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Abstract

The paper contains results of fractal analysis of oxide layers formed on steels used in the power industry. The
studies were carried out on elements taken from three steel grades: 13CrMo4-5 (T = 470 °C, t = 190000 h),
X10CrMoVNb9-1 (T = 535 °C, t = 75000 h), 10CrMo9-10 (T = 575 °C, t = 100000 h). The oxide layer was
studied at the inner and outer surface of the tube wall. The obtained results of studies have shown that the
fractal analysis results are affected by operational parameters and by the type of formed oxide layers.
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1. INTRODUCTION

At present the huge development in research equipment has taken place, especially using in surface
engineering, such as: SEM, XRD, AFM, TEM [1-24]. Studies on oxidised layers are now carried out more and
more often, with the application of atomic forces microscopy. Atomic Force Microscopy helps to study the
texture of a large variety of solid materials by sampling their surface heights z(x,y) followed by numerical
derivation of statistical and fractal characteristics. This method demonstrated its applicability for studies of
various structures, including: thin diamond films [25], Fe nanoparticles on foreign substrates [26], and even
magnetic domains [27]. AFM images exhibit specific texture of the surface under study associated with a
number of statistical and fractal characteristics that can be derived from the autocorrelation function R
(Figure 1A) defined as follows:
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(1)
where: N - is the number of scan steps along given scan axis, while m, n - integers describing the lag between
given image and its copy.

Even though real surfaces are formed in random processes, they might be anisotropic to a certain degree.
Surface lay of this type can be characterized using the surface anisotropy ratio St, defined as the fraction of
extreme decay lengths t along which autocorrelation function falls down from 1.0 to 0.2 [28]:
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where: a1, and a2 - are the axes of the fastest and the slowest autocorrelation decay, respectively (Figure 1A).
As a rule of thumb, Str higher than 0.5, corresponds to isotropic surface, while lower than 0.3 - highly
anisotropic. Surfaces under study can be also characterized in view of their scaling behavior. To this end the
autocorrelation function R need to be re-computed into structure function S according to the formula [29]:

789



JE. oo
ME JAL

2017

May 24" - 26 2017, Brno, Czech Republic, EU

S(m,n)=2S?(1-R(m,n
(m.n) =257 (1-R (m.n)) @®)
where: Sq is the root-mean-square surface roughness. Scaling laws define whether and how geometrical
objects exhibit self-similar properties similar to fractals. Thomas and Thomas [30] showed that the structure
function averaged along an arbitrary direction could be fit with a power-law dependence in a form:
S(t) =K

(t) ()
where D - is the fractal dimension, and K - pseudo-topothesy. As a rule, fractal dimension D influences the
relative, whereas pseudo-topothesy K the absolute amplitude of surface variations over the wavelengths. As
shown in Figure 1B, with increasing scale length this power-law behavior steadily vanishes, and the structure
function asymptotically reaches 2S4? value. A point, at which this dependence breaks down is referred to as
the corner frequency Te.

Functional parameters can be derived from the Firestone-Abbott curve (Figure 1C) also known as the bearing
curve. The curve appears after height samples are arranged in a descending order and plotted on the percent
scale, where 100 % corresponds to the lowest sample in the series. DIN 4776 standard specifies several
characteristics that can be useful in describing topographical complexity of the surface, including:

a) kernel roughness depth Sk - thickness of the core at the flattest part of the bearing curve where the
largest increase in material exists;
b) reduced peak height Spk, reduced valley depth Sw - thickness of the bearing curve above/below the core
profile, respectively;
c) upper bearing area M1, lower bearing area M - intersection points of horizontal lines plotted from both
ends of the flattest tangent of the bearing curve with that curve that delimit peaks and valleys from the
core, respectively.
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Figure 1 10CrMo9-10 steel - 3out: (A) Example plot of the autocorrelation function R with main directions of
the anisotropy: a1 and az. (B) Profile structure function vs. separation lag for monofractal structures.
(C) Example Firestone-Abbott curve for determining functional properties of the surface under study

Table 1 Operating parameters of steel and designation of steel

Designation of steel Operating parameters

Steel Kind of surface Symbol Temperature, °C Time, h
Inner 1in

13CrMo4-5 470 190000
Outer Tout
Inner 2in

X10CrMoVNb9-1 535 70000
Outer 2out
Inner 3in

10CrMo09-10 575 100000
Outer 3out
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2, MATERIALS AND EXPERIMENTAL METHODS

The material studied comprised specimens of 13CrMo4-5, X10CrMoVNb9-1 and 10CrMo9-10 steel taken from
a pipeline operated for long time at an elevated temperature. The oxide layer was studied at the inner and
outer surface of the tube wall. Operating parameters of steel and designation of steel were presented in
Table 1. The topography measurements of oxide layer surface were studied using a Vecco atomic force
microscope (AFM). The topography examinations were studied using Tapping Mode method. The study
comprised a fractal analysis of oxide layers formed on steels long-term operated at elevated temperatures.

3. RESULTS OF EXAMINATION

Figure 2 presents AFM images of the studied samples surface. The coexistence of two structure types: large
grains of irregular shape and sizes were approx. 2-3 um and growing out from them clusters of smaller grains,
not exceeding 500 nm, is a common feature of most of surface images. The coexistence of both structures
causes a high variability of the surface height, which reaches 2 uym in the case of samples A-D in Figure 2.
Samples 3in and 3out (images E and F in Figure 2) show a slightly different topography. In this case the
surface is much flatter, because small grains exist on it and the presence of larger grains cannot be observed.
This results in a smaller variability of the surface height, which in both cases does not exceed 1 ym. The
obtained results St show (Table 2) that the studied surfaces present a high variability of anisotropy, falling
within the range from 0.33 (an anisotropic surface) to 0.99 (a perfectly isotropic surface). If in the case of ‘in’
samples it is possible to find a trend of growing isotropy (an increase from 0.33 to 0.78), then in the case of
successive ‘out’ samples such trend was not found. Instead, it has turned out that the “1out’ sample is perfectly
isotropic, ‘2out’ - anisotropic, while ‘3out’ again highly isotropic. All the analysed layers have turned out to be
mono-fractal structures (with the exception of ‘3in’), which means that in the entire studied length range the
relative and absolute changes of the surface height can be described using only one index of the scale, i.e. a
single value of fractal dimension D. The obtained D values fall within the range from 2.28 to 2.43, which proved
a moderate development of the studied surfaces. However, it is difficult to find some clear relationship for
values D between samples. This is strange inasmuch as that AFM images (Figure 2) suggest the coexistence
of two structures of different characteristic dimensions, which should have converted into a bi-fractal
characteristic of the surface. Only in the case of ‘3in’ sample a clear bi-fractal nature of the surface was found,
manifesting itself in substantially differing values of fractal dimension D for various ranges of the characteristic
length. Taking into account the values of corner frequencyrc, hence the length of autocorrelation shift, for which
the exponential scaling law transforms into a constant function, it is possible to notice a trend of decreasing
values of this parameter while moving from samples 1, through 2, up to 3. It is also possible to add that if the
series of ‘out’ samples shows a trend of a diminishing corner frequency (from 787 to 488 nm), then in the case
of ‘i’ samples the changes are not monotonic. What is important, the exponential scaling law very quickly
transforms into a constant function, because the length of shift does not exceed 15 per cent of the scanned
area length. Core thickness Sk determines the working thickness of the surface layer, which is responsible for
tribological properties ins a long period of operation. Small Sk values correspond to higher mechanical
resistance and load capacity in applications, in which the studied surface is in direct contact with another
surface. In the studied cases the value of Sk (Table 3) was basically decreasing, moving from the series 1
samples (500-1000 nm), via 2 (340-430 nm) to 3 (180-240 nm), which may be related to the reduction or even
disappearance of large grains visible in Figure 2. The reduced peak height Spk shows a similar decreasing
trend, but only with respect to ‘in’ samples series, for which the value of Spk was seen to fall from approx. 540
nm to 240 nm. In the case of ‘out’ samples series we would have observed a constant value of Spk of around
570 nm, if it were not for sample 2out, for which the Spk value goes up to 710 nm. As the Spk defines the surface
layer thickness, which quickly disappears in contact with another surface due to abrasion processes, the
obtained values convert into the duration of the surface running-in process, if it is to transfer loads.
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Figure 2 Surface topography of samples: (A) 1in, (B) 1out, (C) 2in, (D) 2out, (E) 3in, (F) 3out

Table 2 The statistical and fractal parameters: St - the surface anisotropy ratio, D - the fractal dimension,
Tc - the corner frequency

Symbol of se [oi| | D | @ Symbolofsamples | S¢ | Dy | | D, |
samples [nm] [nm] [nm] [nm]
1in 0.33 243 | 755 2out 0.36 239 | 630
Tout 0.99 236 | 787 3in 078 | 252 | 32 | 2.35 | 554
2in 0.68 228 | 468 3out 0.61 232 | 488

Small values of Sy are favourable from this point of view, with corresponding short running-in periods. In the
discussed case the values of Spk reach the same orders of magnitude as Sk. The upper bearing area Mr1 is a
similar parameter, describing a relative share of peaks in the total surface layer thickness. In the studied case
Mr1 ranges from 4.8 to 14.5 %, where lower values correspond to samples 1 and 3, while higher ones were
found for samples of series 2. On the other hand, the depth of channels in the surface layer, in which the
process fluids may be transported, is described by parameter Sw, defining the thickness of layer remaining
after the running-in process. From this point of view the obtaining of high Sw values is favourable. The lower
bearing index M2 has a similar meaning; its complement to 100% defines the percentage share of channels
in the total surface layer thickness. In the analysed cases the Sw values were obtained within the range of 270
- 650 nm, except for sample 3out, for which Sw was determined as around 80 nm.
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Table 3 The functional parameters: Sk - kernel roughness depth, Spk - reduced peak height, Sw - reduced
valley depth, Mr/Mr2 - upper/lower bearing area

Symbol of | Sk Sk Sw | Mn | Me Symbol of | Sk Sk Sw | Me | Me
samples | [nm] | [nm] | [nm] | [%] | [%] samples | nm] | [nm] | [nm] | [%] | [%]
1in 504.12 | 545.53 | 279.36 | 4.8 | 90.7 2out 436.4 | 711.31 | 654.29 | 14.5 | 88.3
1out 1017 | 572.73 | 545.88 | 12.8 | 96.1 3in 243.48 | 237.40 | 497.82 | 10.9 | 84.6
2in 341.53 | 404.30 | 272.16 | 11.3 | 88.1 3out 183.34 | 571.08 | 81.07 9.1 | 93.9

4, CONCLUSIONS

The fractal analysis was performed in the study on samples taken from three steel grades: two low-alloy steels
(13CrMo4-5 and 10CrMo9-10), and 1 high-alloy steel (X10CrMoVNb9-1). The studies carried out both on the
inside and on the outside have shown the coexistence of both large grains (2-3 pm) and much smaller ones,
of approx. 500 nm size. Such structures were observed in all samples, except for the sample of 10CrMo9-10
steel, on which larger grains were visible. This is proven by the fact that for this steel at these operational
parameters the previous studies have shown that on the inside the oxide layer is monolithic (only magnetite
Fes04 exists). For samples taken from the inside of tube wall the isotropy was seen to grow with the increasing
operating temperature. Instead, for samples taken from the outside such relationship was not found. The value
of parameter St for steels 13CrMo4-5 and 10CrMo9-10 shows that samples are isotropic, while the layer of
oxides originated on the high-alloy steel - anisotropic. A similar relationship was observed for parameter Sy,
where for samples from the ‘in’ series this parameter goes down with increasing temperature. Instead, for the
outside of the high-alloy steel (2out), contrary to oxides on low-alloy steel (1out and 3out), the value of
coefficient Spk is the highest. Additionally, the type of formed oxide layers affects the fractal parameters, where
on the inside there are usually oxides built of one or a few layers, depending on the steel grade (Fe203, Fe304,
Fes04+FeCr204), without deposits. On the outside the values of these parameters may be distorted by the
additionally forming deposits.
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