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Destructive and Non-destructive Assessment of the Thickness of Oxide Layers of Super-he-
ater Tubes
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Tubes of super-heaters and heaters used in conventional power plants are exposed to coolant and high tempera-
tures. The growing oxide layer on the inner surface reacts over time as a heat insulator on the water side and
reduces heat transfer through the wall of the tube. A relatively thin oxide layer already contributes to the boiler
efficiency and causes a permanent overheating of the tube wall. As a result of overheating at the site, the intercrys-
talline cracks leading to the bursting of the tube are developing. The secondary problem of the growth of oxide
layer thickness is so-called exfoliation. For non-destructive evaluation of the thickness of the oxide layer directly
at the power station, ultrasonic method (UT) can be used with a high frequency probe. In order to verify the
accuracy of the measurement and the qualification of the ultrasonic testing methodology, light and Scanning
Electron Microscopy (SEM) was used on specimens that were removed from the super-heater after the UT mea-
surement. The standard longitudinal cut surface imaging in BackScatter Electrons (BSE) and Energy Dispersive
Spectroscopy (EDS) analysis for accurate thickness determination with the chemical composition of the layer con-
firmed the accuracy of the UT measurement.
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Long-term thermal exposure combined with high in-
ternal water pressure in the tube leads to the development
of micro cracks in steel. In addition, deformation due to
the creep of steel leads to a gradual expansion and buc-

1 The principle of formation of the oxide layer

Tubes in fossil-fired boilers operating at temperatures
above 500 °C are exposed to the formation of an internal

oxide layer on the water side. A specific type of hard,
brittle oxide layer (magnetite Fe304) forms on both tube
surfaces. The formation of the oxide layer at high thermal
loads, where water vapor reacts with iron in a steel tube
to form magnetite and hydrogen, is described in the
following formula: 3 Fe + 4 H20 = Fe304 + 4 H2.

The reaction rate is time-varying, so the magnetite
formation process starts slowly and accelerates with the
rising temperature of the tube wall. The oxygen atoms di-
ffuse inward through the magnetite layer, while the iron
atoms diffuse towards the outer surface. The growth of
the oxide layer continues even after full coverage of the
tube surface. The thermal conductivity of the magnetite
layer is only 5 % of the thermal conductivity of the steel
base material. This fact plays a significant role in ineffi-
cient heat transfer and the tube wall is permanently
overheated in the operating temperature range. [1]

e

Fig. 1 Tube damage by local creep deformation and ma-
cro-crack development

kling of the surface, as shown in Fig. 1. From a long-term
perspective, these operating conditions result in rupture
of the tube, Fig. 2. Damage to the tube base material due
to the growth of the oxide layer leading to the develop-
ment of microcracks and the formation of creep distorti-
ons is a limiting factor for the lifetime of the boiler tubes.

Fig. 2 Surface buckling and tube rupture

Studies from energy industry have shown that the in-
fluence of the inner oxide layer is relatively insignificant
to a thickness of about 0.3 mm. Negative effects, howe-
ver, are rapidly rising above this value [3]. Periodic mea-
surements of the internal thickness of the oxide layer
allow the plant operator to estimate the remaining tube
lifetime and to replace the tubes that are approaching the
failure in time.

The non-destructive UT method, using the device and
settings mentioned below, allows the thickness to be me-
asured from about 200 pum to the order of millimeters. The
correct setting of the ultrasound device and the fact of the
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corresponding measured thickness of the oxide layer were
verified destructively by metallographic analysis of the
tubes removed from the super-heater. Both light and scan-
ning electron microscopy were used for the analysis.

2 Ultrasonic testing

To measure the thickness of inner oxide layer a pulse
echo technique of testing using the high-frequency direct
probe, broadband and transverse waves is used. The thic-
kness of the inner oxide layer is calculated based on the
distance between the respective measured echoes [2]. The
first echo is a reflection of the steel-oxide interface and
the second echo from the oxygen-air interface on the in-
ner surface of the tube, as shown in Fig. 3.

The use of this specialized ultrasonic technique
requires the preparation of the surface of the tube at the
site to ensure coupling of the probe with the surface and
allows the evaluation of a large number of measurements

in a relatively short time.

ultrasonic transducer

external surface | |

basic metal (steel)

interface

oxide scale layer

>

internal surface
Fig. 3 Principle of ultrasonic measurement

The Epoch 600 ultrasonic instrument uses a maximum
impulse energy of 400 V for the ultrasonic pulse. The de-
vice software precisely measures a short time interval
between two peaks of echoes from the interface between
the steel — the oxide layer and the oxide layer — air. The
device takes into account the time of ultrasound passing
through the wall of the tube and tube material.

The 20 MHz high-frequency transverse wave probe is
used for measurement. An acoustic bond enabling the di-
rect transfer of ultrasound transverse waves into the ma-
terial is ensured by a special acoustic couplant (Sonotech
— shear wave gel). Transverse waves compared to longi-
tudinal waves have a shorter wavelength, i.e. higher reso-
lution when measured.

Surface preparation for measuring the thickness of the
inner oxide layer is necessary and the oxidation layer
must be removed on the outer surface of the tube, most
often by grinding, Fig. 4. Smooth, clean and flat surface
allows correct contact of the probe and proper measure-

ment of the thickness of the oxide layer on the inner sur-
face or thickness of the base material of the tube. The
clean areas on the surface are 20x30 or 10x150 mm de-
pending on the number of measured points and the dia-
meter of the tube.

smaller separation

Fig. 5 Measured oxide thickness 0,2 mm
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0,49 mm

larger separation

Fig. 6 Oxide thickness 0,49 mm

Tab. 1 Chemical composition of heat-resistant steels

Comparison of the resolution of two signals on the A-
scan performed on two tubes of different thickness of the
oxide layer is shown in Fig. 5 and 6. In Fig. 5, a limiting
oxide thickness of 0.2 mm is measured. Decreasing oxide
thickness decreases the mutual resolution between echoes
from the interface between the steel — oxide and the air —
oxide. Fig. 6 shows an optimal axial resolution from the
interface at a thickness of 0.49 mm.

3 Tube base material

Measured tubes are made of heat-resistant materials
in accordance with Czech standards named CSN 41 5128
and CSN 41 5313 or stainless steel according to CSN 41
7341. Chemical compositions of appointed steels are lis-
ted in Table 1.

4 Metallography of oxide layers

Correct measurement of the thickness of the inner
oxide layer by ultrasound was verified by metallographic
analysis on samples from tubes removed from the boiler
due to an unsatisfactory result of ultrasonic inspection.
Samples were cut in the axial direction of the tube with a
precision diamond-saw blade, ground and polished to
evaluate the thickness of the oxide layer on the longitudi-
nal section. The method of light and scanning electron
microscopy was used to verify the proposed methodology
and correct setting of all parameters of non-destructive
testing by the ultrasonic method.

Mormalised chemical composition (% by weight) - low-alloy heat-resisting steel 15 128

C Si Mn P

5 Cr Mo v

0,1-0,18 0,15-04 0,45-0,70 = 0,040

= 0,040 0,5-0,75 0,40 - 0,60 0,22-0,35

Mormalised chemical composition (% by weight) - low-alloy heat-resistant steel 15 313

C Si Mn P 5 Cr Mo
0,08 -0,15 0,15-04 0,40 - 0,80 < 0,035 <0,035 2-2,5 0,90-1,10
Mormalised chemical composition (% by weight) - high-alloy heat-resistant steel 17 341
C Si Mn P 5 Cr Mi Mo
0,04 - 0,10 <20 = 10,80 =0,045 =0,030 16- 18 11,5-14 2,0-2,8

The image obtained by the light microscope compared
with the ultrasound thickness measurement is illustrated
in Fig. 7. From light microscopy images, it is clear that
for the more accurate thickness measurement, the surface
preparation quality and the oxidation layer — the base ma-
terial — must be highlighted. The metallographic cuttings
were therefore finely ground and polished for SEM ana-
lysis.

The thickness variation of the oxide layer depends on
the initial state of the inner surface of the tube due to the
manufacturing process, operating parameters (e.g. tempe-
rature), time and chemical mode of the coolant. From the
SEM images, it is clear that the oxide layer is Fe-O based,
where the bottom layer is then diffused by chromium.

The thickness of the layer measured in BackScatter
Electrons (BSE) showing the chemical contrast of the
oxide / base material was confirmed by linear EDS ana-
lysis based on the concentration of the individual ele-
ments (decrease of O, increase of Fe); Fig. 8.

SEM analysis was performed on 2 sample tubes 38x5
and 38x7 mm. On a sample of the 38x5 tube, 18 measured
points with an oxide layer average of the thickness 367.5
um were measured on side 1 and a total of 20 measured
points with an average value of 444.7 pum measured on
side 2.

Results of the 38x7 sample are summarized and listed
in Table 2.
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Fig. 7 Comparison of light microscopy and ultrasound measurement results

Tab. 2 Layer thickness measurement on SEM from BSE images, tube 38x7 mm

Sample 38x7 - axial cut Sample 38x7 - axial cut
Measured No. Thickness [um)] Measured No. Thickness [um]

1 308,90 1 324,90

2 308,90 2 32294

3 312,76 3 324,90

4 315,67 3 8 : '; 4 319,02

5 308,90 x 5 322,94

6 308,08 6 32294

Side 1 7 311,93 7 324,90

8 310,01 8 320,98

9 304,23 Side 2 9 320,98

10 310,94 10 319,02

1 311,93 11 320,98

12 316,65 12 32241

13 313,86 13 324,34

14 308,23 14 316,62

15 311,93 15 32241

16 326,93

17 324,63

18 322,79

Average | 310,86 Average 322,48
Due to the probe diameter 5 mm, 4 positions are me- The result of ultrasonic measurement on a sample of
asured on each side of the sample by ultrasound. The me- 38x7 at one of 4 positions corresponding to the measure-
asured results of the thickness of the inner oxide layer, ment of the thickness of the inner oxidation layer by SEM

including their average, are given in Table 3.

is shown in Figure 9.
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All Elements

Tab. 2 Ultrasonic measurement results on 38x5 and 38x7 samples

Fig. 8 Line EDS analysis of the oxide layer on sample 38x7, side 2

Sample 38x5 (axial cut)

Sample 38x5 (axial cut)

Meas. No.| Thickness [um] Meas. No.| Thickness [um]
1 430 1 430
Side 1 2 360 Side 2 2 430
3 320 3 430
4 380 4 440
Average 372,5 Average 432,5

Sample 38x7 (axial cut)

Sample 38x7 (axial cut)

Meas. No.| Thickness [um] Meas. No.| Thickness [um]
1 310 1 320
Side 1 2 310 Side 2 2 320
3 310 3 310
4 310 4 320
Average 310 Average 317,5
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Fig. 9 Comparison of UT results and SEM analysis on sample 38x7, side 2

5 Chemical composition of oxide layer more detailed analysis of the Raman microscope yielded
the spectrum in figure 10. The intensity range of 64 to 122
cps and a shift of 100 to 1800 cm-1. Spectrum evaluation
confirmed the presence of magnetite. [4]

In the verification measurements of the thickness of
the oxide layer other than the ultrasonic method it was
found that the layer exhibited magnetic properties. A
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Fig. 10 Raman’s spectroscopy of internal oxide layer
6 Conclusion by the ultrasonic method has already been implemented

in more than 10 projects at several fossil power plants in
the Czech Republic. In total, more than 600 selected lo-
cations were checked according to the requirements of the

The measurement of the thickness of the oxide layers
on the inner surface of the heaters and super-heater tubes
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contractors.

The chosen comparative method of thickness mea-
surement by Scanning Electron Microscopy using BSE
imaging and EDS methods confirms the results of UT me-
asurements. It can be seen that the measured values, as
well as their diameters, shown in Tables 2 and 3, are in
very good agreement. The measurement results of the UT
method can be guaranteed with £+ 25 microns. The testing
methodology has been successfully qualified for com-
pany CEZ a.s.
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