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Highlights
e Comparison of fractal dimension under bending-torsion loading is studied.
e Effect of fatigue crack initiation life on fractal dimension of fracture surface is evaluated.

¢ Bending moment to torsion moment ratios and maximum local von Mises equivalent stress affects
fracture surface topography.

e Fatigue crack initiation life is successfully predicted from fracture surface parameters and
maximum local von Mises stress.

Abstract:

In this study, the fractal dimension of fatigue fracture surfaces is investigated in order to find
an alternative failure loading indicator. Some of many metrological factors are generalized by
reducing the fracture surface structure to one factor and develop an entire fracture surface
procedure by analyzing the impact of surface slope and calculation resolution. Three notched
geometries are studied under cyclic bending-torsion: 34CrNiMo6 high-strength steel bars with
transverse blind holes; (ii) 34CrNiMo6 high-strength steel bars with lateral U-shaped notches; and (iii)
18Ni300 maraging steel hollow bars with transverse holes produced by selective laser melting. The
surface topographies of fatigue fractures were measured with an optical profilometer. The bending-
torsion ratio, maximum local von Mises equivalent stress and the number of cycles to crack initiation
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are examined using the fractal dimension. Moreover, a comparison was also made for conventional
surface topography parameters such as root mean square height and void volume. A fatigue crack
initiation model based on surface topography and loading conditions is proposed. The model relies
on the product of the maximum local von Mises equivalent stress and the fractal dimension divided
by the root mean square height to void volume ratio. The results show that the fracture plane
geometry, expressed by the fractal dimension Dy, can facilitate the estimation of post-failure loading
history. In particular, the analysis based on the enclosing boxes method (EBM) is more accurate when
it is used as an extra-fine resolution without any plane leveling.

1. Introduction

Box-counting methods [1,2] are the most popular methods of determining the fractal dimension,
especially the enclosing boxes method (EBM) [3] which involves taking a set of points and calculating
the enclosed area. This calculation is then iterated with boxes having different widths. However,
fractals are taken into account in many issues and fields of science, such as biology [4] or geology [5],
and is often successfully used where conventional metrology needs to be aided. We can also see the
multitasking of fractal dimension on the example of Reddy and Rao [6], where it was also used in
fatigue studies, but for probabilistic fracture mechanics analysis. Their model for failure probability
prediction showed high accuracy in comparison to the results of Monte Carlo simulation. Also in the
statistical application, Cui et al. [7] analyzed descriptors correlation, including fractal dimension, for
specific physical property prediction of heterogeneous materials.

Surface preparation for calculating topographic parameters is very important in metrology and is
described in detail in several standards, such as the ISO 3274 [8] and the ISO 16610-21 [9]. Inter alia,
the microroughness As must be removed along with the form or slope Ac, using leveling operations
[10,11]. A leveling tool is commonly used to normalize surfaces prior to analysis, in different
applications, to remove unwanted irregularities and roughness. Different leveling methods can be
used for leveling mainly varying in the interpolation algorithms [12]. Leveling is used in a variety of
scales and applications to facilitate the analysis of measurements. One example is trigonometric
leveling in fluvial or coastal areas [13]. Erol [12] examined different interpolation algorithms in
modeling the local geoid, an equipotential surface of the Earth’s gravity field. A numerical test using
surface leveling has shown that the calculated geoid model using the employed interpolation
algorithm is an applicable alternative of the gravimetric geoid model in Turkey [12]. However, going
back to the micro-scale surface topography, advanced characterization on micromorphology using
appropriate filters was presented by da Conceigdo et al. [14] on the example of wood cutting
surfaces measured with atomic force microscopy.

The surfaces of materials, both before operation and after destruction, say a lot about its
potential durability and the possibility of distributing loads [15]. Especially fractography, a way in
failure investigation for studying the fracture surface, can indicate a lot about the history of the
material before its destruction [16—19]. Many external factors affecting damage, such as elevated
temperature, are reflected in the topography of the fractures [20,21]. Advanced measurement
methods, such as digital image correlation [22,23] and broadly understood microscopy [24—26] are
particularly useful for quantitative fractography. In addition, the combination of modern research
methods [27,28] with optical surface observation techniques [29,30] allow the development of
alternative approaches to characterise the fracture surface, such as FRASTA (FRActure Surface
Topography Analysis) method [31-33]. The aforementioned measurement tools also enable the
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development of classical computational models and the search for non-standard methods, for
instance the fractal dimension [34]. Recently, computer methods have also made it possible to
develop cognitive processes of fatigue cracks mechanisms [35]. The same is true for surface
metrology [36] and topography analyzes [37,38]. The advances in computing technology have
enabled the development of sophisticated numerical simulation approaches to deal with classic
problems based on the von Misses stress [39]. This made it possible to better evaluate together the
strength and the stability of complex technical elements. An interesting example is related to analysis
of adhesively bonded spar-wingskin joints made of fiber reinforced-polymer composite laminates
and subjected to pull-off load. Based on an advanced three-dimensional finite element analysis,
Rakshe et al [40] demonstrated that the material and spar thickness were the most significant factors
influencing the von Mises stress.

This work aims at linking the fatigue behaviour of high-strength steels to the surface metrology
features via the fractal dimension. This research is motivated by the need to develop a precise
method for predicting fatigue life and crack initiation in engineering materials. To achieve this goal, it
is proposed a new approach that combines the fractal dimension and other indicators into a single
parameter, improving the overall accuracy concerning the prediction of crack initiation and total
fatigue life. The paper alludes to related authors’ work, either in terms of materials tested and
loading scenarios [41-43] or in terms of the use of fractal dimension [44-47]. These works presented
quite promising results, however in this article an optimal method based on the fractal dimension of
fatigue fracture surface is developed. In addition, a new fatigue crack initiation model is presented
based on both the applied loading and fracture surface topography. The model is successfully tested
in steel subjected to bending-torsion fatigue, and it is expected to be applied to other materials and
fatigue cases.

2. Experiments and numerical calculations

2.1. Materials and specimens

The materials under study, 34CrNiMo6 and 18Ni300 steel, are high-strength steels widely
used in critical engineering components subjected to multiaxial loading [41]. The former was
produced by conventional manufacturing and supplied in a quenched and tempered condition, while
the latter was produced by selective laser melting. This selection is designed to test the proposed
approach for different processing conditions in order to evaluate its overall sensitivity to the
processing techniques. The micrographs of the 34CrNiMo6 and the 18Ni300 steels are shown in Fig.
1. The micrograph of the conventional 34CrNiMo6 steel (see Figure 1(a)) demonstrates a non-
uniform distribution of precipitates. General, the material has a fine microstructure mainly composed
of martensite and lower bainite. Martensite appears lighter while bainite appears darker. The
average grain size, determined via the procedure outlined in ASTM E112, was equal to 8 um.
Regarding the additively manufactured 18Ni300 steel, as showed in Figure 1(b), the microstructure is
rather coherent, and is built by elongated grains, with about 150 um long and 30-35 pum width. A
corrugated region created by the melting in the first laser pass is also noticeable. Their chemical
compositions are listed in Table 1 and Table 2, respectively. Figure 2 shows the shape and dimensions
of the specimens tested in this research, namely a solid round bar with a lateral U-shaped notch
made of 34CrNiMo6 steel (see Fig. 2(a)); a solid round bar with a blind hole plus U-shaped notch
made of 34CrNiMo6 steel (Fig. 2(b)); and a hollow round bar with a transverse hole made of 18Ni300
steel (see Fig. 2(c)).
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Fig. 1. Microstructure of the: (a) 34CrNiMo6 from a sample polished and etched with nital (mag. x1000); and (b) 18Ni300
from a sample polished and etched with picral (mag. x100 and x500).
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Fig. 2. Specimen geometries used in the experimental campaign: (a) solid round bar with lateral U-shaped notch
34CrNiMo6) for three bending orientations (6=0°, 6=45°, and 6=90°); (b) solid round bar with transverse blind hole plus U-
shaped notch (34CrNiMo6) with one bending orientation; and (c) hollow round bar with transverse hole (18Ni300) with one
bending orientation. Dimensions in millimetres.

Table 1. Nominal chemical composition of 34CrNiMo6 (wt%).

C Si Mn Cr Mo Ni
0.34 <0.40 0.65 1.50 0.22 1.50

Table 2. Nominal chemical composition of 18Ni300 (wt%).

C Ni Mn Co Mo Ti Al Cr P Si Mn Fe
0.01 18.2 0.65 9.0 5.0 0.6 0.05 0.3 0.01 0.1 0.04 Balance

The three geometries were tested under proportional bending-torsion loading. Different
bending moment to torsion moment ratios B/T were considered, namely B/T=2, B/T=1, and B/T=2/3.
These ratios corresponded to normal stress to shear stress ratios equal to o/7=4, ¢/7=2, and
o/7=4/3. In the case of the geometry of Figure 2(a), the bending moment was applied for different
orientations with respect to the notch root 6, respectively 6=02, 6=452, and 6=909 (see Figure 2(a)).
In the other two cases, the bending moment was applied for =02 only. In the first case, it was
considered three angles in order to test the ability of the proposed method to deal with different
loading orientations. For each B/T ratio, different stress amplitudes were analysed. The applied stress
amplitudes are listed in Table 3. All tests were performed under pulsating loading conditions, i.e.
R=0. More details about the nominal stress amplitudes applied in the tests as well as the fatigue lives
will be provided in Section 3.

2.2. Finite-element models

The stress fields at the notch region were evaluated numerically using three-dimensional
finite element models. Figure 3 shows the typical models developed for the solid round bar with U-
shaped notch made of 34CrNiMo6 high-strength steel (Figures 3a-c) and for the hollow round bar
with transverse hole made of 18Ni300 maraging steel (Figures 3d-e). For the sake of simplicity,
because the mesh of the solid round bar with transverse blind hole is rather similar to that of solid
roud bar with U-shaped notch is not displayed. In the three cases, the meshes were created in a
parametric framework, with 8-node hexahedral elements, assuming a homogeneous, linear-elastic
and isotropic behaviour. Around the geometric discontinuities, as can be seen in Fig. 3(b-c) and Fig.
3(e), ultra fine meshes were introduce in order to better characterise the stress gradients.

The assembled model of the: (1) solid round bar with lateral U-shaped notch had 76,608
elements and 99,823 nodes; (2) solid round bar with blind hole had 89,584 elements and 97,704
nodes; (3) and the hollow round bar with transverse hole had 152,248 elements and 163,138 nodes.
Regarding the two first geometries, the loading scenarios were applied by four forces at one end
while the other was fixed. The two F; forces, with similar intensity, introduced the bending moment,
while the two Frforces, also with similar intensity, introduced the torsion moment. The bending
moment to torsion moment ratios were defined via the A parameter. As far as the third geometry,
the loading cases were generated through a single force, F. The bending moment to torsion moment
ratios were defined by changing the value of H, while the L distance was constant (H and L are
identified in Fig. 3).
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Fig. 3. Finite element models: (a,b,c) solid round bar with U-shaped notch (34CrNiMo6); (d,e) hollow round bar with
transverse hole (18Ni300)

2.3.Surface topography measurement

Topographic measurements of the fracture surfaces were performed with an optical
profilometer Alicona G4 using focus-variation technology with a x10 lens [48,49]. Due to the
restricted single field of view (FOV), 19 rows x 13 columns were stitched together to map the entire
fracture area. This allowed to achieve an exemplary level for FOV of 14.817 mm x 15.926 mm, while
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drastically increasing memory usage. Each individual micrograph had a vertical resolution 57.3 nm
with a lateral resolution 3.91 um level. The whole surface was reduced to the region of interest (ROI)
to eliminate the regions associated with the geometric discontinuities and to obtain uniform
dimensions for all groups of specimens, as shown in Figure 4. Visualization of all extracted fracture
surfaces, i.e. the region of interest (ROI) in the form of a grid views, and also the histograms and
Abbott-Firestone curves are presented in Appendix A. The fracture surface maps were processed
with the MountainsMap® software to quantitative analysis and visualization. The identity card for
key details of data sets is presented in Appendix B. Additional measurements of the characteristic
zones were made with 100x magnification, and also by scanning electron microscopy (SEM). A similar
configuration of equipment and software for surface analysis was used in the previous works [50,51].

The views of the fracture surfaces of the 20 tested specimens were carefully treated in order
to extract the ROI. The method of selecting the ROl is shown in the Fig. 4 and is detailed described in
the papers [41,52]. In summary, the original areas are reduced by eliminating the regions not related
to the fracture surface. Figure 4 shows an example for each tested geometry of the original areas, on
the left side, and the final areas, on the right side.

BT2(0)

a)

0 ,
0 5 10 15
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Fig. 4. Original and extracted fracture surfaces — ROI: (a) solid round bar with lateral U-shaped notch (34CrNiMo6); (b) solid
round bar with transverse blind hole (34CrNiMo6); and (c) hollow round bar with transverse hole (18Ni300).

2.4.Fractal dimension evaluation

The examined surfaces were analised applying data leveling to eliminate the general plane
slope [53,54]. The selected approach to carry out the leveling procedure was the least square plane
method. It allows to minimize the quadratic deviations of a cloud of points representing a surface
[55].

About fractal dimension Dy, when dividing the surface, alghoritms have to maintain the
number of iterations that take place. The resolution of the plot decides the number of iterations. In
this analysis, for coarse resolution, it was 15 data points, and for extra-fine resolution, it was 96 data
points. The enclosing boxes method (EBM) divides the area into smaller divisions with a width € and
calculates the field Ae of all fields covering the entire area. This is an iterative procedure where the
width of the field is changed to plot, i.e. In(Ag)/In(¢). To estimate the fractal dimension Dy a line is
fitted using the least square method. The absolute value of the slope of the fitted line is the fractal
dimension Dy. Fig. 5 shows exemplary plots of fractal dimension determined for coarse resolution
(Fig. 5a) and extra-fine resolution (Fig. 5b). The curve is shown in green while the regression line is
plotted in red. The resolution of the measurements has an impact on the results for calculation the
fractal dimension Dy results because the densification of the measurement points increases the slope
of the curve angle of the fractal dimension.
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Fig. 5. Fractal analysis for the extracted area using the entire fracture surface method: (a) coarse resolution; and (b) extra-
fine resolution.

A comparison was also made for conventional surface topography parameters, namely using
the root mean square height Sq (see Eq. (1)) and void volume Wv [56], according to ISO 25178 [57].

sq = (3l ey dxay, (1)

where A is the definition area, and x, y, z are the relative coordinates of the Cartesian system
with the z-axis defined in the height direction.

3. Results
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The modus operandi of the studied surface, defined in the form of a z=f(x,y) transformation,
consists of extracting the ROl from the original fracture surfaces. Next, the leveling procedure (LS-
plane) is applied to the surface fracture. These tasks are presented in Figures 6-8 for the three
tested geometries, i.e. the solid round bar with lateral U-shaped notch; the solid round bar with blind
hole; and the hollow round bar with transverse blind hole, respectively. In the individual columns,
looking from the left to the right, there are “ORIGINAL” surface, “ROI”, “LEVELED” plane, and
“DIFFERENCE” between planes before and after leveling operation. The best fit least squares plane
levelling operator is used to eliminate the slope of the surface. The before and after output of
application of the levelling operator, i.e. ROl and LEVELED, are shown in Figures 6-8 (second and third
columns, respectively). The lowest (Min) and highest (Max) points are displayed for each surface, as
well as the color scale for z axis with a histogram. Leveling, inter alia, causes modifications in the
surface geometry, such as changing the place of the lowest and highest points of the fracture planes.
The first column of Figures 6-8 displays the specimen’s name as listed Table 3. This naming will be
used throughout the remainder of the paper.
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Fig. 6. Original surface, ROI, leveled plane, and difference between planes before and after leveling operation for the solid
round bar with lateral U-shaped notch.
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round bar with transverse hole.



http://mostwiedzy.pl

A\ MOST

A summary of the multiaxial fatigue testing program and the maximum local equivalent von
Mises stress gy calculation results are presented in Table 3. The maximum stresses were calculated
using the numerical models for the nodes at the notch region. Fatigue crack initiation life,
represented by number of cycles to crack initiation N;, was calculated for a crack length equal to the
material characteristic length a,[42], while the total failure was defined for a crack length equal to 4
mm. More details about the calculations of fatigue parameters give summary [42]. In turn, fractal
dimension D;sresults, depending on the resolution, are summarized in Table 4.

Table 3. Summary of the multiaxial fatigue testing program and maximum local equivalent von Mises stress dyum.

Specimen  B/T Oa Om oym (MPa) N; N
(MPa)  (MPa) (cycles) (cycles)
34CrNiMo6 high-strength steel (notch)
BT1(0) 1 179 194 610 46,822 73,816
BT1(45) 1 209 224 676 67,160 102,755
BT1(90) 1 284 294 641 88655 119,383
BT2(0) 2 179 194 519 49,103 70,758
BT2(45) 2 254 269 683 39,331 56,769
BT2(90) 2 364 379 565 51,878 71,591
BT3(0) 2/3 179 189 631 50,261 82,010
34CrNiMo6 high-strength steel (hole)
BT1-2 1 179 194 1099 15,320 34,318
BT1-3 1 298 313 1831 1,250 1,654
BT2-1 2 224 239 1271 10,557 16,075
BT2-2 2 179 194 1002 17,111 30,268
BT2-3 2 179 194 1002 59,878 105,925
18Ni300 maraging steel

BT1_1 1 66 73 273 79,878 123,126
BT1_2 1 80 88 336 48,564 70,405
BT1_3 1 96 105 403 15,000 21,030
BT2_1 2 78 86 278 81,000 205,261
BT2_2 2 80 88 278 140,000 280,233
BT2_3 2 96 105 340 45,500 82,943
BT3_1 2/3 80 88 403 22,000 49,550
BT3_2 2/3 55 61 280 110,000 144,803

G4: nominal normal stress amplitude;
Om: nominal normal mean stress;
gym: maximum local von Mises equivalent stress;
N;:: number of cycles to crack initiation;
Ng: number of cycles to failure.

Table 4. Fractal dimension Dy results.

Specimen Coarse Extra-fine Leveling, Leveling,
Coarse Extra-fine
BT1(0) 2.106831 2.105872 2.116590 2.116259

BT1(45) 2.119107 2.120130 2.137177 2.135776
BT1(90) 2.108336 2.108048 2.116037 2.116391
BT2(0) 2.129996 2.124020 2.144913 2.141041
BT2(45) 2.153225 2.156719 2.169583 2.169773
BT2(90) 2.115397 2.114458 2.130664 2.130298
BT3(0) 2.113330 2.117949 2.134260 2.141858

BT1-2 2.113724 2.119117 2.130724 2.141366
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BT1-3 2.108438 2.118615 2.117847 2.133213

BT2-1 2.132187 2.145701 2.160248 2.178562
BT2-2 2.085518 2.103380 2.086497 2.106334
BT2-3 2.104701 2.110260 2.130460 2.141251
BT1_ 1 2.083854 2.089030 2.156636 2.168410
BT1_2 2.086876 2.111002 2.118935 2.145716
BT1_ 3 2.099609 2.124443 2.120006 2.150874
BT2_1 2.118026 2.141978 2.160323 2.193679
BT2_2 2.130106 2.158224 2.142334 2.172928
BT2_3 2.114231 2.135292 2.123349 2.151113
BT3_1 2.058505 2.073490 2.067848 2.089240
BT3_2 2.055325 2.070593 2.098446 2.121532

4. Discussion

This section aims to analyse the relationship between the surface fractures and both the
fatigue life and the fractal dimension Dy. The first sub-section is focused on the correlation between
the fractal dimension and the fatigue variables; the second sub-section addresses the correlation
between surface topography parameters and fatigue life; and the third sub-section deals with the
fracture morphology features. Finally, the last sub-section presents the fatigue life predictions
carried out through the proposed methodology.

4.1.Correlation between fractal dimension and fatigue variables

All results of fractal dimension Dy for the 20 investigated specimens obtained via the 4
considered options by the EBM are shown in Fig. 9. They were grouped by specimen type and are
presented as follows: a) B/T ratio; b) maximum local equivalent von Mises stress ayy; and c) number
of cycles to crack initiation Ni,.
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Fig. 9. Results of fracture surface fractal dimension Dscalculations grouped by specimens type versus: a) B/T ratio; b)
maximum local von Mises equivalent stress oyy; and c) number of cycles to crack initiation N;.

As far as the value of the fractal dimension is concerned, the D, relationship was maintained
for all calculated parameters and, in general, both leveling and higher resolution increased the value
of the fractal dimension. All the samples had a relatively small scatter of values between the
calculation methods, the differences in the D, values varied from 2.055 to 2.194 (see table 4).
Moreover, the two extreme values of the fractal dimension D, were achieved for the 18Ni300
specimens, more specifically the lowest was obtained for BT3_2 with coarse resolution, while the
highest was obtained for leveled BT2_1 with extra-fine resolution.

The fitted functions, as well as the correlation coefficients, for all fractal dimension Dy
calculation cases considered in this research are compiled in Tables 5-7. They are organized as
follows: B/T ratio, maximum local equivalent von Mises stress oy, and number of cycles to crack
initiation N,. These functions allow to better identify the most suitable method for determining the
fractal dimension from a perspective of fatigue response.
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Table 5. Fitted fractal dimension Dy versus B/T ratio.

Dy resolution

34CrNiMo6 (hole) R? 34CrNiMo6 (notch) R? 18Ni300 R?
coarse Df=-0.0361 B/T + Df=0.0184 B/T + Df=0.0420 B/T +

211 0.0139 210 0.449 204 0.857
extra-fine D¢ = 0.00091 B/T + Df=0.0158 B/T + Df=0.0487 B/T +

212 0.00097 210 0.302 2.05 0.809
leveled coarse Df = 0.00145 B/T + Df=0.0185 B/T + Df=0.0324 B/T +

212 0.00089 211 0.357 208 0.407
leveled extra-fine Df=0.00476 B/T + Df=0.015 B/T + Df=0.0391 B/T +

213 0.0102 212 0.234 210 0.533

Dy: Fractal dimension (dimensionless)
B/T:bending-to-torsion ratio (dimensionless)

Table 6. Fitted functions of surface topography versus maximum local von Mises equivalent stress oyy.

Dy resolution

34CrNiMo6 (hole) R? 34CrNiMo6 (notch) R? 18Ni300 R?

coarse Df=1.31x10%oyy + D¢ =5.31x10% oy + D =-0.00012 oy, +

2.09 0.0734 2.09 0.0376 213 0.063
extra-fine Df=1.32x10° oy + D¢ = 0.0001 oy, + Df =-0.000102 oy, +

21 0.0815 206 0.122 515 0.0303
leveled coarse Df=8.11x10% gy, + D= 6.32x10% oy + D¢ =-0.000364 oy, +

2115 0.0112 2.097 0.4156 2241 0.4365
leveled extra-fine Df=9.73x10% oy, + Ds = 8.44x10% oy + Ds = -0.000347 oy +

213 0.0172 508 0.0743 296 0.358

Oy, maximum local equivalent von Mises stress (MPa)

Table 7. Fitted functions of surface topography versus number of cycles to crack initiation N;.
Dsresolution 5,0 NiMo6 (hole)  R? 34CrNiMo6 (notch) R? 18Ni300 R?
coarse Df=-1.62x107 N; + Df=-5.07x107 N; + Df=1.67x107N; +

211 0.0479 215 0.269 208 0.699
extra-fine Df = -2.68x107 N; + Df = -5.25x107 N; + Ds = 1.77x107 N, +

212 0.143 215 0.262 210 0.0551

=- 7N = 7N,
leveled coarse D= 5x108N, +2.12 0.00181 Df=-6.36x107N; + 0331 D¢ =3.07x107N, + 0.188
217 2.10

leveled extra-fine Df=-4.7x108N; + D =-6.48x107 N; + Df=3.10x107N; +

214 0.0017 217 0.345 213 0.172

N;:: number of cycles to crack initiation (cycles)

Based on the data, the fractal dimension D, is less dependent on the B/T ratio than other
selected surface topography parameters [41], reaching a low coefficient of determination R?, at least
in terms of linear dependence. The exception is the 18Ni300 steel, for which R? equals 0.857.
Therefore, in order to relate the fractal dimension D, with other materials and fatigue parameters, it
would be necessary to use matches in a function other than linear.

Figure 10 shows interactive linear fitting curves between resolutions. Conversely, Table 8
indicates fitting model parameters for D. calculation resolutions. For all fits, prediction bounds with
confidence levels of 90% were added. Prediction bounds establish the lower and upper values of the
associated interval and define the width of the interval. The width of the interval reflects the levelo
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of uncertain of the fitted coefficients, the predicted observations, or the predicted fits. In this study,
as referred to above, the bounds were defined with a level of certainty of 90%. This means that there
is @ 10% chance that a new observation may be not correct. This interval indicates 90% chance that
the fractal dimension measurement result is expected to fall within the lower and upper prediction
bounds.
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Fig. 10. Interactive linear fitting curves between resolutions: a) extra-fine versus coarse; b) levelling extra-fine versus
levelling coarse; c) levelling extra-fine versus extra-fine; and d) levelling coarse versus coarse.
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Table 8. Fitting model parameters for Dy calculation resolutions.

Linear model: f(x) = a x (sin(x-1)) + b x ((x-10)?) + ¢

extra-fine vs. coarse levelling extra-fine vs. levelling extra-fine vs. levelling coarse vs. coarse
levelling coarse extra-fine
. 2F 0.4902 a=3.805 a=11.62 a=2.827
.§ b =-0.04083 b =0.06888 b =0.3306 b = 0.03854
E c=5.083 c=1.102 c=-8.478 c=2.157
& SSE: 0.001878 SSE: 0.002746 SSE: 0.005604 SSE: 0.004757
g R2:0.8209 R?:0.783 R?:0.5571 R?: 0.6045
)]
'§ RMSE: 0.01051 RMSE: 0.01271 RMSE: 0.01816 RMSE: 0.01673
&

The best fit is shown by extra-fine versus coarse case (see Fig. 10(a)) with R? = 0.8209 while
the worst is levelling extra-fine versus extra-fine (see Fig. 10(c)) with R? = 0.5571. The results of extra-
fine versus coarse and levelling extra-fine versus levelling coarse take a 10% chance that a new
observation may be not correct. Plots from Figs. 10(c) and 10(d) are outside the 90% interval.

Fig. 11 shows boxplots for average fractal dimension D, values grouped by the calculation
methods. As can be seen, when averaging, both the leveling and the higher resolution increase the
value of fractal dimension D,. 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 D..

W 18Ni300, extracted, coarse

18Ni300, extracted, extra-fine

[ 18Ni300, leveled, coarse

T o [ 18Ni300, leveled, extra-fine
-
I [d 34CrNiMo6 blind hole, extracted, coarse
~ I
° g [ 34CrNiMo6 blind hole, extracted, extra-fine
X “H“mWHNWHHHM I [ 34CrNiMo6 blind hole, leveled, coarse
e b i e~ —
_|_ RIS || 8 3acriMos blind hole, leveled, extra-fine
{ [M 34CrNiMo6, extracted, coarse
. [D 34CrNiMo6, extracted, extra-fine

[0 34CrNiMos, leveled, coarse

[ 34CrNiMo6, leveled, extra-fine

Fig. 11. BOXPLOTS FOR FRACTAL DIMENSION D, GROUPED BY EBM CALCULATIONS PARAMETERS.

4.2.Correlation between conventional surface topography parameters and fatigue results

In this section, for comparison, the surface topography parameters S, and V, [57], previously
selected as the best fit parameters [41,56], are used. In addition, for comparison purposes, non-
leveled surfaces were also analyzed, in order to examine if the leveling process affects the accuracy
or distorts the results for surface geometries generated under bending-torsion loading. All the results
of the surface topography parameters Sq and Vv for the 20 investigated specimens are exhibited in
Fig. 12. They were grouped by specimen type and are presented as follows: a) B/T ratio; b) maximum
local equivalent von Mises stress oyy; and c) number of cycles to crack initiation N,. Fitted surface
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topography parameters Sq versus B/T ratio and Vv versus B/T ratio obtained via linear functions are
presented in Table 9.
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Fig. 12. Results of fracture surface topography parameters Sq and Vv versus: a) B/T ratio; b) maximum local von Mises

equivalent stress oyy; and c) number of cycles to crack initiation N;.
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Table 9. Fitted surface topography parameters Sq versus B/T ratio and Vv versus B/T ratio.

Surface 34CrNiMo6 (hole) 34CrNiMo6 (notch) 18Ni300
topography R? R? R?

5q 0.424 0.559 0.721
w 0.462 0.608 0.666

Both Sg and Vv parameters show, in general, low correlation coefficients for the linear
function for all types of samples. The highest accuracy is shown by the Sq parameter for the hollow
round bars made of 18Ni300 steel, and the lowest also by the Sq parameter for the solid round bar
with blind hole made of 34CrNiMo6 steel. Thus, it would be recommended a function other than
linear.

4.3. Fracture morphology analysis

When we are investigating the shape of the fracture surface, it is useful to use various
measurement methods because it allows to obtain complete information about the fracture
formation. In this perspective, the analysis of surface morphologies was complemented by measuring
furrows and by SEM observation. Graphical representations of the furrows for characteristic zones
and SEM figures of initiation sites are displayed in Figs. 13 and 14, respectively. Furrow renderings
(see Fig. 13) are obtained through Fourier transform applied by MountainsMap on topographic
height functions that simulate furrows about peaks and valleys along the surface for better
gualitative visualization of the fracture surface morphology.
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Fig. 13. Graphical representations of the furrows for characteristic zones, for specimens: (a) solid round bar with lateral U-
shaped notch (34CrNiMo6: BT2(0)); (b) solid round bar with lateral U-shaped notch and with transverse blind hole
(34CrNiMo6: BT2-3); and (c) hollow round bar with transverse hole (18Ni300: BT_2).
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The regions on the right-side images (initiation zones) have furrows deeper and less spread.
This translates into greater maximum depth furrows, which in turn is due to microcracks on the ROI.
On the other hand, propagation regions with less intense but more aggregated structures have much
lower values of maximum depth furrows. The case of the hollow round bar with transverse hole
(18Ni300, BT_2) deviates from this as for the values of the furrow parameters. It was observed that
the sample BT2_2 has a greater presence of evenly distributed channels (lines with less intense
colors) as well as lesser interaction between the valleys. This showed that the rupture zones are
rougher than the initiation zones, in which the distribution of the particles on the surface is
interfered. The texture distribution of the initiation and propagation regions was similar for all cases
observed in terms of furrow parameters, but there were deeper single furrows in the initiation zones.
SEM micrographs (see Fig. 16) also give symptoms about the morphology of the fracture surface.

b)
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Fig. 14. SEM images of the fracture morphology near crack initiation site: (a) solid round bar with lateral U-shaped notch
(34CrNiMo6); (b) solid round bar with lateral U-shaped notch and with transverse blind hole (34CrNiMo6); and (c) hollow
round bar with transverse hole (18Ni300).

4.4. Prediction of number of cycles to crack initiation

The results presented in Section 4.2 showed that both the Sq and Vv parameters do not show
satisfactory consistency as a linear function for all types of samples. Therefore, at a further stage of
the research, we used combinations of the most suitable surface topography parameters in
combination with, for example, the number of cycles to crack initiation N; in order to develop a
model capable to estimate the fatigue lifetime.

The crack initiation model applied in this research is based on the most suitable topography
parameters identified in previous works [45], i.e. Sq and Vv, fractal dimension Dy (extra-fine) as well
as on the maximum local equivalent von Mises stress oyy. In this approach, a new parameter P,
defined in Eq. (2), was introduced:

oym X Df

P = Save (2)
where oy, is the maximum local equivalent von Mises stress, Dy is the fractal dimension, Sq is the
root mean square height, and Vv is the void volume. Fig. 15 shows the correlation between the new
parameter P and the number of cycles to crack initiation N; for all tested cases. Overall, as can be
seen, the proposed parameter is sensitive to the fatigue crack initiation life. As can be seen, the
results can be fitted by power functions with a high correlation coefficient, which is an interesting

outcome.
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Fig. 15. Topographic stress factor P versus number of cycles to crack initiation N;with a power fit.

The observed number of cycles to crack initiation N;and the predicted number of cycles to
crack initiation N,,,;computed from the fracture surface parameter model (see Eq. (3)) is compared in
Fig. 16. As can be seen, the calculations correlated well with the experimental results, regardless of
the material and the specimen geometry.

Nier = 6.514 x 106 x P06733 -21090 (3)

cycles

ical’

N.

. L linear fit
11 o P — — — - Prediction bounds - 90% | |
1 1 - 1 1 1 1 1 1
0 2 4 6 8 10 12 14
N., cycles x10%

Fig. 16. Comparison of the predicted N, and the observed number of cycles to crack initiation N;.
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The total fatigue life Nyand the number of cycles to crack initiation N; are key information for
fatigue failure. To compare these parameters, Fig. 17 shows the plots of the total fatigue life Ny
versus number of cycles to crack initiation N,, depending on the loading ratio B/T for the analysed
fatigue fractures. Based on these data, it is possible to compare N; with N, for different loading
conditions. Although the loading conditions and the individual lives are different, the values of the
Ni/Ns ratio are very similar. Thus, the parameter P can also be successfully used to estimate the

fatigue life Ny
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Fig. 17. Total fatigue life Ny vs. number of cycles to crack initiation N;depending on loading ratio B/T for selected fatigue
fractures.

5. Conclusions

Metrological filters have a great influence on the parameters of surface topography.
Therefore, it is important to select them correctly, especially in the case of a plane slope for fatigue
fractures, where additional damage information is hidden in the slope. Based on the present study,
the following conclusions can be drawn:

e From the point of view of fracture mechanics, the optimal calculation option for the fractal
dimension Df using the enclosing boxes method (EBM) is extra-fine resolution without
leveling;

e The cracking mechanisms are directly associated with the fatigue crack direction which
means that fracture surface slopes should be kept for analysis using higher resolutions to
achieve the greater accuracy measurements;

e Conventional surface topography parameters Sq and Vv can satisfactorily correlate with the
bending moment to torsion moment ratio B/T via linear functions for all the tested materials
and specimen geometries;

e The topographic stress factor P exhibited a good correlation with the number of cycles to
crack initiation N;for the different loading cases tested in this research, regardless of the
tested material and specimen geometry.

The entire fracture surface method is an easy-to-use tool which can be applicable to a wide
range of technical problems related to failure analysis, including different engineering materials,
geometrical configurations and loading histories. In reference to surface metrology, the method is
universal and can be performed using different standard and non-standard surface parameters. This
issue is very important because it connects the fracture mechanics with surface metrology allowing a
deeper understanding of the failure mechanisms.


http://mostwiedzy.pl

Appendix A. Grid views and histogram & Abbott-Firestone curve of the extracted area

Simultaneous display of all extracted area for analysed fractures surfaces composing in
thumbnail images is presented in Figure Al (a). In Fig. Al (b) is plot a histogram allowing to observe
the height distribution with drawn Firestone curves, which are cumulating function of the depth
distribution. Respectively, these are ROIs for: solid round bar with lateral U-shaped notch
(34CrNiMo6); solid round bar with lateral U-shaped notch and with transverse blind hole
(34CrNiMo6); and hollow round bar with transverse hole (18Ni300).
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Figure Al. ROls in the form of a grid view with histogram & Abbott-Firestone curves.

Appendix B. Key details of data sets

The data sets (as a point clouds) were processed in MountainsMap surface analysis software
through the production of topography gradient maps. Figure B1 presents general information about
studiable, generated after transfer to the software, depending on the data supported by the AL3D
file format. The topography gradient maps corresponding to original surfaces are shown at the top of
Figure B1.
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Figure B1. Identity cards for measured data files (AL3D): (a) solid round bar with lateral U-shaped notch (34CrNiMo6); (b)
solid round bar with lateral U-shaped notch and with transverse blind hole (34CrNiMo6); and (c) hollow round bar with
transverse hole (18Ni300).
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