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Abstract

The article presents the results of the fractal dimension measurements on the fatigue fracture surfaces
of IOHNAP and S355]2 steels specimens after combined bending-torsion fatigue. For smooth and
ring-notched specimens, three loading conditions were analyzed: (1) bending; (2) bending-torsion;
and (3) torsion fatigue. Post-failure surface topography measurements were carried out on the entire
fracture surfaces using an optical profilometer. The fractal dimension was computed with general
slope and after removing them by leveling operation, as well as with two different resolutions. The
analysis of the fractal dimension delineated by the enclosing boxes method (EBM) allowed to
formulate guidelines that, in terms of further estimation of the method of failure, the optimum is

extra-fine resolution without leveling.

1. Introduction

The ISO 3274, ISO 25178 [1, 2] and ISO 16610-21 [3]
standards specify that the primary surface should not
contain the nominal form of the component. It means
that the microroughness must be removed along with
the S filter and then, as needed, the L-filter which
removes large-scale components or the F-operator with
the form removal option, using levelling operations [4].
The metrologist should align the analised surface with
the measurement axes as closely as possible. This is
especially important in the widely developed field of
material processing, where workpieces must be devoid
of nominal forms for further metrological operations
[5-7]. Filters for surface preparation are used in many
branches of science, such as in biology [8], or geology
and others [9]. But also, in particular, they are used in
fatigue strength assessment, such as, for example,
additively manufactured metallic structures [10]. In this
study, the as-built surface around the whole specimen
was analyzed and subjected to S- and F- filtration.
Fractals have an even wider range of application
[11, 12]. In addition, the fractal dimension is an alter-
native to areas where traditional dimensioning may
not be entirely sufficient [13—15]. Fractal dimension
estimates the rank of geometric irregularity account-
ing for the objects, also for damaged structures
[16, 17]. Bouchaud et al in 1990 published a paper [18]

in which they analyzed specimens of aluminum alloy
subjected to four different heat treatments and con-
firmed the fractal dimension could be used as a uni-
versal value in the case of fracture surfaces. Xing et al.
[19] utilized the fractal dimension as a tool to suppose
if the magnet is anisotropic. They used the SEM image
of the fracture surface subjected to binarization, and
then the box counting method.

The fractography and, inter alia, the crack initiation
angle [20-23] suggest to the author a different approach
of that recommended in surface metrology for topo-
graphy parameters [24, 25]. Therefore, this work com-
pares the results of the fractal dimension Df for different
calculation methods, filtering and resolution settings
[26, 27]. Following this strategy, the author has already
published several works based on the fractal dimension
Df without leveling with promising results [28-30].
These earlier analyzes also looked at fatigue fracture sur-
faces for the entire fracture areas. This work is an
attempt to confirm the correctness of this approach.

In more detail, the present paper focuses on a better
understanding of the fracture surface formation
mechanisms of components made of steel subjected to
fatigue loading, especially bending and torsion, because
they are not completely understood; and the finding of
the best way to calculate fractal dimensions to describe
these surfaces. The methodology proposed in the paper
can be directly adopted by the industry provided that

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Research methodology scheme.
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Figure 2. Specimens shapes and geometries: (a) I0HNAP steel; (b) $355]2 steel, dimensions in millimetres. Reproduced from [30].

there is an optical profiler and can be particularly useful
to trace back the failure origin, as well as to provide
important clues in forensic engineering.

2.Method

The following research chronology was used in this
work: (2.1) fatigue tests for two types of specimens
with different shapes; (2.2) surface topography mea-
surements of fatigue fractures; and (2.3) evaluation of
fractal dimension Df with different calculation meth-
ods and parameters. The research methodology is
presented in figure 1.

2.1. Fatigue test

Both specimens geometries with alength of 90 mm used
in the fatigue tests, V-notched round bar fabricated
from 10HNAP, and smooth round bar made of S355]2

steel, are presented in figures 2(a) and (b) respectively.
The main mechanical properties are listed in [29].

The fatigue campaign was performed with a stress
ratio (R) equal to —1, considering both proportional
stationary ergodic random (10HNAP) and non-
proportional cyclic (S355]2) histories [29]. A total of
six cases were tested for both type of specimens as well
as three loading conditions: (1) bending; (2) bending-
torsion; and (3) torsion fatigue.

2.2. Surface topography measurement

The fracture surfaces were measured and recorded
using an Alicona IF G4 optical profilometer, see
figure 3. This non-contact measuring system uses a
white light source to project light beams onto a
specimen’s surface. Reflected light rays appear from
the measured surface and are processed by a high-
precision sensor. Measurements were made using the
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Figure 3. Scheme of the measurement using the Focus-variation method with alicona IF G4 profilometer.

specimen

focus variation microscopy (FVM) method [31] with
10x magnification, and additional measurements of
the characteristic zones were made with 100 x mag-
nification. FVM is an optical surface topography
measurement technique in which the sharpness of a
surface image at optimal focus positions in axial
direction is used to establish the surface height. The
main measurement parameters are listed in table 1.

The work also uses furrows analysis allowing the
comparison of the micro-network for characteristic
fracture zones. The study supplies the mean depth of
the furrows, as well as the density of the furrows
[32, 33]. Additionally, SEM pictures were made using
the PFIB-SEM technique to obtain a cross-section of
the post-failure of a I0HNAP steel specimen. Cross-
section and pictures were taken with a SEM-PFIB FEI
Helios microscope [34, 35].

2.3. Fractal dimension calculation
An analysis of the fractal dimension Df of the fracture
surfaces was conducted using MountainsMap 9 soft-
ware [36—38]. Height maps in the six analyzed fractures
have been subjected to circular extract the area
function, with a radius of 3.6 mm, to extract the region
of interest (ROI). The extraction of the ROI is necessary
to exclude from the following computations the effect
of topographical features that are related to measure-
ment discontinuities and faults occurring at the edges.
The analyzed surfaces were checked for the use of
leveling to remove the general slope. Applied leveling
method was least squares plane (LSPL) [39, 40]. LSPL is
the mathematical model in disposition to best fit an
actual surface, represented by a cloud of points. Least
squares corresponds to the L2-norm (it is the shortest
distance to from one point to another) as they mini-
mize quadratic deviations. The method of leveling is
presented in figure Al (appendix) for the differences
between extracted and leveled (LS-plane) surfaces. It is

Table 1. Alicona G4 profilometer main parameters used during the
measurement.

Parameter Value
Magnification 10x 100x
Vertical resolution 79.62 nm 4.77 nm
Lateral resolution 391 um 1.47 pm
Number of images 9rows X 7 13rows x 10
columns columns
Exposure time 178 us 429 us
Contrast 0.53 0.70

subtracted a surface from the selected extracted and
leveled (LS-plane) surfaces. Leveling also causes further
changes in the surface geometry, such as changing the
position of the lowest and highest points of the fracture
planes, as presented in the appendix (see figure A2).
The surface topographies were also checked for
resolution influence. While partitioning of the surface,
they have kept the track of number of iterations that
take place. The resolution of the graph determines the
number of iterations, and correspondingly, for ‘coarse
resolutions’ it is 15 data points and for ‘Extra-fine
resolution’ it is 96 data points. The data used to calcu-
late the fractal dimension (Df), based on the enclosing
boxes method (EBM), are detailed shown in figure 4
[41-43]. In the figure, the plots into the axes specified
by number of enclosing boxes and scale of analysis for
figures 4(a) and (b) are outlined, as well as the same
data using a base 10 logarithmic scale for figures 4(c)
and (d). The EBM divides the area into smaller
sections with a width ¢ and calculates the field Ae of all
fields covering the entire area. This is an iterative pro-
cedure in which the width of the field is changed to
plotIn(Ae)/In(e) (see figures 4(c) and (d)). To estimate
the fractal dimension Df, a line is fitted using the least
squares method. The absolute value of the slope of the
fitted line is the estimation of the fractal dimension Df.
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Figure 4. Fractal dimension Df data obtained using individual parameters for the 10 hnap specimen after torsion fatigue.
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The graph of the calculated volume (for surfaces) is
drawn as a function of the scale. A logarithmic scale is
used for the axes, but the values of the scale markers
are given as dimensional units.

In this work, the fractal dimension Df was also cal-
culated using the morphological envelopes method
[44], described later, for comparative purposes.

3. Results

Each graphs presented in figure 5 shows accordingly
(starting from the top left corner): the 3D view of the
fracture with extrated area selected; the 2D photo
simulation with extracted area marked. Moreover,
pseudo-color views of the extracted area (original and
leveled) for each of them and the fractal dimension plots
(coarse and extra-fine resolutions) with coefficients of
correlation (R?) computed by the enclosing boxes
method. There are six sets of graphs for all analyzed cases.

On the example of sample in figure 5(a) (on both
scales) it can be seen that the leveling operation had
almost no effect on the difference in height of the

lowest and highest point on the fracture surface. This
situation also resulted in the same results of the fractal
dimension Df (before and after leveling). On the other
hand, the change of resolutions significantly influ-
enced the fractal dimension Df (increase by 0.85% for
extra-fine resolution).

For specimen 10HNAP bending-torsion (see
figure 5(b)), the results of the fractal dimension Df for all
calculation options are on a similar level (the ratio of the
maximum and minimum Df values is 0.13%). The sur-
face of this fracture is characterized by large pit and valley,
but in a plane almost perfectly perpendicular to the z-axis
due to the effect of the ring-notched shape of specimen.

10HNAP torsion (figure 5(c)), similarly to
10HNAP bending (figure 5(a)), the fractal dimension
Df increased (by 0.41%) for extra-fine resolution, and
the leveling did not affect the results almost at all.

In the case of $355J2 bending (see figure 5(d)), due
to the slight change in plane slope after the leveling
operation (as for figures 5(a) and (c)), only resolutions
significantly influenced the result of Df (1.06% in
favor of extra-fine resolution).
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Figure 5. Original and extracted fracture surfaces with fractal dimension Df results: (a)—(c) I0HNAP steel specimens; and (d)—(f)
$355]2 steels specimens.

An opposite situation occurs for the S355J2 bend-
ing-torsion fatigue fracture surface, where leveling, in
turn, has a large impact on the result, while resolution
is negligible. The increase in Df by 1.32% after leveling
is due to the large slope change for this area of the fati-
gue fracture.

For the last analyzed case, which is the S355]2 tor-
sion, a cascade arrangement of the fracture plane can
be noticed, which generates a significant influence of
leveling on its shape. This is reflected in a very high
increase in the value of the fractal dimension Df,
amounting to 4.10%.
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Figure 5. (Continued.)

4, Discussion

4.1. Distribution of fractal dimension values
All the results of the fractal dimension Df for six
investigated specimens and four considered options
for its calculation by the EBM are shown in figure 6.

As for the value of the fractal dimension Df, for
both types of samples they were arranged in ascending

order: bending-torsion, torsion, bending. This rela-
tionship was maintained for all calculation parameters.
The exception is $355]2 torsion, which for both leveled
cases, swapped with $355]2 bending. Apart from the
case mentioned, all the samples had a relatively small
scatter of values between the calculation methods. The
exception mentioned (S355]2 torsion) had differences
in the Df values from 2.219 t0 2.310.
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Figure 5. (Continued.)

Slope and coefficient of determination R” are calcu-
lated for two regression lines, one connecting the points
to the left of the graph, the other connecting the points to
the right (see figure 7). This makes it possible to analyze
multi-fractal curves with two different slopes depending
on the scales in the analysis. The fractal dimension Df is
determined with a greater R* value. Figure 7 shows

exemplary results for which R* (from slope (1)) is greater
and it indicates the value of Df (absolute value).

For the curves with smaller number of points, the
coefficient of determination R” is slighter than ones
with higher numbers of points, which was confirmed
by the results presented in figure 8. The best fit was
noted for the sample S355J2 (BT), of course with
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Figure 5. (Continued.)

extra-fine resolutions. In contrast, R? was the least for
10HNAP (T) when coarse resolutions were used.

4.2. Comparison of the fractal dimension
determined by the enclosing boxes and
morphological envelopes method

The recommendations of the standards and the soft-
ware producer state that the enclosing boxes method for

the fractal dimension must be applied on the primary
profile or surface. This means that the surface must be
prepared for the analysis: the small-scale components
(S-filter) must be removed and the large-scale compo-
nents (L-filter) too, using a leveling operation. Thus, it is
very important that this study is applied on a leveled
surface. After the leveling, the angle does not have any
impact anymore. This is also true for all fractal analysis
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Figure 5. (Continued.)

methods, not only the enclosing boxes. However, in the
case of analyzes of the surface of fatigue fractures, the
inclinations planes are of interest.

This subsection compares the values of the fractal
dimension Df determined by the Morphological
envelopes method. For this method the upper and
lower envelopes are calculated by morphological
opening and closing using a structuring element which

is a horizontal line-segment of length €. Next the
volume, Ve enclosed between the elements is calcu-
lated. This procedure is iterated with structuring ele-
ments of different lengths to build a graph In(Ve)/
In(e).

As part of the comparison, the fractal dimension
was calculated using the morphological envelopes
method, and the results are shown in figure 9. Due to
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Figure 5. (Continued.)

the time-consuming nature of this calculation, the
Coarse resolution was used for this method.

The results obtained from the morphological
envelopes method with coarse resolution were com-
pared with the results of the enclosing boxes method
with extra-fine resolutions, as the best option for
describing fatigue fractures (see figures 10 and 11).
Both methods were used for the extracted area,

without the leveling operation. Figure 10 shows the
bar graph of the Df results grouped by material and
loading case obtained by two methods. Figure 11
shows the correlation between the fractal dimension
Df obtained for all tested cases for both calculated
method. The fit residuals, as a bar plot, are also dis-
played in the bottom part of the same figure. As can be
seen, both methods showed a fairly good fit, reaching
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Figure 6. Results of fracture surface fractal dimension Df calculations grouped by specimens type.
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Figure 9. Fractal dimension determined by morphological envelopes method of 10HNAP and S355J2 samples.
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the coefficient of determination R®> = 0.9176, for lin-
ear fitting.

4.3. The highest and lowest fractal dimension cases

Definitely the highest values of the fractal dimension
Df = 2.361 were achieved for the I0HNAP bending
case, and the lowest Df = 2.041 for S355]2 bending-

torsion fatigue. These two extreme cases are magnified
for the two fractures areas (propagation and rupture),
and presented in figure 12. In figure 12, we also see a
2D graph showing contour lines of surface points lying
at the same height level, dividing the surface into
regularly spaced out horizontal slices. In the same
figure, we also see the slope distribution in ROI, i.e. the
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Figure 11. Fractal dimension Df calculated with morphological envelopes method versus Df obtained with enclosing boxes method.

slope analysis of all triangular tiles composing the
surface.

For both extreme cases we see a high increase for the
rupture area relative to the propagation. In the slope dis-
tribution plot we see the polar angle with the number of
bins 90 and the width of each bin 1 degree. For the $355]2
bending-torsion loading case (D = 2.041), the angle dis-
tribution is more uniform than for the maximum Df case.

4.4. Fracture zones surface morphology

In figure 13, another 100 pm x 100 pm zoom was
made for the same areas to provide detailed information
on the pits and valleys geometry. The furrows analysis
was also presented and the parameters describing the
micro-valleys network were determined (see table 2).

In the case of S355]J2 bending-torsion, in the propa-
gation zone, larger grain size and elongation as well as
directionality are evident. Figure 13 shows that, for the
case of S355J2 bending-torsion loading (Df = 2.041), in
the rupture zone, the valleys distribution is less uniform
than for the case of maximum Df in the same zone. On
the surface of this part of the fracture, the furrows are
much deeper. In table 2, the results clearly indicate that
the values of the maximum depth of furrows are smaller
in the propagation zone than in the rupture zone and
constitute their part expressed as a percentage, respec-
tively 21.3% for IOHNAP and 35.2% for S355]2 steel.

Regarding the microstructure, the I0HNAP steel is a
low-alloy structural steel consisting of a fine-grained fer-
ritic-perlitic structure. In order to present it, addition-
ally, micrographs of a 10HNAP microstructure after
fatigue failure using PFIB-SEM technique were made.
SEM pictures were taken for the cross-section of the

surface and shown in figure 14. The cross-sectional sur-
face was sliced by removing continuously a thin layer in
the Z-axis direction with ion beam machining. Ferrite
grains are visible as the brighter fields in the structure.

On the other hand, the $355J2 steel is a high-
strength low-alloy steel composed of a ferrite-pearlite
matrix with low pearlite [45].

5. Summary and conclusions

Finally, figure 15 shows boxplots for averages fractal
dimension Df values grouped by EBM and also morpho-
logical envelopes method of calculations parameters. As
can be seen, when averaging, both leveling and higher
resolution increase the value of the fractal dimension Df.
The densification of the measurement points increases
the slope of the curve angle, which is reflected in a slightly
higher value of the fractal dimension Df.

From the point of view of a surface metrologist,
leveling and possibly other filters should be used for
all surface cases, depending on the situation. On the
other hand, from the point of view of the researcher of
fracture mechanics, the optimal calculation
option for the fractal Df dimension for EBM is extra-
fine resolution, without leveling. The cracking
mechanisms predispose, among others, the crack
initiation angle, therefore the fracture surface slope
should be kept for analysis. Additionally, using EBM
is easier and faster to calculate fractal dimension Df
than for example with the morphological envelopes
method.

By establishing fractal dimension Df for bend-
ing-torsion fatigued specimens and analysing the
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Figure 12. Extreme cases of fractal dimension Df showing the propagation and rupture areas for (a) L0HNAP bending (Df = 2.361)
and (b) $355J2 bending-torsion loading (Df = 2.041).
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Figure 13. Extreme cases of fractal dimension Df (EBM) surfaces views with micro-valleys network for (a) I0HNAP bending
(Df = 2.361) and (b) S355)2 bending-torsion loading (Df = 2.041).

fracture surface features, allows to indirectly identify + leveling disturbed the order of results (bending-
the causes of the damage. The conclusions are as torsion, torsion, bending) and increased Df by
follows: 4.10% for the S355J2 torsion specimen. After
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Figure 13. (Continued.)

Furrows
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Figure 14. Cross-section obtained with a dual-beam FIB-SEM microscope for a 10HNAP steel fracture with a magnifications

(respectively from the top) of 3500 x; 6500 x; 15000 x..

Table 2. Furrows network parameters.

10HNAP $355]2
Furrows parameter propagation Rupturg propagation rupture Unit
Maximum depth of furrows 4.18 4.08 11.60 pm
Mean depth of furrows 2.07 0.99 3.84 pm
Mean density of furrows 1579 1596 2458 cm/cm?

leveling resulted in a large slope change for this
surface of the fatigue fracture;

resolutions significantly affected the result of
Df (1.06% in favor of extra-fine resolution) for

the $355J2 bending specimen because the densifi-
cation of the measurement points increased
the slope of the curve angle for fractal dimen-
sion Df;
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Figure 15. Boxplots for fractal dimension Df grouped by EBM and morphological envelopes method calculations parameters.

+ In general, both leveling and higher resolution
increased the value of the fractal dimension Df;

+ the analysis of the propagation and rupture zones
for fractures with extreme fractal dimension values
showed that the high increase occurred in the
rupture area;

+ slope distribution showed for the $355J2 bending-
torsion loading case (Df = 2.041) that the angle
distribution is more uniform than that for the
maximum Df case;

+ also for the case of $355J2 bending-torsion loading
(Df = 2.041), in the rupture zone, the valleys
distribution is less uniform and has deeper
furrows;

+ maximum depth of furrows are greater in the
rupture zone than in the propagation zone, i.e.
about 469% and 284% for I0HNAP bending and
$355]2 bending-torsion, respectively;

+ for the $355]2 bending-torsion in the propagation
area, there is also a clear tendency to elongation
and larger grain size as well as directionality;

+ Fractal dimension Df calculated with EBM pre-
sented good fit with results obtained with the
morphological envelopes method, reaching the
coefficient of determination R* = 0.9176.

Despite the fact that it is powerful, the fractal
dimension method certainly needs further improve-
ments for being used routinely. Especially a better
understanding of the failure mechanisms and devel-
opment of a fractal dimension damage model for fati-
gue life assessment seems to be applicable and will be
developed by the author in further research.

Acknowledgments

The data were processed using the Mountains” soft-
ware courtesy of Digital Surf, France.

Data availability statement

The data generated and/or analysed during the
current study are not publicly available for legal/
ethical reasons but are available from the corresp-
onding author on reasonable request.

Appendix

Figure Al show the subtract a surface from the
extracted and leveled (LS-plane) surfaces with the
color scale with histogram (in grey color) for the
Z-axis. The differences in the location of the lowest
and the highest points in the extracted and regulated
areas (LS-plane) are shown in figure A2.
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Figure Al. differences between extracted and leveled (LS-plane) surfaces.
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