage at 850 °C will reduce the size of the area affected by
welding. On the other hand, the base metal grains have returned to their
original state, i.e. coaxial grains due to the infiltration phenomenon.

Figure 9a shows a metallographic image of the weld zone before the
oxidation test and after welding. Unlike the affected area, the oxidation
test had little effect on the weld area. Since the weld metal contains be-
tween 5 and 10% ferrite, storage at this temperature and time has only
Table 3.

Chemical composition of the uncoated and coated samples obtained from the
EDS analysis

Sample o Fe Cr Mo

Uncoated oxidized sample at T = 850°C, 63.74 2550 636 4.40
t=10h

coated oxidized sample at T = 850°C, 58 27 8.70  6.30
t=10h

Fig. 8. Metallographic images of
(a) the weld affected area and (b)
the area affected by welding after
the oxidation test at T= 850 °C, t =
10 h (x200).

Fig. 9. Metallographic images of
(a) the welding area and (b) the
weld zone after oxidation at T =

850 °C, t =10 h (x200).

resulted in partial cohesion of the ferrite veins, which have grown some-
what during the oxidation test. Figure 9b shows a metallographic image
of a boiling point exposed to 850 °C for 10 h.

The effect of time was investigated on the area affected by welding
and the welding area. Figure 9b shows the metallographic images of the
weld area oxidized at 850 °C for 10-60 h. According to Figure 10 (a and
b), increasing the oxidation time at a constant temperature will not have
a significant effect on the microstructure of the weld area. Figure 10 (¢
and b) also shows the metallographic image of the weld zone subjected
to oxidation at 850 °C for 10 and 60 h. In this case, the increase in time
did not affect the welding area.

The effect of temperature was investigated on the area affected by
welding and the boiling area.

The effect of temperature increase will be much greater than time.
Figure 11 shows a metallographic image of a weld-affected area that was
subjected to oxidation at 850 and 950 °C for 60 h. Comparing Figure 11a
and b will conclude that increasing the temperature from 850 to 950 °C
leads to the growth of central coaxial grains and the base metal, and the
area and width of the affected area are reduced by boiling. Figure 11 (¢
and d) shows the metallography of the weld zone, which was subjected
to oxidation at 850 and 950 °C for 60 h. Unlike the area affected by
welding and the base metal, the increase in temperature did not have
much effect on the metallographic structure of the weld area.

4. Conclusions

Forming a protective layer of cream on the surface of stainless steel
will have a significant effect on protection against corrosion and oxi-
dation at high temperatures. Suitable for various applications, stainless
steels are widely used, especially in pipelines, pressure vessels, and heat
exchangers, whose application temperature can reach up to 1100 °C.
Due to the lower cost and the lower thermal expansion coefficient of
ferritic steels, such as one containing 2.25Cr-1Mo, than austenitic stain-
less steels, these steels will be a suitable alternative. Because of the need
to apply higher temperatures, on the other hand, the use of austenitic
stainless steel coating seems a logical method due to the formation of a
protective layer of Cr. In this study, the effect of 347 austenitic stainless
steel coating was investigated on the oxidation behavior of steel contain-
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Fig. 10. The metallographic image of the weld affected area lasted (a) 10 h and
(b) 60 h at 850 °C (x200), and metallographic image of the welding area during
(c) 10 h and (d) 60 h at 850 °C (x200).
ing 2.25Cr-1Mo at a high temperature, along with analyzing the mech-
anism of formation of protective oxide layers. The findings showed that
the stainless steel coating reduced the intensity of oxidation, especially
at 950 °C. Examination of the morphology of oxide layers shows the
structure of coaxial oxide shells in uncoated samples and compressed
oxide needles in coated samples. At both temperatures, the oxidation
intensity increased with increasing time at a constant temperature, while
an abnormal increase in oxidation intensity was observed at a constant
time with increasing the temperature from 850 to 950 °C. Uncoated sam-
ples at 850 and 950 °C had oxidation constants of (Kp) of 3.267 x 10°#
and 1.27708 x 107%, respectively, and those for coated samples were 6.6
x 107'% and 54.5 x 107'° at 850 and 950 °C, respectively. Studies have
shown that the oxidation resistance of austenitic stainless steel is due to

the formation of oxidized compact needles.
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