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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 13CrMo4-5 steel at an elevated temperature (T=470°C, t=190,000h). 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. 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.
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1. INTRODUCTION

The material engineering is a field of science enjoying the interest of many centers in the world [1-10]. More
and more research are devoted to surface engineering [3, 5, 9, 11, 12], especially the oxidation of materials
applicable in the energy industry [11-26]. Boilers, the most troublesome components of electric power,
chemical and processing plants generate high costs in unscheduled shutdowns, repairs and power
replacement. Every occurrence of ruptured tubes leads to emergency shutdown of the entire plant [8]. In paper
[8] the research evaluation included non-contact wall thickness measurement with EMAT technology plus
internal oxide layer measurement with specialized ultrasonics. In paper [27] the authors showed that the scale
which formed on the 2.25 % Cr-1 % Mo steel tube exposed in steam at 550 °C to 625 °C for 300 h to 10,000
h comprises with the outer scale composed of FesO4 with a slight amount of Fe203 and the inner scale
composed of (Fe, Cr)sOa4. In paper [28] the high temperature corrosion behavior of the boiler steels 13CrMo4-
5(1.7335), P91 (1.4903) and 1.4541 has been investigated during short-term test runs (~500 h) at a biomass
fired grate furnace combined with a drop tube. General trends determined by the variation of these
temperatures were similar for all boiler steels: the corrosion rate increased with increasing flue gas temperature
and also with increasing probe surface temperature.

2. MATERIALS AND EXPERIMENTAL METHODS

The material studied comprised specimens of 13CrMo4-5 steel operated at the temperature of 470 °C during
190.000 h. The chemical compositions and operating parameters of steel are given in Table 1.

Table 1 Chemical composition of examined steel and acc. EN 10028-2 [29]

Chemical composition, wt. %

Acc. C Si Mn P S Cr Mo
Analysis 0.15 0.24 0.50 0.022 0.009 0.94 0.51
EN [29] 0.08-0.18 Max. 0.35 0.40-1.00 Max. 0.025 Max. 0.010 0.70-1.15 0.40-0.60
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The analysis of the chemical composition of the 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 (Figure 1).

Native material

Figure 1 Place of samples taking for tests

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

° Microscopic examination of the oxide layer were performed using a Jeol JSM-6610LV scanning electron
microscope (SEM),

° chemical composition analysis of deposits/oxides using a Jeol JSM-6610LV 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 (Aco = 0.17902 nm). X-ray studies were performed, comprising measurements in a
symmetric Bragg-Brentano geometry (XRD). 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 was
determined using the Scherrer formula (1) [15, 16, 21, 30]:
k-4

D, =— 1
I f-cos® M

where: Dny - crystallite size in the direction normal to (hkl), nm; k - constant (~1); A - radiation wavelength, nm; G -
reflection width depending on the crystallite size, rad; 6 - Bragg angle, rad.

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 Fe203 and (311) for Fe3Oa, 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). X-ray measurements were performed at different depths of the oxide layer.
After removal of the sediment layer, the X-ray measurements were carried out, then, the oxide layer was
removed (5 ym) cyclically, each time making XRD measurements:

° from steam side, the oxide layer was removed every 5 um in 10 cycles,
° from exhaust side, the oxide layer was removed every 5 um in 16 cycles.
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3. RESULTS OF EXAMINATION

The obtained results of studies have shown that on the inside of a tube wall, directly on the steam flow side,
there is a layer of hematite (Fe203), under which a layer of magnetite (FesOa) exists. On the inside, directly on
the steel side, apart from iron, the oxide layer is enriched in addition of such elements as Cr, Mn, Mo, and Si,
depending on the chemical composition of studied steel (Figure 2). Maps of elements distribution have shown
that chromium exists in 2/3 of the layer oxide thickness, moving from the substrate (steel). The total thickness
of oxide layer on the inside in the widest place was 57.58 um, which was presented in paper [22]. The
oxides/deposits layer, which originated on the outside of the tube wall, substantially differs from the oxide layer,
which formed on the inside. On this surface, directly on the flue gas inflow side, on the surface itself and moving
inside the layer to a depth of 74 um, there exist compounds based on Ca, As, K, Al, Na, and Zn, which was
shown in paper [22]. Below this layer Fe2Os exists alternately with such compounds as: As203, KAISi2Os,
NaeZnOs, and ZnO2. Fes04 appears moving deeper inside the layer (Figure 3, Figure 4).

Spectrum 3

Spectrum 2

Spectrum 1

SEI  20kV WD10mm  S546 x1,500 10pm
Sample 0001 29 Mar 2018

0 A0um

Figure 2 SEM images of the steel samples, EDS analysis and maps of the distribution of elements, inner site
on the pipe

 Spectrum 1

Spectrum 2

Spectrum 3

Spectrum 4

B0um BOpm = 0pm BOpm

Figure 3 SEM images of the steel samples, the maps of the distribution of elements, outer site on the pipe

The obtained results of crystallites measurement have shown that in the case of the oxide layer formed on the
steam flow side, Dny for hematite at a depth of 10 um from the surface reaches the highest values
(Figure 5A). Moving deeper inside the layer, the crystallite sizes successively diminish. On the outside of the
tube wall, Dxy for hematite at a depth of 60 to 65 um was 19.87 nm and 21.76 nm respectively (Figure 5B). At
a depth of 70 to 75 um, the size of hematite crystallites suddenly increased to 37.79 nm and 46.23nm
respectively, and then this parameter has slightly decrease approx. 10 units at a depth up to 80 um; after this
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was slightly grown (at a depth of 85 to 90 um) and the next this parameter value was going down after further
successive removal of the layer.

Spectrum 1 Spectrum 2

Spectrum 4

Full Scale 2534 cts Cursor: 0.000 keY| Full Scale 2671 cts Cursor: 0.000 keV|

Figure 4 EDS analysis of elements, outer site on the pipe

For magnetite on the inside Dpy directly under the hematite layer amounts to approximately 28,51 nm, and
then this parameter slightly grows at a depth of 15 to 25 um, which is followed by a linear decline
(Figure 5C). In the case of the tube wall outside, the crystallite sizes gradually increase to a depth of 95 um,
and then Dpy slightly declines to a depth of 110 um. At a depth of 115 to 120 um another increase in this
parameter was observed. Instead, once 120 um is exceeded, the value of this parameter substantially goes
down (Figure 5D).
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Figure 5 Determination of crystallite size Dpw for main peaks Fe3O4 and Fe203: (a) hematite, the flowing
steam side, (b) hematite, the flowing gas side, (c) magnetite, the flowing steam side, (d) magnetite, the
flowing gas side
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4,

CONCLUSIONS

The obtained results of studies have shown that:

oxide thickness more varies on the gas side but it is more uniform on the steam side. On the inside the
oxide layer is composed of hematite and magnetite, while in the case of the tube wall outside also
deposits exist apart from the aforementioned oxides,

when comparing the results of structural examinations presented in paper [22] with Dy it is possible to
state that greater degradation of the layer was observed for crystallites of larger sizes.

The largest crystallite size for hematite was 44.20 nm and 46.23 nm for steam side and gas side,
respectively. The largest crystallite size for magnetite was 39.08 nm and 43.01 nm for steam side and
gas side, respectively.
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