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Abstract
The paper presents results of studies of steel and the oxide layer formed during a long-term
operation (t = 130,000 h) on 13CrMo4-5 steel at an elevated temperature (T = 455oC). The oxide
layer was studied on a surface and a cross-section at the inner site of the pipe (in the flowing
medium – steam side). The paper contains results of studies such as: light microscopy, scanning
electron microscopy, X-ray phase analysis.

Introduction
Both in Poland and worldwide there are attempts to ensure the energy security
both on an industrial and household scale. This makes that the research and
development of structural materials to be used in a modern conventional and
nuclear power industry are still relevant. The basic objective of proper repairing
of power units is to increase their reliability and efficiency and to extend their
life at minimised costs (T rzeszczyński 2010, Brunné et al. 2011).
In recent years, as demonstrated by Polish studies, a substantial share in part
failure frequency is that of corrosion. Among others, such parts as superheater
coils of secondary steam boilers get damaged due to excessive reduction of wall
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thickness. It is due to corrosion, from the inside as well as from the outside.
Such a reduction is due to the widely understood high temperature corrosion,
a contribution to which is made by oxides formed on the surface (or absence
of such oxides), which do not always perform a protective role (Dobosiewicz,
Brunné 2007, K lepacki, Wywrot 2010).
Protective layers of oxides, which are formed during the normal operation
exert equally important influence upon the longevity of operation of parts
of turbines and boiler, dependent on mechanical properties, including creep
strength and creep limit. Their good adhesion is important, as well as very slow
growth, and slight susceptibility to scaling. Excessive growth of oxide layer from
the steam side (internal wall of pipe) has negative consequences during long
term operation, because:
– it reduces the bore of pipes, especially in heavy wall tubes with small inside
diameter;
– the oxide layer causes reduction of wall thickness and increase of stresses,
moreover – scaling of oxide layer may lead to erosion inside the turbine.
Scaling of oxide layer is an extremely harmful phenomenon, as the scaled
particles may get to the turbine, and lead to fatal consequences. Scaled oxide
layers may clog the bore of superheater pipe, as well as other steam pipelines,
causing local overheating, which often leads to pipe burst.
On the flue gas end, besides oxide layers also ash deposits are frequently
formed, which most often insulate.
Dobosiewicz and Brunné (2007) showed that the main reasons for the wear
of superheater coils are physicochemical processes occurring in steel associated
with the simultaneous impact of: high temperature, aggressive exhaust and significant stress. To this processes belong to: creep, high-temperature corrosion,
steam corrosion, erosion. The result of these processes are: degradation of the
structure under the influence of high temperature and corrosive and erosive
wall thickness degradation.
Steels for use in elevated temperatures find wide application first of all in
the power sector. This steels are used mainly for boiler pipes, superheater coils,
chambers, pipelines, parts of boilers, steam turbines, as well as other devices.
Such steels include inter alia 10CrMo9-10, 13CrMo4-5 and also a high-chromium steel X10CrMoVNb9-1 (L averde et al. 2004, P riss et. al. 2014, Gwoździk
2016a, 2016b).

Material and Experimental Methods
The material studied comprised specimens of 13CrMo4-5 steel operated
at 455oC during 130,000 hours (the base steel material and the oxide layer).
The oxide layer was studied on a surface and a cross-section at the inner surface
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(in the flowing medium – steam side) of the tube wall. Through examinations
of material comprised:
– macroscopic and microscopic examinations using an Olympus SZ61, GX41
light microscope (LM) and Jeol JSM-6610LV scanning electron microscope (SEM);
– thickness measurements of formed oxide layers;
– chemical composition analysis of oxides using Jeol JSM-6610LV scanning
electron microscope working with an Oxford EDS electron microprobe X-ray
analyzer;
– XRD measurements (studying the phase composition, crystallite sizes
(Dhkl)); the layer was subject to measurements using a Seifert 3003T/T X-ray
diffractometer and the radiation originating from a tube with a cobalt. A computer 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 (Dhkl) of hematite and magnetite
were determined using the Scherrer formula. X-ray studies were carried out on
the surface, and then the layer surface was polished down. The next the diffraction
measurements were performed again to determine individual oxide layers. After
removal of the Cu2O, X-ray measurements were carried out, then for each case,
the iron oxide layer was removed (5µm) cyclically, each time making XRD measurements. The main reflections originating from planes (104) for Fe2O3 and
(311) for Fe3O4 have been analysed;
– a quantitative evaluation of ferrite and perlite/bainite was carried out.
The microstructure of the steel was analyzed by analyzer of image. Then the
average size of phase and their volume share were calculated.

Results of examinations
The microscopic observations of the surface of the oxide layer showed
a significant degree of layer development. Directly on the surface, the spheroidal
character of the oxide layer was observed (Fig. 1). EDS studies have shown (Fig. 2)
that the oxide layer is composed of copper oxides and iron oxides, where the
dominant element is iron. Three zones have been distinguished in the oxides
layer formed. Cu2O occurs at the surface, then hematite (Fe2O3), under which
a magnetite (Fe3O4) exists (Fig. 3).
Copper compounds appearing on the internal surfaces of energy equipment
elements and 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 (Śliwa , Gawron
2009, Gawron 2014). One of the main sources of copper compounds emission
to the circulating medium are such elements of power devices as: condensers
and regeneration heat exchangers. In this type of elements, the progressive
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Fig. 1. Oxides formed on 13CrMo4-5 steel, inner surface:
a – LM, 20×, b – LM, 45×, c – SEM, 100×, d – SEM, 1000×

Fig. 2. EDS analysis of surface of oxides
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Fig. 3. X-ray diffraction patterns from the surface of oxide layer

corrosion processes result in the transfer of copper to the water in an ionic
form. Copper then reacts with other compounds found in the circulating medium, which in turn causes uncontrolled emission of copper compounds, which
under the temperature conditions of the boiler is released in the form of sediments. In addition, copper can pass into feed water in the form of copper oxides
and copper metallic. This is caused by erosion or corrosion-erosion processes.
These processes are caused by the influence of droplets on the condenser tubes
or too high velocities of water flow through the tubes of the low-pressure regenerative heat exchangers (Śliwa, Gawron 2009). However, from the side of the
flue gas flow on this steel, as shown by previous tests, SiO2 (Gwoździk 2016b)
occurs. SiO2 precipitates in electrofilters after burning coal in various types
of furnaces of power facilities (Lelusz 2012).
The oxide layer formed on the studied steel on the inner side is 54.82 µm
thick. This layer is mostly degraded. This degradation occurs in the form
of microcracks and fissures. Directly on the steel side, there is little corrosion
on the grain boundaries. The pits covered with of oxides have been directly from
the steel side. The pits are 76.37 µm thick.
Studies of crystallite sizes have shown (Fig. 4) that the hematite were existed
to a depth of polishing 15 µm. The crystallite size for this oxide was 43.14 nm,
42.15 nm, 16.34 nm, after removal of the layer by 5 µm, 10 µm and 15 µm, respectively. In contrast, the size of crystallites for magnetite gradually increases
to a depth of 30 µm and it was 38.23 nm (The crystallite size for this oxide was
17.98 nm, 19.10 nm, 33.98 nm, 35,54 nm, 37,32 nm, 38,23 nm after removal
of the layer by 5 µm, 10 µm, 15 µm, 20 µm, 25 µm and 30 µm, respectively).
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Fig. 4. Determination of crystallite size (Dhkl) for main peaks Fe3O4 and Fe2O3

The next, a slight decrease of crystallite size (Dhkl) was observed (The crystallite
size for this oxide was 37.11 nm, 36.12 nm, 27.98 nm, 17,54nm after removal
of the layer by 35 µm, 40 µm, 45 µm, 50 µm, respectively).
The size of crystallites, as well as the nature of stresses, affect the morphology and mechanical properties of the oxide layers (Gwoździk 2014). The studies

Fig. 5. The thickness of oxide layer formed on the steel examined, LM: a, b – 100×, c, d – 200×
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have shown that crystallites for hematite are larger in size than crystallites
for magnetite. In papers (Gwoździk 2011, Gwoździk, Nitkiewicz 2011) it was
shown that the outer oxide layer, i.e. hematite, is more brittle and prone to
cracking, which is related to the size of crystallites.
The microscopic examination of the structure (Figs. 5, 6) have shown significant decarburization directly from the surface, which reaches a depth of 390.58 μm.

Fig. 6. Microstructure of 13CrMo4-5 steel, LM, 1000×:
a – 200 µm from oxide layer, b – 600 µm from oxide layer

Fig. 7. Percentage contribution of ferrite and perlite/bainite

Fig. 8. Average surface area of ferrite and perlite/bainite
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The quantitative phases analysis showed (Fig. 7) that only 2% perlite/bainite with a mean grain size of 28.46 µm 2 (Fig. 8) was present in this area.
Instead, the decarburized ferrite grain size was 992.25 µm2. In turn, the proportion of perlite/bainite to ferrite at a depth of 390 µm to 780 µm was 27%
to 73%. The average grain size in this area was 382.46 µm2 and 243.27 µm2
respectively for ferrite and perlite/bainite. In addition, especially in the decarburised layer, a significant share of carbide precipitates distributed mainly at
the grain boundaries was observed.

Summary
The research carried out on 13CrMo4-5 steel operated at 455oC for 130,000
h showed that:
– the structure of examined steel was ferrite and perlite/bainite with a share
of 73% / 27%, respectively. The grain size of ferrite was 382.46 µm2, whereas
perlite/bainite 243.27 µm2;
– from the inside of the pipe wall, there is considerable decarburization.
In this part ferrite prevails 98% (the grain size 992.25 µm2), the rest was perlite/
bainite, where the grain size was 28.46 µm2. In addition, there are the carbide
precipitates along the grain boundaries that create chains in this places;
– the thickness of the oxide layer on the inner side of the pipe wall was 54.82
µm. Numerous cracks and fissures were observed in this layer. Directly from
the steel side there are pits covered with a layer of oxides;
– the phase analysis showed that the oxide layer is composed of Cu2O, Fe2O3,
Fe3O4;
– the crystallite sizes for hematite is greater than for magnetite.
References
Bruné W., Trzeszczyński J., Haliński J. 2011. Remote diagnostics of main steam pipelines
of power units. 13th Informative & Training Symposium. Maintenance of thermo-mechanical
power equipment. Management of the Productive Assets of a Group of Power Plants, p. 91–95.
Dobosiewicz J., Brunné K. 2007. Ultrasonic measurement of oxides layer thickness on superheater
coil inner surface. Energetyka, 6: 460–464.
Gawron P. 2014. Czystość wody kotłowej a uszkodzenia rur w rejonach przewężeń, na łukach oraz
na odcinkach pochyłych. Dozór Techniczny, 3, 54–58.
Gwoździk M. 2011. Analiza zdefektowania warstw tlenkowych na stali X10CrMoVNb9-1 długotrwale eksploatowanej w temperaturze 535oC. Inżynieria Materiałowa, 182(4): 432–434.
Gwoździk M., Nitkiewicz Z. 2011. Charakterystyka odporności na zarysowanie warstwy tlenkowej
powstałej na stali P91. Inżynieria Materiałowa, 182(4): 435–438.
Gwoździk M. 2014. Mechanizm degradacji warstw tlenkowych na stalach długotrwale eksploatowanych w energetyce. Monograph No. 291, Wydawnictwo Politechniki Częstochowskiej.

Technical Sciences

21(4) 2018

Evaluation of High-Temperature Corrosion on 13CrMo4-5 Steel Operated…

343

Gwoździk M. 2016a. Analysis of Crystallite Size Changes in an Oxide Layer Formed on Steel Used
in the Power Industry. Acta Physica Polonica, A, 130(4): 935–938.
Gwoździk M. 2016b. Structure Studies of Porous Oxide Layers Formed on 13CrMo4-5 Steels Long-Term Operated in the Power Industry. Technical Sciences, 19(3): 257–266.
Klepacki F., Wywrot D. 2010. Life of resuperheater coils exposed to the effects of low-emission
combustion. 12th Informative & Training Symposium “Maintenance of thermo-mechanical power
equipment. Upgrading power equipment to extend its operating period beyond 300.000 hours”,
28–30.09.2010, Wisła, p. 29–35.
Laverde D., Gomez-Acebo T., Castro F. 2004. Continuous and cyclic oxidation of T91 ferritic
steel under steam. Corrosion Science, 46: 613–631.
Lelusz M. 2012. Ocena zawartości aktywnego SiO2 w popiołach lotnych wytwarzanych w obiektach
energetycznych północno-wschodniej Polski. Civil and Environmental Engineering, 3: 179–184.
Priss J., Rojacz H., Klevtsov I., Dedov A., Winkelmann H., Badisch E. 2014. High temperature
corrosion of boiler steels in hydrochloric atmosphere under oil shale ashes. Corrosion Science,
82: 36–44.
Śliwa A. Gawron P. 2009. Miedź w osadach w urządzeniach energetycznych – problem eksploatacyjny i remontowy. Dozór Techniczny, 2: 40–43.
Trzeszczyński J. 2010. Technical condition assessment of and life prediction for the critical components of thermo-mechanical power equipment intended to remain in service beyond 300 000
hours. 12th Informative & Training Symposium: “Maintenance of thermo-mechanical power
equipment. Upgrading power equipment to extend its operating period beyond 300.000 hours”,
28–30.09, Wisła, p. 13–21.

Technical Sciences

21(4) 2018

