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Abstract

The paper contains results of studies on the formation of oxide layers on 13CrMo4-5 steels long-term operated
at an elevated temperature. The studied steels were operated at the temperature of 380 °C for 130,000 h
(steel 1) and 535 °C for 230,000 h (steel 2). X-ray structural examinations (studying the phase composition
and crystallite sizes) were carried out and microscope observations using an optical and scanning microscope
were performed. The native material chemical composition was analysed by means of emission spark
spectroscopy, while that of oxide layers on a scanning microscope (EDS). The obtained test results showed
that the steel exploited at a higher temperature and longer time was significantly degraded.
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1. INTRODUCTION

Material engineering is a widely used scientific field [1-5]. More and more scientific works are related to the
oxidation of materials [3-10], mainly metallic materials [7-10]. The problem of corrosion [11-26], especially
high-temperature corrosion [7, 17-26] is widely discussed by many scientific centres. Boiler 13CrMo4-5 steel
is a material commonly used in the power industry [27-32], is commonly used as steel for superheater tube
bundles in biomass fired boilers [30]. High-temperature corrosion in biomass-fired boilers is still an insufficiently
investigated phenomenon which causes unplanned shutdown of the installation and, as a result, economic
problems [31]. In order to investigate the time-dependent corrosion behaviour of 13CrMo4-5 steel, a newly
developed weight loss probe with several fixed parameter settings was used in paper [28]. In addition to these
measurements, time-dependent oxidation of this steel in an air atmosphere was investigated in a muffle
furnace. Researchers have shown that the dominant corrosion mechanism is highly dependent on prevailing
conditions that is steel temperature, flue gas temperature and velocity [28]. This can be either oxidation of
steel by gaseous O2 and H:20, or a combination of oxidation and active oxidation of induced CI-. The aim of
this paper was to characterize the oxide layers/deposits formed on 13CrMo4-5 steel, which was operated for
a long time at elevated temperatures.

2, MATERIALS AND EXPERIMENTAL METHODS

The material studied comprised specimens of 13CrMo4-5 steel operated at the temperature of 380 °C during
130,000 h (steel 1) and 535 °C during 230,000 h (steel 2). The oxide layer was studied at the inner site (the
flowing steam side) on the pipe. Thorough examinations of the oxide layer carried out on the outer surface of
tube wall comprised:

° microscopic examination of the studying materials was performed using light microscope (LM) and
scanning electron microscope (SEM),

o chemical composition analysis of deposits/oxides using a scanning electron microscope (SEM) working
with an EDS electron microprobe X-ray analyser,

o X-ray (XRD) measurements (studying the phase composition, crystallite sizes); Based on the width and

the position of the main coat and substrate reflections, the size of the crystallites was determined using

668



JEV. w o
ME 1AL

2019 May 22™ - 24 2019, Brno, Czech Republic, EU

the Scherrer formula. 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. X-ray measurements were carried out, then for each case, the oxide layer was removed (5 pm)
cyclically, each time making XRD measurements: steel 1 - the oxide layer was removed every 5 ym in
6 cycles; steel 2 - the oxide layer was removed every 5 um in 26 cycles. The size of the Dy crystallites
size was determined for the reflections originating from the planes (104) for Fe203 and (311) for FesOa,
which are occurring at angles of 38.7464° and 40.8998°, respectively (according to the catalogue card
ICDD PDF 01-079-0007 and ICDD PDF 01-089-0951).

3. RESULTS OF EXAMINATION

Microscopic observations of the structure of the steel tested showed (Figure 1) that 13CrMo4-5 steel operated
at a lower temperature (T = 380 °C) for a time of 130,000 hours was characterized by a ferritic-bainitic/pearlitic
structure (Figure 1a). The longer operating time at a higher temperature caused that the structure of the tested
steel was significantly degraded. Figure 1b shows the ferritic structure with degraded bainite/pearlite and very
many carbide precipitates. In the case of steel 2, the pearlite/bainite has completely disintegrated. In addition,
coagulated carbides in a very large form are formed both inside and after grain boundaries. The carbides
occurring on the boundaries were combined, forming the so-called chains, and in places there is even the
effect of double borders. In addition to carbide precipitations, creep pores are also visible in the structure of
this steel.

Figure 1 Structure of examined steels: (a) steel 1, (b) steel 2

Microscopic observations (SEM) made on the surface of the oxide layer showed that this layer is more
degraded in the case of steel subjected to a higher temperature and a longer time, as shown in Figure 2. The
surface of the oxide layer created on steel operated at 535 °C for a period of 230,000 hours is mostly cracked.
The performed chemical analysis from the surface of the pipe walls showed presence oxides iron enriched in
the chromium element for both steels (Figure 3). In the case of steel 2, additionally copper deposits appeared.
Copper compounds on the inner surface of the power device element (steel 2) and thus in the entire water-
steam system are the result of progressive erosion and corrosion processes in supply and condensation
systems, where these waters are enriched in trace amounts of copper compounds. In the case of steel 1, the
thickness of the oxide layer at the widest area was 32.96 um, while for steel 2 the value of this parameter was
four times higher and amounted to 137.22 um (Figure 4). In both cases large discontinuities were observed in
the oxide layer, however, the oxide layer on steel 2 is characterized by greater degradation. In this steel there
are quite large cracks oriented perpendicular to the ground. In addition, this layer exhibits quite numerous slits
of relatively large dimensions.
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Figure 3 EDS analysis of surface of oxide layer: (a) steel 1, (b) steel 2

In steel 1 under the oxide layer there is decarburization reaching the depth of 120 um, while steel 2 on the
whole cross-section is characterized by a degraded structure. Surface topography studies showed significant
differences in the roughness measurements of the steels tested, as shown in Figure 5. The average arithmetic
deviation of the profile from the mean line (Ra) was 9.82 ym and 23.54 um, respectively for steel 1 and 2. X-
ray measurements (XRD) showed a two-layered structure of the oxide layer consisting of hematite (Fe203)
and magnetite (FesO4). The application of the method for determining crystallites based on the analysis of the
diffraction line profile to the oxide layers formed on steels used in the power industry for a long time allows to
determine the relationship between the size of Dy and the properties of structure on the cross section of the
oxide layer.

(3) Length 51,68 pm

Figure 4 The oxide layers of examined steels: (a) steel 1, (b) steel 2
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Figure 5 Topography of the surface of the oxide layers studied: (a) steel 1, (b) steel 2

The obtained results showed (Figure 6) that steel 1 was characterized by smaller sizes of crystallites compared
to steel 2. For steel 1, the highest value of Dy for hematite was 42.8 nm, while for magnetite 37.32 nm. In the
case of steel 2, Dpy was 43.5 nm and 38.6 nm respectively for hematite and magnetite. The results of XRD
studies in connection with microscopic observations showed that the crystallite size changes as a function of
the distance from the surface. In the case of larger crystallite sizes, the oxide layer is more brittle and prone to
cracking. Then cracks form, oxide layers adhere poorly to the substrate, which in turn leads to failure of
components operating in the power industry.
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Figure 6 Determination of crystallite size (Dnx) for main peaks Fe3O4 and Fe203
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CONCLUSION

Based on the conducted research, the following statements and conclusions were formulated:

higher temperature and longer working time of 13CrMo4-5 steel leads to a greater degrading of the
material structure and the resulting oxide layer;

the oxide layer which was formed on 13CrMo4-5 steel operated at T = 535 °C, and 230,000 h is four
times thicker than the oxide layer formed on steel being used T = 380 “C and time 130,000 h;

the roughness parameter Ra for steel 2 was more than twice as high as for steel 1;

larger size of crystallites has a negative effect on the durability of the oxide layers.
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