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Abstract

The paper contains results of the studies on X-ray diffraction analysis XRD (studying the phase
composition, crystallite sizes) of oxide layers on 10CrMo9-10 steel, operated for a long time at an
elevated temperature (T = 525°C, ¢ = 200,000 h). The oxide layer was studied on a surface and
a cross-section at the outer on the inlet both on the fire and counter-fire side of the tube wall surface.
X-ray studies were carried out on the outer surface of a tube, and then the layer surface was polished
down and the diffraction measurements were performed again to determine crystallite size in oxide
layers. 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.

Introduction

Currently, many scientific centres are conducting diversified materials
research related to surface engineering (FRANGINI et al. 2014, LABISzZ 2014,
2015, TALU et al. 2015, KULESZA, BRAMOWICZ 2014, SZAFARSKA, IWASZKO 2012),
particularly with the oxidation of steel used in the power industry (BISCHOFF et
al. 2013, PRISS et al. 2014, ANTONOV et al. 2013).
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In the power industry, apart from low-alloy steels like 10CrMo9-10
(10H2M) or 13CrMo4-5 (15HM), also high-alloy steels are used, such as e.g.
X10CrMoVNDb9-1 (P91), which is characterised primarily by an increased
chromium content. A higher chromium content makes that this steel has
better anti-corrosion properties as compared with low-alloy steels. However,
despite that there is a need to diagnose both this steel and low-alloys steels
resistance to the operation of a steam and flue gases environment existing in
components operated long time at high temperatures and during a few
hundred thousand hours (GwWoZDZIK 2014, 2016, KLEPACKI, WYWROT 2010,
KLEPACKI 2006).

Studies carried out have shown that the kinetics of corrosion on steels
operating long-term at elevated temperatures is complex and depends inter
alia on (GWOZDZIK 2014): chemical composition of steel, operating temperature
of the element, operating time, flowing medium (flue gas side, steam side), flue
gas type, morphology of individual oxide layers.

In paper (GwozpzIK 2013) it has been found that NaFePO,, Zny,P,O,
NayS04, Fes(POy)e, AlSiOs, ZnSO, are formed as a result of long-term
operation (¢ = 100,000 h) of 10CrMo09-10 steel at the temperature of 575°C
(directly from the exhaust gas). Hematite (Fe;O3) occurs on the outer surface
of the tube. Then magnetite (Fe30,) appears below hematite.

Material and Experimental Methods

The material studied comprised specimens of 10CrMo09-10 steel taken from
a pipeline operated at the temperature of 525°C during 200,000 hours. The
oxide layer was studied on a surface and a cross-section at the outer on the
inlet both on the fire and opposite fire (counter-fire) side of the tube wall
surface Figure 1.

Thorough examinations of the oxide layer carried out on the outer surface
of tube wall comprised:

— microscopic examinations of the oxide layer were performed using an
Olympus SZ61 and GX41 optical microscope (LM), Jeol JSM-6610LV scanning
electron microscope (SEM),

— thickness measurements of formed oxide layers,

— chemical composition analysis of deposits/oxides using a Jeol JSM-
6610LYV scanning electron microscope (SEM) working with an Oxford EDS
electron microprobe X-ray analyser,

— X-ray (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
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place of samples
taking for tests

Fig. 1. Place of samples taking for tests

(Aco = 0.17902 nm). X-ray studies were performed, comprising measurements
in a symmetric Bragg-Brentano geometry (XRD). A computer software and the
DHN PDS, PDF4+2009 crystallographic database were used for the phase
identification. X-ray studies were carried out on the outer surface of a tube,
and then the layer surface was polished down and the diffraction measure-
ments were performed again to determine individual oxide layers.

The size of crystallites of oxides was determined by the Scherrer relation-
ship. Methods based on the analysis of diffraction line profile are used to
determine the size of crystallites smaller than 100 nm and of lattice deforma-
tions (GWOZDZIK 2016). 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):

thz = 7 (@))

where:
Dy, — crystallite size in the direction normal to (hkl) [nm],

k - constant (~1);

A - radiation wavelength [nm],

B — reflection width depending on the crystallite size [rad],
©® - Bragg angle [rad].
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Results of examinations

The obtained results of macroscopic and microscopic studies on the ox-
ides/deposits layer surface (Fig. 2) have shown a much greater degree of
surface development on the fire side than on the counter-fire side. In addition,
SEM studies (Figs. 2¢, d) have shown that the formed deposits layer in certain
places has a spheroidal nature. As compared with the counter-fire side the
deposits formed on the fire side have larger dimensions.
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Fig. 2. Oxides formed on 10CrMo9-10 steel operated at 525°C during 200,000 hours: a — opposite fire
wall LM (light microscopy), b — fire wall LM, ¢ — opposite fire wall SEM (scanning electron
microscopy), d - fire wall SEM

Microscopic examinations carried out on transverse microsections (Fig. 3)
have shown that the deposits formed on the counter-fire side had a small
thickness, reaching the depth of 9,83 um. Instead, the formed oxide layer is
78.01 um thick. On the fire side the deposits are 539 pm thick, while oxides
182,71 um. The formed oxides/deposits layer, especially on the flue gas inflow
side, is damaged to a significant extent.
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Fig. 3. The thickness of oxides layer formed on the steel examined: a — opposite fire wall — LM,
b - fire wall - LM

The chemical analysis (EDS) (Fig. 4) comparison with XRD analysis on the
fire side have shown that on the outside there are such deposits as: CaSiO,,
Al,SiO5 and CaSO,. Fe;O3 and Fe3O, oxides exist under this layer. Similar
oxides were observed on the counter-fire side.

Spectrum 1
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Fig. 4. EDS point microanalysis: a — opposite fire wall, b — fire wall

The size of Fe,0; crystallites was determined for the (104) plane, while for
Fe30, for the (311) plane. A layers of oxide 78 um and 200 pm thick were
studied (after polishing deposits), then the surface of the formed layer was
polished in 11, 11, 9 and 15 cycles for FesO; — opposite fire wall, Fe;O,
— opposite fire wall, Fe;O3 — fire wall, Fe;0, — fire wall, respectively. One cycle
consisted of polishing the layer to the depth of 2 um (Fe;O3 — opposite fire wall),
5 um (Fe30,4 — opposite fire wall), 5 um (Fe;O3 — fire wall), 10 um (Fe;0, — fire
wall). The exemplary of examine of XRD measurements has been shown in
Figure 5.
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Fig. 5. X-ray diffraction patterns from the oxides layer obtained by means of XRD technique, after
polishing: a — opposite fire wall, b — fire wall
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Fig. 6. Determination of crystallite size Dy,

For the counter-fire side the size of hematite crystallites shows a downward
trend after the next removal of the layer (Fig. 6). FesO; crystallites at the depth
of 10 um are 45 nm in size. Instead, on the fire side the hematite peaks occur at
the depth of 540 um (Fig. 6). At this depth crystallites are 20 nm in size.
A consecutive removal of the layer shows crystallites larger by 10 units, and
the next two already by 15 units larger than in the previous polishing.
At the depth of 560 um the crystallites size is 30 nm. Instead, at the depth of
570-580 um it is less than 20 nm. For magnetite in both cases (on the
counter-fire as well as on the fire side) the crystallites size has a similar nature
reaching the maximum of 35 nm (Fig. 6).
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Summary

The paper contains assessment of hematite (Fe;O3) and magnetite (Fe;0,)
formed on 10CrMo9-10 steel operated at the temperature of 525°C during
200,000 hours on the tube wall outside. Studies were carried out both for the
fire and the counter-fire side. The obtained results of studies have shown that
directly on the flue gas inflow side deposits are formed based on Al, Si and Ca.
According paper (GAWRON, DANISZ 2012, GW0ZDZIK 2013) it has been found
Al,SiO5 and CaCOs.

The surface of deposits/oxides layer is more developed on the fire side. The
deposits layer on the fire side is 539 um thick, while on the counter-fire side
only 10 um. In both cases iron oxides Fe;O3 and Fe3;0, exist under the deposits
layer. The size of hematite crystallites on the fire side at the maximum of its
occurrence is Dy = 47 nm, while for the counter-fire side it is smaller by
2 units. Magnetite crystallites are smaller than those of hematite and in both
cases (fire and counter-fire side) their size oscillates around 35 nm. The paper
(Gwo0zZDzIK 2016) presents results of studies on oxides formed on the 10CrMo9-
10 steel (on the flowing medium side (inside tube wall). Examinations carried
out have shown that the formed layer is thicker and more degraded on the fire
side. The size of crystallites on the fire side shows much larger dimensions both
for hematite and magnetite. Instead, comparing the size of hematite and
magnetite crystallites it is possible to state that in both cases (fire and
counter-fire side) Dy, is larger for hematite.

References

ANTONOV M., VEINTHAL R., HUTTUNEN-SAARIVIRTA E., HussaiNova 1., VALLIKIVI A., LELEIS M., PRiss J.
2013. Effect of oxidation on erosive wear behaviour of boiler steels. Tribology International, 68:
35-44.

BiscHorr J., MoTrTA A.T., EicareLd C., Comstock R.J., Cao G., ALLEN T.R. 2013. Corrosion of
ferritic-martensitic steels in steam and supercritical water. Journal of Nuclear Materials, 441:
604-611.

FraNGINT S., Masct A., McPHaIL S.J., Soccio T., Zaza F. 2014. Degradation behavior of a commercial
13Cr ferritic stainless steel (SS405) exposed to an ambient air atmosphere for IT-SOFC intercon-
nect applications. Materials Chemistry and Physics, 144: 491-497.

GAwWRON P., Danisz S. 2012. Dostosowanie zakresu badarn diagnostycznych wybranych elementéw
kottow pracujgcych w warunkach wspdétspalania biomasy. Energetyka, 702(12): 843-853.

Gwozpzik M. 2013. Utlenianie stali 10CrMo9-10 podczas eksploatacji w wysokiej temperaturze.
Inzynieria Powierzchni, 1: 36-39.

Gwozpzik M. 2014. Mechanizm degradacji warstw tlenkowych na stalach diugotrwale eks-
ploatowanych w energetyce. Monografia, 291, Wydawnictwo Politechniki Czestochowskiej.

Gwozpzik M. 2016. 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.

Krepackt F., Wywror D. 2010. Trwatosé wezownic przegrzewaczy wtérnych w warunkach niskoemisyj-
nego spalania. Energetyka, 678(12): 816-820.

Technical Sciences 20(3) 2017



296 Monika Gwozdzik

KvrepAckt F. 2006. Korozja wysokotemperaturowa wezownic przegrzewaczy kottow. Energetyka, 621(3):
197-200.

KuLesza S., Bramowicz M. 2014. A comparative study of correlation methods for determination of
fractal parameters in surface characterization. Applied Surface Science, 293: 196-201.

Lasisz K. 2014. Microstructure and mechanical properties of high power diode laser (HPDL) treated
cast aluminium alloys. Mat.-wiss. U. Werkstofftech, 45(4): 314-324.

Lasisz K. 2015. Influence of Laser Feeding on Structure and Properties of Cast Aluminium Alloy
Surface. In: Mechanical and Materials Engineering of Modern Structure and Component Design.
Eds. A. Ochsner, H. Altenbach. Advanced Structured Materials, 70. Springer, Cham, p. 317-343.

Priss J., Rosacz H., Kuevrsov 1., DEpov A., WINKELMANN H., BapiscH E. 2014. High temperature
corrosion of boiler steels in hydrochloric atmosphere under oil shale ashes. Corrosion Science, 82:
36-44.

SzAFARSKA M., Iwaszko J. 2012. Laser remelting treatment of plasma-sprayed Cr;0;3 oxide coatings.
Archives of Metallurgy and Materials, 57(1): 215-221.

TALU S., BRamowicz M., KULESZA S., SHAFIEKHANT A., GHADERI A., MASHAYEKHI F., SorayMANT S. 2015.
Microstructure and Tribological Properties of FeNPs@a-C:H Films by Micromorphology Analysis
and Fractal Geometry. Industrial & Engineering Chemistry Research, 33 (54): 8212-8218.

Technical Sciences 20(3) 2017




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.01667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /POL <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 850.394]
>> setpagedevice


