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Abstract

The paper presents results of studies on the crystallite sizes of oxide layer formed during
a long-term operation on 10CrMo09-10 steel at an elevated temperature (T' = 545°C, ¢t = 200,000 h).
This value was determined by a method based on analysis of the diffraction line profile, according to
a Scherrer formula. The oxide layer was studied on a surface and a cross-section at the outer and
inner site on the pipe outlet, at the fire and counter-fire wall of the tube. X-ray studies were carried
out on the surface of a tube, then the layer’s surface was polished and the diffraction measurements
repeated to reveal differences in the originated oxides layer.

Introduction

Steels operating at elevated temperatures (such as e.g. 10CrMo9-10,
13CrMo4-5, X10CrMoVNb9-1) are exposed to a high-temperature corrosion,
which frequently results in the damage of elements operating long-term in the
power industry. The originating oxide layer grows with time and increasing
temperature, which then results in a loss of tube wall thickness. Such thinning
of the wall occurs both on the inside and on the outside. However, on the
outside the corrosion is additionally supported by aggressive compounds
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existing in the flue gas (GwWo0ZDZzIK, NITKIEWICZ 2014, GWOZDZIK 2016a,b).
Numerous papers on the oxidation of steels used in the power industry were
published in recent years. The papers refer both to the short-term (up to a few
hundred hours) and to the long-term oxidation (up to a few thousand or even
a few hundred thousand hours) (GWOZDZIK, NITKIEWICZ 2014, GWOZDZIK
2016a, GWOZDZIK 2016b, SANCHEZ et al. 2009). A great interest in studies on
steels operated during more than 100,000 hours results from forecasting the
life of thermal-mechanical equipment planned to be operated for more than
300,000 hours (SLIWA, GAWRON, 2010, TRZESZCZYNSKI 2011). Both short- and
long-term studies show that the oxide layer formed on steels consists of a few
layers. In paper (BISCHOFF et al. 2013) performed short-term studies on two
steels, HCM12A and NF616. Corrosion test were performed in steam and SCW
(super critical water) at 500°C. The paper showed, that both alloys in both
corrosion environments formed of Fe;O, (outer layer) and a mixture of Fe;O,
and FeCr,0, (inner layer). Also studies carried out by (CHEN et al. 2006) on steel
NF16 and studies performed on steel X10CrMoVNb9-1 (T' = 1,000 h -
SANCHEZ et al. 2009, T' = 54,144 h — GW0ZDZIK, NITKIEWICZ 2014) have shown
a laminar structure of the oxide layer. At present the huge development in
research equipment has taken place, especially using in materials engineering,
such as: SEM, XRD, AFM, MFM, TEM (BRAMOWICZ et al. 2014, GWOZDZIK
2016b, SZAFARSKA, IWASZKO 2012, LABISZ et al. 2016, 2017). Studies on oxidised
layers are now carried out more and more often, with the application of XRD
measurements. The study comprised a crystallite sizes of oxide layers formed
on steels long-term operated at elevated temperatures.

Material and Experimental Methods

The material studied comprised specimens of 10CrMo09-10 steel operated at
the temperature of 545°C during 200,000 h. The chemical compositions and
operating parameters of steel are given in Table 1. The analysis of the chemical
composition of steel was carried out using spark emission spectroscopy on
a Spectrolab spectrometer.

The oxide layer was studied at the outer site (the flowing gas side) and at
the inner site (the flowing steam side) on the pipe outlet, at the fire and
counter-fire wall of the tube.

X-ray diffraction (XRD) measurements (studying the phase composition,
crystallite sizes); the layer was subject to measurements using a Seifert
3003T/T X-ray diffractometer and the radiation originating from a tube with
a cobalt anode (A¢, = 0.17902 nm). X-ray studies were performed, comprising
measurements in a symmetric Bragg-Brentano geometry. XRD measurements
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Table 1
Chemical composition of examined steel and parameters of exploitation e
Chemical composition [wt. %]
Acc. C Si Mn P S Cr Mo
Analysis 0.11 0.34 0.55 0.002 0.009 2.23 0.98
EN 0.08-0.14 max. 0.50 0.40-0.80 max. 0.020 max. 0.010 2.00-2.50 0.90-1.10
Parameters of exploitation
Temperature [°C] time [h]
545 200,000

in the first stage (surface measurements and after the first polishing) were
carried out in the range of 20+120° angle for phase identification which were
presented in paper (GW0ZDZIK 2016b), then the measurements were narrowed
to an angle range of 35+45° with an angular step of 0.1° and exposure time 4 s.
To interpret the results the diffractograms were described by a Pseudo Voigt
curve using the Analyze software. A Pseudo Voigt function was used in order to
accurately determine the location of the major diffraction reflections. A com-
puter software and the PDF4+2009 crystallographic database were used for
the phase identification.

Based on the width and the position of the main coat and substrate
reflections, the size of the crystallites was determined using the Scherrer
formula (1) (CULLITY 1964, GWOZDZIK 2016¢):

Dy = /;{Tie (1)
where:
Dy, — crystallite size in the direction normal to (hkl) [nm],
k - constant (~1);
radiation wavelength [nm],
reflection width depending on the crystallite size [rad],

Bragg angle [rad].

A
B
6

X-ray studies were carried out on the surface, and then the layer surface
was polished down and the diffraction measurements were performed again to
determine individual oxide layers.

The size of the Dy, crystallites size was determined for the reflections
originating from the planes (104) for Fe,O3; and (311) for Fe;O,4, which are
occurring at angles of 38.7464° and 40.8998°, respectively (according to the
catalog card ICDD PDF 01-079-0007 and ICDD PDF 01-089-0951). The catalog
standards for Fe,O3; and Fe;O4 have been shown on the Figure 1.
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Fig. 1. Standards corresponding to individual oxides, in which the main reflections originating from
planes are marked

X-ray measurements were performed at different depths of the oxide layer.

After removal of the sediment layer (400 um, 10 um, 6 um and 4 pum, for
outer site-fire wall, outer site-opposite fire wall, inner site-fire wall, inner
site-opposite fire wall, respectively), X-ray measurements were carried out,
then for each case, the oxide layer was removed (20 pm) cyclically, each time
making XRD measurements:

— from exhaust side - fire side, the oxide layer was removed every 20 um in
21 cycles,

— from exhaust side — counter-fire side, the oxide layer was removed every
20 um in 18 cycles,

— from steam side - fire side, the oxide layer was removed every 20 um in
21 cycles,

— from steam side — counter-fire side, the oxide layer was removed every
20 um in 20 cycles.

The exemplary of examine of XRD measurements has been shown in
Figure 2.
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Fig. 2. X-ray diffraction patterns from the oxides layer obtained by means of XRD technique

Results of examinations

The obtained results have shown that in the case of the fire side of the flue
gas side after removing the correct the oxide layer by 20 um, the size of the Dy,
crystallites for hematite was the highest and it equals 49 nm (Fig. 3). Further
successive removal of the hematite layer showed a decrease of crystallite size.
For magnetite, the gradual increase was observed, the next delicate decrease
and the next increase of crystallite sizes has been observed together with the
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Fig. 3. Determination of crystallite size Dy, for main peaks Fe;0, and Fe,03, exhaust side - fire side
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depth of polishing. The highest value of this parameter was obtained at a depth
500 um of oxide layer, where Dy, was 42 nm.

In the case of the opposite-fire side of the flue gas side (Fig. 4), the Dy, for
hematite have been in the range of about 48 nm at a depth of 30 um. The sharp
of decrease this parameter was observed at a depth of 50 um. In case of
magnetite, the Dy, is oscillated around 40 nm in a depth of oxide layer from 50
to 170 um. It has been shown decrease of crystallite size at a depth from 210 um
to 230 um and increase of Dy, in depth 250 um.
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Fig. 4. Determination of crystallite size Dy, for main peaks Fe;O, and Fe;0s, exhaust side —
counter-fire side

The size of crystallites determined based on the Scherrer formula on the
steam side shows smaller dimensions than from flue gas side. The parameter of
Dy, of hematite (for steam side) the largest values equal 46 nm and 44 nm for
the fire side and the opposite fire side respectively (Fig. 5 and 6). In both cases,
this parameter decreases dramatically in the depth of the layer is greater than
86 um. On the fire side, the polishing (up to 186 um) has shown a delicate
growth of crystallites of magnetite, the next series of polishing (from 186 um to
400 um) has shown as small decrease of crystallite size. For the fire side,
crystallite sizes of magnetite has been increasing up to a depth of 84 uym. The
next polishing (from 84 um to 164 um) have shown that the crystallite size is
maintained at one level. The polishing depth above 164 pm has shown
a decrease in Dy which oscillates around the same value up to a depth of
polishing 380 um.
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Fig. 5. Determination of crystallite size D, for main peaks Fe;0, and Fe,0s; steam side —
fire side
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Fig. 6. Determination of crystallite size D, for main peaks Fe;0, and Fey0s; steam side —
counter-fire side

Summary

The paper presents results of studies on oxides formed on 10CrMo9-10 steel
operated at the temperature of 545°C during 200,000 h. The oxide layer formed
on the flue gas side (the outer side) and steam side (the inner side) both on the
fire and counter-fire side were analyzed.

The investigated of oxide layer formed on this steel have shown more
degraded of hematite and magnetite in the case of larger crystallites. The
results obtained are well correlated with the results obtained with the use of an
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optical microscope, as have shown in paper (GWOZDZIK 2016b). The oxide layer
thickness together with deposits on the fire side was 435 um and 820 um on the
flowing medium and flue gas side, respectively. For the opposite fire side on the
inside the oxides layer thickness was 405 um while on the outside 360 um.
Examinations carried out have shown that the formed layer is the most
degraded on the fire side from flue gas side. The size of crystallites on this side
have been the largest dimensions both for hematite and magnetite. Instead,
comparing the size of hematite and magnetite crystallites it is possible to state
that in every cases Dy, is larger for hematite. The size of crystallites in oxides
originating during long-term operation depends on oxides morphology, where
it has been presented in previous paper the author. In paper (GW0OZDZzIK 2016¢),
the author showed that the size of crystallites determined based on the
Scherrer formula on the fire side shows much larger dimensions for oxides.
Instead, comparing the size of hematite and magnetite crystallites it is possible
to state that D, is larger for hematite.
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