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Abstract: The paper reports metal loss data and general
overview of steam oxidation behaviour of the selected
alloys in water steam under atmospheric pressure in tem-
perature range of 675-725°C. In this research, T22, T23,
TP347HFG, HR3C and 718+ alloys were used. In this
study, kinetics and metal loss data were obtained for
better understanding corrosion degradation of the exposed
materials. All the samples after 500-h exposure were
characterized using environmental scanning electron
microscopy (ESEM) in backscattered mode (BSE) with
energy-dispersive x-ray spectroscopy (EDX). The results
indicate that the highest corrosion degradation and metal
loss were observed in T22, T23 alloys, moderate degrada-
tion was found in TP347HFG, whereas HR3C and 718 +
nickel-based alloy showed good corrosion resistance.
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Introduction

In order to secure the energy needs for fast civilization
development, the efficiency of coal-fired power plants has
to be improved significantly. Steam oxidation of the materi-
als used for boiler components such as superheater and
reheater (SH/RH) tubing has become an important research
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subject due to the increasing demand for a higher steam
temperature and pressure, needed to achieve a higher effi-
ciency of pulverized fuel power plants. In this regard, it is
crucial to recognize that the energy efficiency of convec-
tional pulverized coal power plant is a strong function of
steam conditions; higher steam temperature increases
power plant efficiency. However, due to the severity of
operational conditions at elevated temperatures, the materi-
als used for the ultra-supercritical (USC) applications have
to exhibit better mechanical and physical properties [1]. The
existing power plants can be classified as subcritical power
plants (560-580°C, steam pressure 140 bar, efficiency
around 37%); advanced power plants, with higher operat-
ing temperature and pressure (600°C, steam pressure of 280
bar, efficiency 40-45%); USC power plants where steam
operating temperatures could reach 760°C with steam pres-
sures of 350 bar and efficiencies of around 60% [2].
Currently in the UK coal-fired power plant boilers operate
with ~37% efficiency and with steam temperatures around
560-580°C, where mainly ferritic materials (T22, T23 alloys)
with 2-3 wt% of Cr or ferritic-martensitic steels (e.g. T91,
T92) with ~9 wt% of Cr are used. Unfortunately, these alloys
(especially T22 and T23) show poor high-temperature steam
oxidation protection at temperatures above 550°C. In these
alloys, thick and non-protective scales are forming [3].
Thus, in order to increase operating temperature of steam
in a power plant, it is necessary to use materials with higher
Cr contents. Such materials have to form an adherent and a
thin protective oxide scale. Alternatively, it is possible to
use cheaper materials and accept shorter components life.
In this study degradation of materials is shown not only by
standard kinetic measurement but additionally through the
change in wall thickness (metal loss). Metal loss is a crucial
factor highlighting lifetime of the structural materials, espe-
cially in the energy sector where reliable materials are
fundamental for constant energy supply.

Experimental

The materials

In this work five different materials were studied: two
ferritic steels T22, T23; two austenitic stainless steels
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Table 1: Chemical compositions of the alloys used in this study in wt%.

Alloy Fe Cr C Si Mn P S Mo v Nb w B Ni
T22 Bal. 2.2 0.1 0.25 0.45 0.0125 0.0125 1 - N - - -
T23 Bal. 2.2 0.06 0.2 0.46 0.014 0.001 0.08 0.25 0.05 1.54 0.0023 0.14
TP347HFG Bal. 18.5 0.08 0.75 2 0.04 0.03 - - - - - 11
HR3C Bal. 25 0.06 0.4 1.2 - - - - 0.45 - - 20
718 + 9.47 17.8 0.19 0.4 0.04 0.01 <0.0003 2.65 0.02 5.5 1.01 0.04 Bal.

HR3C, TP347HFG; and one nickel-based alloy 718 +. The
chemical compositions of the alloys are shown in Table 1.
Prior to steam oxidation tests at high temperatures, the
samples were accurately measured using a digital micro-
meter (Multico with + 0.01 pm error). The shapes of the
samples used in this study are shown in Figure 1. All
surfaces of these tube segments were finished with 600
grit paper (R,< 0.4 pm).

\ 4

A

A

Figure 1: The samples geometry used in high-temperature tests.
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Prior to the exposure the samples were cleaned in an
ultrasonic bath for 20 min in Volasil followed by rinsing
in isopropyl alcohol (IPA), mass gain of the exposed
samples was recorded each 100 h.

Oxidation test

Steam oxidation tests at 675°C and 725°C were carried out
in the test rig presented in Figure 2. In this type of steam
oxidation test facility [4], steam is generated by pumping
water from a reservoir into the furnace. Then the steam
passes over the test samples and flows into a condenser
before the water returns to the reservoir. The water used
in the reservoir is double de-ionized. The whole system is
sealed and thoroughly purged using oxygen free nitrogen
(OFN). This purge continues through the water reservoir
throughout the sample exposure period to minimize the
level of oxygen in the system [4]. In this study, five
cycles, 100 h each at 675°C and 725°C were performed

Alumina liner

Pump

% N, purge

H,0

Figure 2: Steam oxidation rig used in this study.

N, purge

Reservoir



DE GRUYTER

in order to check the performance of the selected alloys.
After each 100-h cycle the furnace was cooled down in
natural rate due to the power switch off, and the weight
of the exposed materials was measured using a digital
balance (SATORIUS CP225D) with a resolution of £ 0.01
mg for masses < 80 g. In the test five samples from each
alloy were exposed in order to provide better traceability
of the corrosion progress. Each individual alloy was
removed after each 100 h. The samples were placed on
ceramic plates within hot zone, calibrated accurately
prior to the experiments at both temperatures.

The balance was calibrated frequently using its inter-
nal calibration function and periodically with test weights.
Prior to the exposure, furnace calibration was required in
order to detect hot zone. The calibration ensured where
the best place for the samples was to get the desired test
temperature +5°C. The second test at 725°C was con-
ducted with the same procedure as the 675°C test.

The exposed specimens were metallographically pre-
pared, using cold mounting process. The specimens were
placed in moulds that were filled with epoxy resin (Buehler
Epoxicure Epoxy, mix ratio: five parts of resin and one part
of hardener). The resin needed around 24 h to harden, and
then the samples were sliced close to the middle of the
sample in a cutting machine (ISOMet 5000). Finally, the
samples were ground (on paper 240, 600 and 1200 pm)
and polished (Motopol) (using 6 and 1 pm diamond suspen-
sion) to enable further investigations, i.e. cross sections.

Metal loss data

The technique for metal loss assessment of the corroded
samples was used as a digital image analyser. By com-
paring sample dimensions before and after the exposure,
the apparent change in metal and the change in sound
metal (change in metal + internal damage) can be cal-
culated. These data sets can then be re-ordered (from
greatest to least metal loss) and corrected for calibration
differences (using data from reference samples). Next, the
processed data can be plotted as a change in metal vs
cumulative probability; effectively, this type of plot indi-
cates the probability (e.g. 4%) of a certain degree of
damage being observed, for the data acquisition the soft-
ware Axio-vision was used. The image analyser is con-
nected with an optical microscope. Figure 3 shows a
schematic on the x-y stage for the analysis. 1, Origin;
2, polished cross section; 3, mount; 4, rectangular sam-
ple; 5, motorized calibrated X-Y stage.

First of all, a sample is placed on the motorized X-Y
stage (cross-sectioned, grinded and polished). An important
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Figure 3: Schematic of a rectangular samples cross section on
the digital image analyser stage.

step is to ensure that the long side of specimen is parallel to
the x-motion of the stage. After this, the main cross-
sectional locations (top, bottom, right and left) on the sam-
ple will be fixed. Using these, the machine calculated the x—
y co-ordinates around the sample. For the best results ~55 or
more points around the sample is required. The images are
recorded during measurement, the software automatically
made nine individual pictures of each point. Pictures were
stitched together and the obvious metal losses in each of
these images were pinpointed. Figure 4 demonstrates the
function of image analyser (e.g. at point B the x-value = b2
and the y value=a2). To summarize, in this work the
polished cross sections will be all measured using an
image analyser to generate accurate measurements of the
amount of metal remaining after the corrosion tests; these
measurements will be compared to the pre-exposure metal
thickness data to produce distributions of the change in
metal resulting from the exposures.

Results

Mass change data (kinetics) of the exposed
alloys at 675°C and 725°C

Figures below present comparisons of the mass change
between the same alloys exposed at two different tem-
peratures. Figure 5 shows mass change data of the sam-
ples oxidized in steam: (A) T22, (B) T23, (C) TP347HFG,
(D) HR3C and (E) 718 + alloy exposed for up to 500 h at
675°C (solid line) and 725°C (dashed line) in steam oxida-
tion environment T22 alloy exposed at 675°C and 725°C.
The results achieved after steam oxidation test shows
that the poorest resistance were shown by T22 and T23
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Figure 4: Illustration of function of image analyser. (A) Stage and sample, (B) determining metal loss from the images recorded.
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Figure 5: Steam oxidation mass change data: (A) T22, (B) T23, (C) TP347HFG, (D) HR3C and (E) 718 + alloy exposed for up to 500 h at 675°C
(solid line) and 725°C (dashed line) in steam oxidation environment.
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Figure 5: (Continued)
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alloys with the lowest Cr content. Both alloys developed
non-protective thick oxide scales with good adherence. In
comparison to ferritic alloys (T22, T23) mass gain of the
austenitic alloys with medium and high Cr content
showed much better performance as expected.

It has been found that mass gain of TP347HFG sam-
ples in both temperatures showed high degree of instabil-
ity, where flaky oxide scale spalled off from the material.
The observed behaviour probably originates from mis-
match of coefficient of thermal expansion (CET) between
the formed oxide scale and the substrate. The HR3C alloy
showed the formation of protective scale with lack of
spallation and good adherence to the bulk material.

Nickel-based alloy 718 + showed the smallest mass
gain from all of the exposed alloys due to the formation
of protective oxide scale; lack of spallation was observed.

The experimental data points from every test tem-
perature can be reasonably fitted only for two ferritic
steels T22 and T23 by a parabolic curve represented by
the equation:

d? = kyt (1)

where d donates the total thickness of the oxide scale and
t steam oxidation time. The values of k, obtained from
curve fitting at every temperature are placed in Table 2.
Expressing the relationship between the parabolic rate
constant and temperature in an Arrhenius type of equa-
tion, k;, is given by the following equation [5]:

kp = koexp (— R—QT> (2)

where Q is the activation energy of steam oxidation, R the
gas constant and T the absolute temperature (K). Using the
values from the experiment it was possible to determine the
specific activation energy Q (kJ/mol) for steam oxidation
process. Calculated values of activation energies for T22
and T23 alloys shown the values of —386.1 and -342.9 kJ/
mol respectively. The values of activation energy are in good
agreement with the other values achieved by other research-
ers and are shown in Table 3. Ariztegui et al. [6] found that
the activation energy for T22 alloy in temperature range
subjected to isothermal and non-isothermal oxidation

Table 2: k, values (mg?/cm*/s) for the exposed alloys at 657°C and
725°C for 500 h.

Alloy k, at 675°C (mg?/cm®s) k, at 725°C (mg?/cm"“s)
T22 5,761 x 107> 6,672 x 1072
T23 3,143 x 107% 4,643 x 1073
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Table 3: Activation energies (kJ/mol) for T22 and T23 alloys exposed
at 657°C and 725°C for 500 h.

Alloy Activation energy (kJ/mol)
T22 -386.1
T23 -342.9

treatments in water steam at several temperatures ranging
from 550°C to 700°C for over 1000 h reached —324 kJ/mol.

Microstructural analyses
Surface analysis

This section presents the microstructural analysis of the
exposed materials at 675°C and 725°C; it is divided into
the surface analysis of ferritic steels (T22 and T23), of
austenitic (TP347HFG and HR3C) and Ni-based 718+
alloys. The environmental scanning electron microscopy
(ESEM) with energy-dispersive x-ray spectroscopy (EDX)
analysis data were obtained after 500 h only.

Exposure at 675°C and 725°C

Figure 6 shows the surface microstructures of the alloys
exposed at 675°C and 725°C for 500 h. During the expo-
sure in both temperatures, rough and non-protective
oxide was observed in T22 and T23 alloys, the external
part of the oxide based on EDX analyses consisted of
Fe,05; phase (hematite).

High alloyed steels TP347HFG (~20 wt% Cr) and HR3C
(~25 wt% Cr) showed much better corrosion resistance due
to the formation of the mixture consisted of Cr—Ni—Fe oxide
scales [7]. At 725°C TP347HFG alloy showed a different
morphology than that formed after exposure at 675°C; the
surface of the material was covered by crystals consisting of
Fe—Mn oxides with composition: ~27, ~18 and ~9 wt% of
Mn, Fe and Cr, respectively. HR3C alloy at 675°C formed
oxide scale with rich content of Cr (~38 wt %), medium
content of Fe (~19 wt %), relatively high Mn concentration
(6 wt %) and low Ni content was found with concentration of
~2.2 wt %. At higher temperature, HR3C showed very similar
behaviour as was shown at 675°C; the developed oxide
contained mainly Cr (~35 wt%), Fe (~19 wt%), Mn
(~6 wt%) and Ni (~6.5 wt%). The surface of the exposed
718 + sample was covered after 500 h by the layer of the
oxide containing ~19 wt% of Cr and ~34 wt% of Ni, in some
places Nb-rich crystal formed with following composition:
~55 wt% of Nb, 6.0 wt% of Ni, 3.6 wt% of Co, 12.4 wt% of Cr
and 4 wt% of Ti.
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Figure 6: A comparison of the scale morphologies formed on the
exposed materials after 500 h at 675°C and 725°C: (A) T22, (B) T23,
(C) TP347HFG, (D) HR3C and (E) 718 +.

HR3C alloy

718+ alloy

T22 alloy

Fe_103

F6304+F90
FeCr,04+Cr

Fe304+FeO 4

FeCrzO4+Cr .

T. Dudziak et al.: Metal Loss of Structural Alloys in Steam =— 789

Cross section of exposed materials

The cross-sectioned ESEM images of the exposed materi-
als at 675°C and 725°C in steam environment for 500 h are
shown in Figure 7. It needs to be pointed out that EDS
concentration profiles are not shown here due to high
number of profiles, only overall summary of the outcome
of analyses are presented.

T22 alloy showed thicker scale than that observed in
T23 alloy after 500 h at 675°C; similar observations were
found at higher temperatures. EDX analyses performed
on T22 and T23 alloys after exposure showed that the top
layer consisted of the phase with 70 wt% of Fe suggesting
the formation of Fe,O5 (hematite), the middle layer was
occupied by the phase with 73 wt% of Fe suggesting
development of Fe;0, (magnetite), the phase between
the Fe;0, and the substrate consisted of the highest
level of Fe suggesting the formation of FeO (wustite)
phase. In addition during the exposure of T22 and T23
alloys, in the interface of the oxide scale, enriched region
containing up to 5 wt% of Cr and W in T23 was found.
Figure 5 shows as well that hematite layer detached from
the magnetite layer due to the difference in CTE between
both oxides. In contrast, top layer in T23 showed lack of
detachment. Both ferritic alloys showed the formation of
voids within the developed oxide scale. The voids result
from different fluxes of ions with the oxide scale, and
different diffusion coefficient with the oxide layers. The
voids formation with the oxide scale was discovered and
theoretically described by Kirkendall [8]; the effect is
enhanced where Fe-Al coating is deposited on Fe-based
alloy and heat treated at high temperature [9].

s*| O Cr Mn Fe Mo S*| O Cr Mn Fe Mo
1278 0.5 71.7 1|282 71.8
2 | 267 0.6 72.8 2 | 256 0.6 73.9
3 | 242 3.1 0.7 70.3 1.7 3 248 | 3.9 0.7 70.6
4 4.4 0.6 93.7 1.3 4 | 241 4.5 69.2 2.3
5 2.3 0.5 97.2 5 2.2 0.9 96.9

Figure 7: A comparison of the cross-sectioned samples: after 500-h exposure at 675°C and 725°C: (A) 722, (B) T23, (C) TP347HFG,

(D) HR3C and (E) 718 +.
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Figure 7: (Continued)
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718+ alloy
675°C

(E)

N iO+Cl’7_O 3
oxide

S* [¢] Al Ti Cr Fe Co Ni Nb Mo W
1 15.7 1.5 0.6 16.8 7.6 7.3 41.0 57 3.9
2 1.7 0.8 18.6 9.4 8.9 51.2 6.3 3.2
3 1.8 0.7 18.4 9.6 9.2 50.7 6.0 3.7

NiO+Cr,0; oxide
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s*| O Al Ti Cr Fe Co Ni Nb Mo w
156 1.6 1.0 18.2 9.0 8.2 44.2 4.6 3.6 4.0
2 1.7 0.7 18.1 9.2 8.6 48.6 6.3 3.7 3.2
3 1.5 0.9 17.9 9.3 8.7 48.8 5.9 3.5 3.7

Figure 7: (Continued)

Austenitic steels TP347HFG and HR3C alloys formed
much thinner oxides as ferritic steels. The formed oxide
in TP347HFG alloy at 675°C consisted 51 wt% of Fe,
20 wt% of Cr, 2.5 wt% of Mn and 7.6 wt% of Ni. At higher
temperature, according to EDS concentration profiles, Cr
reached only 17 wt%, Mn as well showed lower concen-
tration than that found at 675°C. At 725°C higher concen-
tration of Ni was detected in the oxide scale.

The thickness of the oxide scale in both temperatures
was relatively low; the thickness was assessed for ~ 2 pm
(thickness measurement performed in higher magnifica-
tion, not shown here). Nevertheless, despite the formation
of thin oxide scale, TP347HFG alloy developed as well
nodules rich in Fe;0, with Cr addition (not shown here).

Such behaviour was not observed in the alloy with
higher content of Cr (HR3C), where thin oxide scale with
lack of nodules was formed rich in Cr (20 wt%) and Ni (18
wt%) at 675°C. Further analyses at higher temperature
show that the oxide scale formed on HR3C alloy pos-
sesses over 26 wt% of Cr and 21 wt% of Ni.

Concentration of both Mn and Fe within the oxide scale
at both temperatures showed lowered values. Based on
these findings, it can be suggested that HR3C alloy
showed better corrosion resistance and formation of
more protective oxide scale enriched in Cr can be devel-
oped at higher temperature. The exposure of 718 + Ni-
based alloy developed thin (~1um) mixture of Ni-Cr oxi-
des with high additions of the other elements (Co, Al and
Ti). The alloy showed slightly higher concentration of Cr
and Ni at 725 than at 675°C. However, Cr concentration
within the oxide scale was much lower than that found in
HR3C alloy at both temperatures.

Dimensional metrology of T22 and T23 alloys exposed at
675°C and 725°C

The polished cross sections were all measured using an
image analyser to generate accurate assessments of the
amount of metal remaining after steam oxidation tests;
these measurements were compared to the pre-exposure
sample thickness data in order to analyse the distribution
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of the change in metal (metal loss) resulting from the
exposures. By comparing sample dimensions before and
after exposure, the apparent change in metal and the
change in sound metal (change in metal + internal
damage) can be calculated. These data sets can then be
re-ordered (from greatest to least metal loss) and cor-
rected for calibration differences (using data from refer-
ence samples). The processed data can then be plotted as
a change in metal vs cumulative-probability; effectively,
this type of plot indicates the probability (e.g. 4%) of a
certain degree of damage being observed. The data can
be summarized more readily on cumulative probability

DE GRUYTER

plots (for which the data have been ordered from most to
least damage). This type of plot highlights the variability
of corrosion damage around samples, particularly for the
lower Cr content steels. Figure 8 illustrates the change in
metal as a function of cumulative probability of T22 and
T23 alloys exposed at 675°C and 725°C. In this section
only two alloys are presented, T22 and T23, which
showed the highest metal loss, significantly exceeding
the tolerance of the analyser (5 pum). The other materials
(TP347HFG, HR3C and 718 + alloys) showed low metal
losses which are very difficult to measure. The results
show that the damage levels of the T22 samples was
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Figure 8: Change in metal vs cumulative probability showing metal loss data of T22 alloy (A and B) and T23 alloy (C and D) after exposure at

675°C and 725°C.
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Figure 8: (Continued)

much higher than that observed in T23 material, the
metal loss increased with increasing temperature.
Median values of metal loss are presented in Figure 9
(A) and (B).

Discussion

The aim of this study was to calculate and show the
results of metal loss of the currently useable ferritic steels
at high temperature. Additionally, corrosion behaviour of

the ferritic steels in steam oxidation was compared with
better alloys containing higher Cr content within the
matrix. In this study five alloys were taken into consid-
eration: T22, T23, TP347HFG, HR3C and 718 +. The two
ferritic alloys (T22 and T23) were used in this study to
show metal loss of low Cr content materials. Other alloys
such as TP347HFG, HR3C and 718 + alloys contained ~19,
~25 and ~18 wt% of Cr, respectively. Due to the different
mechanism of the degradation of the exposed alloys in
steam environment, the structure of this discussion part
is divided into following sections.
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Figure 9: Median values of metal loss of T22 and T23 materials for 500 h at 650°C (A) and 725°C (B).

Steam oxidation behaviour of the ferritic
alloys (T22 and T23)

The thickness of the oxide scales formed on T22 and T23
alloys during steam oxidation are not acceptable for
components used for boiler components such as SH/RH.
The upper limit for the use of these materials is ~580°C,
in subcritical power plants with steam pressures of 140
bar [2, 10]. The mechanism of the degradation of T22 and
T23 alloys can be demonstrated. Thus when the T22 and
T23 alloys are exposed to steam environments, the partial
pressure of the oxygen results from the dissociation of
steam via following reaction:

H,0(g)  Ha(8) + 505(8) 6

The calculated dissociation oxygen partial pressures
of steam and the oxides of Fe and Cr as a function of
temperature show that the oxygen partial pressure of
steam after dissociation is much higher than that needed
for the formation of the Fe,0; phase, where Fe,05 is the
least stable iron oxide phase.

The formation of Fe,05 in steam environment is often
disputed, due to the fact that partial pressure of oxygen
after water dissociation is not high enough. However in
this work OFN was used that contained 99.998% nitro-
gen — i.e. an oxygen partial pressure of ~2 x 10~ atm.
This is more than sufficient to oxidize low-alloyed steel
and form Fe,0; layer. Moreover, in a well-sealed con-
tainer, OFN will reduce the dissolved oxygen level in
water (and hence steam) to around 20 ppb. Again this is
quite sufficient to oxidize reactive metals such as iron.
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Thus in steam environment it is likely to observe
mainly formation of FeO, Fes0, and Fe,O; oxides.
Grabke et al. [11, 12] described, where five pathways of
the oxide growth, as follows:

(1) Outward diffusion of Fe ions, which react with oxy-
gen at the interface (oxide steam), oxygen origin from
the dissociation of H,0 at high temperature.

(2) Dissociation of steam at the oxide-steam interface
and diffusion of oxygen inward via defects in the
oxygen lattice or hydrogen defects. Norby et al. [13]
proposed that hydrogen ions entering the oxide lat-
tice could associate with oxygen ions (on their nor-
mal lattice sites) to form “hydrogen defects”, each of
which have an effective charge that would encourage
increased cation transport, so increasing the rate of
oxide growth and presumably delaying the formation
of a more protective layer.

Dissociation of steam on the steam-oxide interface

and diffusion of oxygen ions inward to the oxide-

alloy interface, reaction with chromium in the alloy,
to form internal chromia precipitates.

Steam is transported through the scale; there disso-

ciation of steam occurs (on the oxide—alloy interface)

to form iron-chromium oxides. This scenario is unli-
kely to be possible, unless the formed oxide scale has

significant porosity [14].

Dissociation of Fe;0, phase at the interface with the

inner and outer layers the released iron ions may

diffuse to the oxide—gas interface to react and form

new oxide [15].

€)

(4)

®)

According to Gala and Grabke et al. [10] the inner layer
(Fe;0,) dissociates according to the reaction shown below:

(4)

The dissociation of magnetite-released iron ions, which
may diffuse outward, and oxygen ions which may diffuse
inward in order to form layer of FeO which is more stable
at higher temperatures than Fe;0, (magnetite).

The voids in the oxide scale were observed after 500 h
of exposure at 675°C and 725°C. Quadakkers et al. [16]
showed that the voids formation can be observed on the
ferritic oxide scale after long-term exposures. The voids can
be unevenly distributed or can coalesce to form a crack or a
gap at the interface between the inner and outer layer.

Fe30,(s) < 2Fe’" + Fe?™ +40%

The role of W in low-alloyed steels

Slightly better corrosion resistance of T23 in comparison
to T22 can be related to W addition, when added,

. Dudziak et al.: Metal Loss of Structural Alloys in Steam =— 795

W through the chemical reaction with C forms WC
carbide:

W+ C— WC (5)

Thus, due to the higher activity of Cr in T23, more Cr
diffuses to the interface where Fe,CrO, spinel can form.
In contrast, in low-alloyed steel such as T22, Cr directly
reacts with C to form carbides such as Cr3C,, Cr,C; and
Cr»Ce [17], and significantly decreases Cr activity and
concentration, thus much lower amount of Cr diffuses
to the interface, as a result thicker non-protective scale
based on Fe-oxide can be formed.

Steam oxidation behaviour of
TP347HFG alloy

The exposed TP347HFG alloy formed two regions with
different degree of the degradation at both temperatures;
region with higher degree of resistance formed Fe-Cr
spinel with small Ni content. The other region showed a
higher degree of the degradation, where small nodules
rich in Fe;0, phase with a small amount of Cr formed on
the surface. The bottom part of the nodules consisted of
Fe;0, with a small amount of Mn.

These findings are in good agreement with the results
obtained by the other researchers [7, 19]. The authors of
these studies found that the austenitic steels, especially
with Cr content lower than 20 wt%, in steam environment
are covered by two layers; an outer magnetite layer
(Fes04, sometimes with Fe,O; patches) and an inner
layer (Fe-Cr spinel). In this work such structures, as
mentioned by the authors, were not observed, however,
such morphology can be developed after long exposure
time (2,000 h). Thus it can be considered that this model
can be fitted to TP347HFG alloy. Otsuka et al. [18] found
that after exposure at 700°C for 2,000 h in 1 bar steam
pressure, alloys having a lower content of Cr than 20 wt%
may develop a relatively uniform layer, with non-forma-
tion of healing Cr-rich layer or penetration along alloy
grain boundaries. The exposures with longer time cause
the formation of irregular thickness developed due to
penetration of Cr-rich oxide along alloy grain boundaries.

The behaviour of TP347HFG alloy in steam environ-
ment where nodules formed suggests the limited corro-
sion resistance for a longer period of exposure (10,000 h).
According to Quan et al. [19], two mechanisms in nodules
formation can be involved:

e Disruption or mechanical failure in an initially formed
passive layer with subsequent short-circuit diffusion

e The co-development of two different scale phases
from the onset of exposure [20, 21]
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The formation of volatile CrO,(OH), phase could as well
contribute to the higher rate of degradation of TP347HFG
alloy. The volatile chromium oxy-hydroxide CrO,(OH), is
formed via [22]:

3C203(5) + B0(g) +7 Oa(g) — CrO:(OH),(8) ()

It is believed that oxygen in eq. (3) comes from dissocia-
tion of steam:

1
H,0 — H, +50, (7)

Finally, it can be concluded that better steam oxidation
resistance of the TP347HFG alloy than T22 and T23 alloys
is mainly associated with its higher chromium content
(~19 wt%) in the matrix and ability to form protective
scale [23]. During these tests at 675°C and 725°C thin
layers of Fe-Cr spinel and Fe-Mn spinel have been
formed. The development of these phases is a function
of temperature, a faster development was observed at
higher temperature (725°C) than at lower (675°C).

The formation was associated with a faster diffusion
at higher temperature [20]. This statement is in agreement
with the findings of Trindade et al. [24] that a low con-
centration of Cr (17.5 wt%) is required to develop a Cr,0;
oxide scale when Fe-Cr alloys exhibit a fine-grained
microstructure. In the case of samples with coarse grains
(~65 pum), a higher amount of Cr (>17.5 wt%) is required to
develop a slow-growing Cr,0; scale as the influence of
the grain boundary diffusion is minimized in these
materials.

Steam oxidation behaviour of the HR3C alloy

The results obtained here suggest that in order to receive
the protective oxide scale, Cr content in the alloy has to
be higher than ~17 wt%. Thus in this study HR3C alloy
was also exposed. The alloy with ~25 wt% of Cr showed
much better corrosion resistance than TP347HFG; the
formation of nodules was not observed at 675°C and
725°C after 500 h of exposure. In contrast to TP347HFG
alloy, thin protective scale formed, containing mainly Fe-
Cr spinel with high amount of Ni (~18 wt%). Thus, the
results obtained in this study are in contradiction with
the results presented by Otsuka et al. [15], where the
alloys with Cr content higher than 20 wt% generally
form continuous Cr,0; layers. It is generally accepted
that steels containing high levels of Cr have better corro-
sion resistance, as was mentioned in this work pre-
viously. It was observed by Otoguro et al. [25] that the
improvements of the alloys with high Cr content in steam
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oxidation is also caused by high Ni content. The benefit
of Ni additions was also reported by Croll et al. [26], who
demonstrated the benefit on the oxidation resistance in
Fe-Cr-Ni alloys. Caplan et al. [27] also showed that Ni
increased oxidation resistance of stainless steels in wet
air. It is suggested that this is due to the formation of a
Ni-enriched layer.

Steam oxidation behaviour of Ni-based
alloy 718+

It was observed that Ni-based alloy 718+ which was
exposed at 675°C and 725°C showed the best corrosion
resistance in steam oxidation environment from the all
exposed alloys. The formation of NiO + Cr,05 or NiCr,0,
spinel scale was observed. Essuman et al. [28] found that
the oxidation of Ni-20Cr in both dry air and wet air
resulted in the formation of three oxides. These were
Cr,0;3, NiO and the spinel oxide NiCr,0O,. Whilst in the
dry air the NiO phase gradually disappeared with time by
reaction with chromia to generate the spinel, in the wet
atmosphere, the NiO persisted. Significant cracking and
spallation is reported to have occurred after longer expo-
sures at higher temperatures; in this study, the exposed Ni-
based alloy showed lack of spallation of the oxide scale.

Similar to Fe-based alloy with medium content of Cr,
volatilization of compounds rich in chromium would
exert an over-pressure, which would cause the oxide
layer to burst. It was found, when chromia layer created
continuous layer at the alloy/oxide interface, compres-
sive stresses would be induced causing breakdown of the
NiO and NiCr,0, layers. The chromia layer is then in
contact with the atmosphere and would volatilize as
CrO,(OH),. Thus from now the exposed alloy depletes in
chromium would re-oxidize and a new layer of NiO, and
eventually spinel, would develop. It can be suggested
that higher content of water vapour in the atmosphere,
faster volatilization of Cr can be observed.

It was found in this work, that in some places on the
surface during steam oxidation at 675°C and 725°C Nb-
rich oxide crystals formed, (~55 wt% of Nb). It can be
assumed that the formation of these crystals was due to
Nb outward diffusion through the grain boundaries.

Conclusions

The aim of this work was to investigate metal loss degree
and steam oxidation behaviour of selected alloys (T22,
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T23, TP347HFG, HR3C and 718+ ) in steam environment
at 675°C and 725°C for up to 500 h of exposure. The
results obtained in this study clearly show that T22 and
T23 ferritic steels showed a similar behaviour, where
thick and non-protective Fe oxide scales are formed.
The metal loss data from the ferritic steel T22 showed a
higher degree of degradation compared with T23 alloy. It
is believed that slightly better steam oxidation resistance
is driven by the addition of W to T23.

The alloys with higher Cr content (austenitic stainless
steels TP347HFG and HR3C and Ni-based alloy 718 +)
developed a thin and protective oxide layer. The alloy
TP347HFG with ~19 wt% of Cr showed Fe;0, nodules
formation; on the other hand, the same alloy formed
more protective FeCr,0, spinel. The alloy HR3C with
25 wt% of Cr showed better oxidation resistance than
that observed in TP347HFG, where lack of nodules for-
mation was observed. The alloy developed thin oxide
layer of Fe—Cr with high Ni content (18 wt%). Ni-based
alloy 718+ due to the formation of a thin oxide scale
containing NiO and Cr,03 or NiCr,0, spinel showed good
steam oxidation resistance at 675°C and 725°C. However,
the surface of the alloy was covered by the oxide crystals
rich in Nb (~55 wt %).
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