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ARTICLE INFO ABSTRACT
Keywords: In this paper, the methods of compensation of differences in the results of entire bending-fatigued fracture
Explosive welding surface topographies were presented. The roughness evaluation was performed with a focus variation microscope
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and confocal surface topography measurement techniques. The differences in the ISO 25178 roughness pa-
rameters were investigated and procedures for their compensation were studied. It was found that various types
of optical measurements can cause differences in the errors occurring in the measurement process, such as
outliers, and noise. The reduction of differences in the various optical roughness measurements can be attained
when measurement errors are compensated. For this study, the applications of general procedures available in
commercial software can be suitable for improvements of the roughness measurement results, such as raw data
thresholding technique, digital filtering (S-filter), power spectral density, and autocorrelation function analyses.
The validation of measurement techniques was proposed for areal and profile studies, including analysis of
differences in the calculation areal ISO 25178 roughness parameters.

oil retention in the recesses of the machined surfaces. Yao et al. [6]
found the control of surface roughness especially crucial when
machining high-strength alloy materials. Zakharov et al. [7] also found
the control of surface roughness as a pivotal variable in the characteri-
sation of the roundness errors. Le et al. [8] noted that nearly 1,500
papers have been published on the topic of surface texturing and its
impact on tribological performance over the last two decades. Abdel-Aal
[9] highlighted a promising synergy between tribology and biology. The
field of orthopaedic surgery in the bioimplant industry has also been
comprehensively reviewed by Shen et al. [10]. Vishnoi et al. [11] con-
nected surface texturing with improved tribological performance,
emphasizing factors such as anti-biofouling hydrophobicity and load-
carrying capacity. Mao et al. [12] conducted an extensive review of
recent advancements in laser surface texturing (LST) to enhance the
tribological properties of engineering materials, discussing both current
challenges and future directions. Historically, the tribological perfor-

1. Introduction

Analysis of topography, including the calculation of roughness pa-
rameters, is crucial in many surface characterisations. An accurate
description of surface performance can be essential in the analysis of
many properties. A very popular area of research is tribological per-
formance, where wear resistance in coatings is influenced by the accu-
racy of surface roughness assessments, as introduced by Rosenkranz
et al. [1]. Padha et al. [2], in their studies on adhesive and abrasive
wear, reported that when a softer surface slides against a smoothed and
rough surface, respectively, it is reflected in the analysis of the surface
topography. Magri et al. [3] established a correlation between the sur-
face topography of milled materials and their wear during hot forging.
Vazquez et al. [4] showed that the geometry of the microgrooves, which

is strongly 'relz;)tec:l to the' Suiflaci toP(;)graphy' analysm,(;mprolved lubrz mance of the surface roughness measurement was improved in contact
cant retention oy 1n.c1jeasmg ne 1.qu1 expansion. Maruda et al. [5], use mechanics, especially in applications related to the wear of materials
the roughness in sliding applications and concluded that the maximum [13]

valley depths (parameter Sv of ISO 25178 standard) were related to the
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Nomenclature PSI phase shifting interferometric microscopy
S-filter filter removing small-scale components
As Elongation, % XCT X-ray computed tomography
ACF autocorrelation function oy yield stress, MPa
AM additive manufacturing Ovo ultimate tensile stress, MPa
Diff 1 variation in parameters received by the two measurement Sa arithmetic mean height, ym
methods Sal auto-correlation length, mm
Diff 2 deviation obtained before and after thresholding for the Sdq root mean square gradient
FVM technique Sdr developed interfacial areal ratio, %
Diff 3 deviation obtained before and after thresholding for the Sk core roughness depth, ym
confocal method Sku kurtosis
Diff 4 deviation for data after thresholding calculated between Smc inverse areal material ratio, um
FVM and confocal measurements Smr areal material ratio, %
Diff 5 deviation calculated for FVM and confocal measurements Sp maximum peak height, um
after data pre-processing Spk reduced summit height, um
Diff 6 deviation obtained for FVM measurement before and after Sq root mean square height, pm
15 um S-filtering Smrkl  upper bearing area, %
Diff 7 deviation obtained for confocal measurement before and Smrk2  lower bearing area, %
after 15 um S-filtering Ssk skewness
Diff 8 deviation calculated for FVM and confocal measurements Std texture direction, °
after 15 um S-filtering Str texture parameter
Dy fractal dimension Sxp extreme peak height, um
E elastic modulus, GPa Sv maximum valley depth, um
FVM focus variation microscopy Svk reduced valley depth, um
h wave height Sz the maximum height of the surface, um
HSI hyperspectral imaging Vm material volume, ym?/pm?
L interface line length Vmce core material volume, pm?/um?
LST laser surface texturing Vmp peak material volume, um®/um?
N¢ fatigue life w void volume, um?/um?
NMPs non-measured points Vve core void volume, pm®/pm?
PSD power spectral density Vvy pit void volume, um®/um?
Table 1
Chemical composition of the tested materials (wt.%) [52].
Mat. C Si Mn P S N Cu Cr Ni Mo A Ti Nb
P355NH 0.18 0.33 1.23 0.012 0.001 0.003 0.038 0.19 0.03 0.21 0.003 0.003 0.003 0.02
C S Cr Ni Mn Si Mo Nb Cu Fe P \Y% w Co
C-276 0.004 0.002 16.00 57.96 0.47 0.04 15.71 0.01 0.01 5.78 0.004 0.13 3.39 0.26
C Si Mn P S Cr Mo Cu N
SAF2507 0.015 0.37 0.83 0.026 0.01 24.90 6.86 3.79 0.33 0.250
the material strength. The full understanding of these relationships is
Tab,le 2 . . currently a great challenge in the field of materials science. The contact
Static properties of the tested materials [52]. . . . . .
strength of bearings, investigated by Zhou [15] using a micro-macro
Materials 0y, MPa Ousy MPa E, GPa As, % contact model, was characterised considering roughness, waviness and
P355NH 415 555 212 30 profile analyses. Macek et al. [16] examined the fracture surface to-
C-276 481 762 205 62 pographies to account for the effect of asynchronous axial-torsional
SAF2507 806 oL4 199 st strain-controlled loading. Garcias et al. [17] used surface topography
analysis to compare the mechanical behaviour of tool steels produced
via selective laser melting and conventional manufacturing processes.
Table 3 More recently, Zak et al. [18] connected surface topography features
Characteristics of joint parameters [52]. with surface functionality.
Materials A, pm h, pm L, pm Topography analysis of fracture surfaces caused by fatigue loading is
P355NH + C-276 583.93 137.90 858147 very common in literature because it can provide important clues on the
P355NH -+ SAF2507 518.14 130.49 7905.49 failure mechanisms. Kobayashi and Shockey [19] correlated fatigue

Topography and roughness are not only used to study the mechanical
properties of a surface, but also in many other analyses, including the
strength of materials. Jacobs et al. [14] considered vacancies, in-
terstitials, and substitutional defects and found that they were closely
related to the microstructure of the surface and had a critical impact on

behaviour under multiaxial loading with the topography characteristics
of fracture surfaces. Molent et al. [20] effectively connected the fractal
geometry with crack growth. Dependences of surface topography pa-
rameters and multiaxial fatigue damage were reported by Macek et al.
[21]. Sampath et al. [22] evaluated the fracture events from crack
initiation to final fracture under slow strain rates based on fracture
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Fig. 1. Example specimen joints: a) P355NH + C-276, b) P355NH +
SAF2507 [40].

surface topography data. The concept of fractal dimension, as discussed
by Carpinteri et al. [23] in their work, serves as a pivotal approach for
connecting normalized fatigue strength with force amplitude, and it
remains a very popular research line in this field. Talu et al. [24] eval-
uated the fractal behaviour at both micro or nanoscales using fractal
succolarity, fractal lacunarity, and surface entropy.

A variety of fatigue fracture surface studies have been conducted
based on surface topography characterisation. Beyene et al. [25]
investigated the bending fatigue failure mechanisms considering frac-
ture surface analyses. Zhang et al. [26] proposed surface geometrical
examination for bending fatigue failure analysis in a micro straight bevel
gear. Macek [27] advocated that fracture surface topography parame-
ters are influenced by the type of loading in aluminium alloys subjected
to combined bending-torsion. The fatigue behaviour of Ti6Al4V tita-
nium alloys produced by laser-beam powder bed fusion also exhibited
considerable influence on surface topography [28]. Fracture surface
topography in austenitic steel plates subjected to repeated bending was
studied by Tanaka et al. [29] using fracture mechanics concepts.

An accurate surface topography assessment relies on several factors.
Historically, the measurement of surface roughness was first conducted
by tactile methods which are able to detect the depth information of
surfaces, as discussed by Shin et al. [30]. Later, considerable advances in
measuring techniques took place with the introduction of optical

Measurement 224 (2024) 113853

methods. This approach, as stated by Whitehouse [31], is ‘probably the
most useful optical instrument’ for measuring surfaces, films, and
coatings. The clear dominance of the optical methods is the time of
measuring which is much faster than a stylus. Kaplonek et al. [32]
indicated it as essential in production systems when time is shortened.
Due to the reduction in production costs, industries worldwide are
increasingly exploring innovative solutions involving clad materials.
These solutions typically involve a cost-effective base material with a
more expensive overlay material [53]. Clad materials prove to be well-
suited to meet these requirements, especially when addressing corrosive
or chemical environments, or aiming to reduce weight [54]. This
approach involves the utilization of a cheaper material as the base,
which is then overlaid with a protective layer resistant to aggressive
environments and various types of radiation, among others. In such
materials, a thin layer of the applied material effectively protects the
base material, which is often carbon or low-alloy steel. These materials
find extensive application in the chemical, energy, and shipbuilding
industries.

Despite many definite advantages, the accuracy of the optical
methods depends on a number of factors. One important type of error is
related to the non-measured points (NMPs). Increasing the intensity of
the light may not be a suitable solution. It can cause an increase in the
values of height, hybrid and functional ISO 25178 parameters, as stud-
ied by Pawlus et al. in [33]. Liu et al. [34] analysed the origin of the
NMPs by comparing both focus variation microscopy (FVM) and X-ray
computed tomography (XCT) when inspecting the surface texture of
additively manufactured (AM) products. It was reported that NMPs were
found around some deep features, like grooves and particles, starting by
filling in NMPs by neighbour interpolation.

Individual peaks, also known as outliers or spikes, are the errors in
the optical measurements that most influence the ISO 25178 height
parameters. Ismail et al. [35] proposed an outlier correction based on
the median relative height of the surrounding data points. Podulka et al.
[36] used methods based on standard deviation and root mean square
slope and compared them to the morphological closing filter considering
a structuring element of horizontal plane shape and a thresholding
method. Huang et al. [37] implemented a fast and robust algorithm to
process surface data with outliers and defects. In all of the above studies,
the main challenge in the outlier suppression was the classification of
the point data as an unwanted element. False estimation of bandwidth
for spike reduction can remove important surface features.

The measurement noise, therefore, is a further type of error included
in the raw measured surface topography data. From the ISO standards
[38], measurement noise can be defined as the noise added to the output
signal when the normal use of a measuring instrument occurs. According
to Maculotti et al. [39], noise has different sources, it can be internally
generated, but it also has many external sources associated with the
environment. Generally, the measurement noise can be analysed by
selecting an adequate bandwidth, as suggested by De Groot in [40].
High-frequency measurement errors are one of the most important noise
problems, which are, in many cases, caused by vibrations [41].
Commonly used surface metrology filtration techniques based on the
Gaussian function did not always provide reasonable results, as
demonstrated by Sun et al. [42] or Zakharchenko [43]. In a different
study, Podulka [44] compared the regular method for noise suppression
taking into account the size, density and distribution features. However,
excluding statistical and averaging methods, the analysis of measure-
ment noise is still a challenging task.

To measure surface roughness, two methods were employed and
compared. The FVM technique is characterised by very high vertical
resolution, easy specimen preparation, and the ability to provide
quantified surface topography and roughness evaluation with true-color
images [45]. It excels in measurement efficiency, repeatability, trace-
ability, and speed. In addition, it does have limitations in the measure-
ment of surfaces with steep angles [46]. On the contrary, confocal
methods have limitations related to pixel resolution and the size of the
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Fig. 2. (a) Specimens used in fatigue tests (units: mm); (b) fatigue test stand MZGS-100; where: 1 — machine base, 2 — disks for load application, 3 - vibration damper,
4 — spring, 5 — actuator (static load), 6 — flat springs, 7 — lever (effective length = 200 mm), 8 — holder, 9 — specimen, 10 - rotational head with a clamp, 11 - telescope,

12 - lighting.

scanned area [47]. However, unlike phase-shifting interferometric (PSI)
microscopy, confocal methods are not restricted to smoother surfaces
and can capture detailed information on rougher ones [48]. Neverthe-
less, confocal measurements are susceptible to scattering noise at steep
angles and background noise from specular reflection on optical ele-
ments [49]. Concerning the analysis of the morphology of surface de-
tails, hyperspectral technology has proven to be highly beneficial [50].
Hyperspectral imaging (HSI), which combines spectroscopy and 2D
imaging [51], can provide in-depth insight into sample composition and
properties, making it invaluable for characterizing fracture surfaces
resulting from bending-fatigue loading.

In this paper, the accuracy of the outlier and noise reduction is
studied. Then, the results obtained with both, FVM and confocal mea-
surement methods are detailed compared. The entire bending-fatigued
fracture surface topographies were considered with an application of
various methods for the data processing, such as digital filters, functions
and analyses of isometric views of measured details.

With regard to the paper’s structure, Section 2, which is divided into
three subsections, describes the organization of the materials and
methods. Subsection 2.1 addresses the experiments, encompassing de-
tails such as material composition, testing equipment, and specimen
geometry. Subsection 2.2 presents the parameters for surface topog-
raphy measurement used for each technique. Subsection 2.3 focuses on
explaining the applied methods and functions used in the description of
surface roughness. The comprehensive step-by-step procedure is out-
lined in Subsection 2.4, accompanied by a flow chart depicting the
proposed experiment. In relation to Section 3 devoted to the presenta-
tion and discussion of results, the first subsection addresses the proposed
procedure and the outliers, while the second subsection tackles the
mitigation of high-frequency measurement noise. Finally, the main
findings are summarized in the last section.
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Fig. 3. SEM fractography for the entire fracture surface (for both sides of the broken specimens): (a) specimen no. 1, (b) specimen no. 2 and (c), specimen no. 3.

2. Materials and methods
2.1. Analysed surfaces and parameters calculated

Specimens cut from plates used in explosion welding by EXPLOMET
High-Energy Techniques Works Company were tested. The base mate-
rial was a 10 mm thick P355NH carbon steel plate, and the clad mate-
rials were nickel alloy C-276 and super duplex SAF 2507, with a
thickness of 3 mm, deposited on the steel. The chemical composition of
the materials before cladding, obtained from the certificate attached to
the material, is presented in Table 1 while the main static properties are
described in Table 2 [52].

After the cladding process was done, ultrasonic testing was con-
ducted to check whether a given element was fully connected without

defects. Then, the joint of each specimen was observed and the joint
parameters (wavelength 4, wave height h, interface line length L [53])
were determined. The measured average values of the parameters for
the tested joints clad materials are given in Table 3.

Each joint was characterized by a different wave structure, as shown
in Fig. 1. In the case of the P355NH + C-276 specimen, the joint was
characterized by a low wave with sharp joint outlines (Fig. 1a), while the
P355NH + SAF 2507 steel (Fig. 1b) was characterized by a higher wave
with a gentler vertex than one of the previously described specimens.

The specimens were subjected to metallographic examination using
a light microscope, OLYMPUS IX40 model, and a scanning electron
microscope, Jeol Neoscope II JCM-6000 model. A computer image
analysis system, LECO IA 32 model, was used to determine the param-
eters of joint waves generated in explosion welding [54].
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Fig. 4. Surface measurement devices: (a) Alicona IF G5 model and (b) Sensofar 3D optical profilometer (S-Neox).

Tensile tests showed that the strength of the base material, in all
cases, after cladding increased from 555 MPa to 590 MPa. However, the
strength of the applied materials C-276 and SAF2507, after cladding,
decreased from 762 and 866 MPa to 584 and 590 MPa, respectively. The
tensile strength of bimetals should be from a minimum of 490 MPa to
a maximum of 630 MPa, in accordance with EN-PN ISO6892-1. In the
remaining tests, such as the shear test (DIN50162) and the bend test
(EN13445-2), the requirements were met. The results of all tests met the
recommendations outlined in the standards, which means that the
connection between the two materials was correct.

The base material used is P355NH steel, known for its weldability
and suitability for high-temperature operations. Regarding the cladding
materials, the selected ones were C-276 (a nickel alloy) and SAF2507 (a
super-duplex stainless steel). These materials have a high content of
chromium (16 % and 24.9 %, respectively) and nickel (57.96 % and
6.86 %, respectively) which make them hard and brittle. The base ma-
terial has a strength of 555 MPa, while the applied materials have
strengths of 762 MPa (C-276) and 914 MPa (SAF2507). The observed
variations can be explained by the fact that the strength of the base
material increases when combined with overlaid materials due to the
higher tensile strengths of the overlaid materials. Conversely, the
reduction in strength of the overlaid materials results from the lower
strength of the base material.

Fatigue bending tests were performed in the high-cycle and low-
cycle fatigue range with a load ratio R = -1 and a load frequency of
28.4 Hz. For each specimen, the tests were performed for three bending
moments (Mg): 17.18, 19.41, and 24.5 N-m. Specimens 1 and 3 were
made of P355NH + SAF2507 and were tested at a bending moment of
17.18 N-m (no. 1) and 24.5 N-m (no. 3). Specimen 2 (P355NH + C-276)
was tested at 19.41 N-m (no. 2). The tests were carried out on the MGZS-
100 fatigue machine (see Fig. 2b) [55] at the Opole University of
Technology. The machine enables the execution of cyclic bending, tor-
sion, and bending-torsion scenarios. The cracks were measured with a
micrometre using an optical microscope with a magnification of 25 x.
The shape and dimensions of the specimen are shown in Fig. 2 [54]. In
the fatigue-tested specimens, the ratio of the net height of the base
material to the height of the applied material was h;: hy = 2.5: 1.

The entire bending-fatigued fracture surfaces were analysed
considering isometric views of the surface and the calculation of ISO
25178 roughness parameters. Over 20 probes were measured and

examined. To minimize uncertainties, the measurements were not
repeated. However, the proposed procedure was based on the analysis of
variations in roughness parameters obtained from measurements con-
ducted using two different instruments. The post-failure analyses of to-
pographies, namely those based on the entire fracture surface, can
contribute to the comprehensive knowledge of the failure mechanisms,
as described in detail by Macek [27,56]. The fracture surfaces of the
specimens were measured using focus variation microscopy (FVM), from
which the data sets with a large depth of field observation can be ob-
tained. A study based on the entire fracture surface carried out using ISO
25178 height and functional (volume) parameters, connected with the
fractal dimension, can be potentially decisive in the accuracy of the
analysis.

Thus, the use of the optical surface roughness measurement method
of the entire fracture, e.g. using FVM, in connection with relevant areal
1SO25178 parameters, can be encouraging in the estimation of the
causes of damage. However, even if the precise surface roughness
measurement technique is applied, the data processing methods can be
selected erroneously. In this way, the accuracy of the whole study can be
lost, as investigated by Podulka et al. [57].

The examination of fracture surfaces by scanning electron micro-
scopy (SEM) can provide interesting clues on the failure mechanisms.
Fig. 3 displays the micrographs taken with a Tescan Vega 4 microscope
for both sides of the broken specimens.

The ISO 25178 surface roughness parameters considered in this
study were divided into the following groups: height (amplitude),
functional, spatial, hybrid, functional (volume) and material ratio
curves. The eight differences (from Diff 1 to Diff 8) in the values were
obtained by comparing both techniques applying digital processing
methods, like outlier removal and high-frequency noise reduction.

For a more sophisticated characterisation of the bending-fatigued
fracture surfaces, the analysis of the profiles (2D) was put on an equal
plane with the areal (3D) analysis. It was demonstrated that the
assessment of profiles over the entire fracture surface is crucial in the
analysis of fatigue life (Np) [16].

2.2. Measurement process

All analysed surfaces were measured with focus variation micro-
scopy and confocal techniques. The Focus Variation Method (FVM) was
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Fig. 5. Contour maps: raw measured data (a,b), extracted analysed area (c,d) and extracted area with fulfilled NMPs (e,f) of the entire bending-fatigued fracture
surface (specimen no. 1) measured with focus variation microscopy (left column) and confocal (right column) methods.

applied, using an Alicona IF G5 model (see Fig. 4a), to determine the The entire fracture area measurement method was applied using a
surface geometry of fractures. The area was 8.852 mm x 8.857 mm with Sensofar 3D optical profilometer (S-Neox) with 10 x magnification (see
5021 x 5024 measured points, and spacing of 1.763 um, respectively. Fig. 4b). The measurement length was 7.431 mm x 7.162 mm with
The measuring instrument was equipped with a Nikon EPI lens with 10 5386 x 5191 measured points and spacing equal to 1.380 um. The ISO
x magnification. 25178 surface topography parameters were calculated and analysed
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Fig. 6. Surface topography profiles extracted from the entire bending-fatigued fracture surface (specimen no. 3) with focus variation microscopy (a) and confocal

(b) methods.

using Digital Surf MountainsMap software.

The most noticeable differences regarding an analysis based on the
isometric view of the surface, see Fig. 5, were related to: the maximum
height of the data (by comparing the left and right columns); the pres-
ence of the NMPs (Fig. 5a and Fig. 5¢); and the outliers, indicated by
arrows in Fig. 5d and Fig. 5f. The presence of spikes and measurement
noise were also marked for profiles in Fig. 6.

The proposed methodology is based on the differences in the two
contactless surface roughness measurement techniques. The repetition
of the measurement process was not approved, as the main purpose was
to identify the high-frequency noise within the variations in the
collected data. The main methodology highlights the variations as the
primary factor affecting the accuracy of the results obtained. One
measuring method cannot enhance the accuracy of the other; however,
mitigating these differences would broaden the occurrence of the spe-
cific type of measurement errors selected. Thus, this proposal led to the
adoption of a procedure for reducing high-frequency noise by mini-
mising variations in those measurement aspects influenced by the
presence of the identified errors.

2.3. Applied methods for the compensation of the differences in the
measurement results

Most of the differences in the results of surface roughness measure-
ments by focus variation microscopy and confocal methods were
observed in terms of the number (and density) of the NMPs gathered
usually in different areas of the surface. Further, the individual peaks
tend to increase the amplitude parameters, usually in the Sz and Sk
curves. The third type of error is the noise located in the high-frequency
domain. Surface data received after the focus variation microscopy
measurement included some NMPs. Those data were fulfilled by a me-
thod based on the mean value of the neighbour points. Removing this

type of optical measurement error is crucial because it can cause a false
estimation of skewness (Ssk) [33].

Surface data obtained by confocal measurement have some indi-
vidual peaks, as previously presented in Fig. 5. This type of optical error
significantly affects the height (amplitude) parameters. It was found that
individual peaks were also introduced as outliers [35] or spikes [36].
One of the methods for their suppression is the robust filter [37].
However, extraction of the spike data with robust methods was
burdened with errors related to the removal of various features. In
general, inappropriate application of digital filters can affect the
removal of unwanted elements with those relevant to surface roughness
characterisation. Contrary to surface data filtering techniques, algo-
rithms based on the deviation or slope can be successfully used [36].
Many encouraging results for data suppression were presented by Jiang
et al. [58] based on the thresholding technique which refers to a family
of segmentation methods. This approach was found especially suitable
when the reduction in time of the data processing is important.

Fig. 7 displays the entire bending-fatigued fracture surface for both
topography measurement methods. Some differences can be found by
direct isometric view analysis, like those indicated by the arrows (Fig. 7a
and Fig. 7b). However, considering the properties of the surface, the ISO
25178 roughness parameters were also determined. All of the differ-
ences in ISO 25178 surface topography parameters were smaller than 5
%, except for the hybrid parameters Sdq and Sdr, around 80 % and 170
%, respectively, and for the functional parameter Smr, about 100 %.

The reduced core roughness Sk also increased usually between 5 %
and 10 %. Increasing values of the root mean square gradient Sdg,
developed interfacial areal ratio Sdr, areal material ratio Smr and, as
mentioned, Sk parameters can indicate an enlargement in the selected
type of measurement errors.

The hybrid parameters were classified as those vulnerable to the
occurrence of high-frequency measurement errors, studied
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Fig. 7. Isometric views (a,b) and ISO 25178 parameters (c,d), respectively, received from the entire bending-fatigued fracture surface (specimen no. 3) measured

with focus variation microscopy (a,c) and confocal (b,d) methods.

comprehensively by Pawlus et al. in [59]. It was found that the presence
of the measurement noise can cause errors greater than 100 % in the Sdg
and Sdr parameter values.

In most cases, depending on the type of analysed surface, the Smr and
Sk parameters were also influenced by the measurement noise [60].
From that issue, the differences in focus variation microscopy and
confocal measurement results can indicate that the second method can
contain a high-frequency measurement noise.

For confocal measurements, the high-frequency components were
received in some areas, like 2.6——2.9 mm area in the profile length,
indicated by arrows in Fig. 8. It was also found that the edge areas of
analysed details often contained high-frequency data, like presented

enlargement in profiles from Fig. 9.

An example of the high-frequency data introduced for profiles and
their extracted areas is exhibited in Fig. 10. It was found that the high-
frequency components were gathered in some profile length, except at
the end of the studied data. The frequency distribution of the data for the
enlarged profile areas was investigated by the power spectral density
(PSD) graphs. For the confocal measurement (Fig. 10e and Fig. 10f), the
dominant frequency (59 um) was located in the high-frequency domain
but for the focus variation microscopy measurement (Fig. 10c and
Fig. 10d) the value of the dominant wavelength (299 ym) did not indi-
cate the presence of the high-frequency errors or those errors were
negligible.
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Fig. 8. Profiles extracted from entire bending-fatigued fracture surface topography (specimen no. 3) received after measurement by focus variation microscopy (a)

and confocal (b) types of equipment.
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Fig. 9. Profiles extracted from entire bending-fatigued fracture surfaces (specimen no. 3) using focus variation microscopy (a) and confocal (b) methods.
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Fig. 10. Surface topography profiles extracted from entire bending-fatigued fracture (specimen no. 3) after measurement by focus variation microscopy (a) and
confocal (b) equipment, their extracted noise-areas (c,e) and PSDs (d,f), respectively.
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Fig. 11. The autocorrelation function (a,c) of extracted noise areas from profiles presented in Fig. 9c and e, respectively, and their enlarged centre parts (b,d). Data
received for the focus variation microscopy (a,b) and confocal (c,d) measurements of specimen no. 3.

Some additional improvements in the detection of high-frequency
components in the measured data can be derived from the analysis of
the autocorrelation function (ACF). Fig. 11 presents such functions for
the profiles studied in the previous figure (Fig. 10). The differences were
observed for the shape of the function. Moreover, the level of the
increased function value in the centre part also changed. It was observed
that if data contained high-frequency components, the enlargement in
the function value was greater than that of data without high-frequency
features.

The presence of high-frequency data in the results of surface topog-
raphy measurements was observed after the application of both types of
instruments. The differences in the PSDs and ACFs functions are indi-
cated in Fig. 12 for both focus variation microscopy (Fig. 12a) and
confocal (Fig. 12b) methods. From that observation, high-frequency
bandwidth filtration can be proposed for results received after the
usage of both measuring techniques. After the elimination of non-
measured and outlier points, the results of the reduction of the high-
frequency noise were evaluated.

In the field of roughness studies, digital filters play a significant role.
Numerous algorithms [61] and methodologies [62] have been proposed
and refined for characterizing surface topography. Among these, digital
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filters [63], spline techniques [64], wavelet transforms and filters [65],
morphological schemes based on envelope operations [66] and other
advanced methods [67] have been widely recognized. ISO standards
have also endorsed filters based on the Gaussian function [68], which
are the most popular for roughness filtering. Additionally, many pro-
cedures are compared to conventional Gaussian filtering methods [69].
The Gaussian function filter, in particular, is essential as the S-filter for
suppressing small-scale components in the raw measured surface
topography data [70].

2.4. Proposed procedure

Fig. 13 presents the flow chart of the proposed procedure. The main
procedure can be subdivided into two distinct components: data pre-
processing and the process for mitigating high-frequency measurement
errors.

In the data preparation phase, the first step was focused on the
measurement of surfaces by two techniques: focus variation microscopy
and confocal methods. Secondly, from the raw measured data, details
were extracted to receive similar areas of study. Then, surfaces were
levelled using the least-square plane (LSPL) method. In the subsequent
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Fig. 12. Profiles extracted from the entire bending-fatigued fracture surface (specimen no. 3) using focus variation microscopy (a) and confocal (b) methods with
enlarged profile noise areas, their PSDs (c,e) and the centre parts of ACFs (d,f), respectively.
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Fig. 13. The flow chart of the applied procedure.

pre-processing step, the maximum height of the surface (Sz) was
compared for both measuring instruments. If the values were different,
the thresholding technique was applied to harmonize the results. In such
cases, outliers were eliminated using the thresholding technique.

The thresholding method used for the outlier removal is a common
approach that operates on height data, making it a straightforward and
effective method for segmenting surface topography data. However, it is
important to note that a simple thresholding technique may not provide
stable results when dealing with surfaces that contain stochastic ele-
ments, as this can lead to challenges in accurately characterising the
number of defects and feature density [71].

When determining the appropriate thresholding cut value, it was
observed that for random surfaces, the height difference between ma-
terial ratios ranging from 0.13 to 99.87 % equals 6 standard deviations
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of surface amplitude [72]. In addition, it was also noted that for common
types of surface topography, the material ratios fall within the range of
0.13 % to 99.87 %, designated for areal surface height, very similar to
that of a profile [73].

In the subsequent step, the noise-sensitive ISO 25178 roughness
parameters were assessed. An analysis of the surface topography of each
specimen revealed that differences in noise-sensitive parameters were
significantly higher than other ISO 25178 indicators. Based on this
observation, it can be inferred that the variations in the obtained data
can be attributed to the presence of high-frequency errors, indicating
that the data from the first instrument may contain more high-frequency
components compared to the data acquired from the second device.

After that, the noise-sensitive parameters (Smr, Sdq, Sdr, and Sk)
were comprehensively analysed by applying a noise-suppression filter. If
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Fig. 14. Contour map plots of the entire bending-fatigued fracture surface (specimen no. 1) measured with focus variation microscopy (a) and confocal (b) tech-
nique, the method of selection of the thresholding value (c,d) and thresholded surface topography data (e,f).

there was a need to reduce high-frequency measurement noise, a pro-
cedure to select the cut-off value for the S-filter was employed. This
selection was based on minimizing the differences in the ISO 25178
surface roughness parameters, expressed as Diff 1 — Diff 8.

Numerous digital filters are available for filtering high-frequency
data from the raw measurements. In this study, the commonly used S-
filter, available commercially, was used to assess its influence on both
the noise removal process and the variation in ISO 25178 roughness
parameters. The study did not designate other filters. Here, the main
purpose was to introduce a procedure that incorporates the common

15

roughness filtration scheme and offers guidance on reducing errors
during data processing.

When selecting the cut-off value for the S-filter cut, the main aim was
to minimize the differences in noise-sensitive parameters without
affecting other ISO 25178 roughness indicators. In practical terms,
digital filtering has an impact on both measured data and roughness
parameters. The most promising approach in mitigating high-frequency
noise is to minimize variations in noise-sensitive parameters while
keeping the other indicators unaffected. Consequently, a comprehensive
analysis of all of the proposed parameter variations (from Diff 1 to
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The relative differences (expressed in %) of ISO 25178 roughness parameters for the entire bending-fatigued fracture surfaces (specimen no. 1) measured with a focus

variation microscope and confocal methods.

Groups and parameters Units Diff 1 Diff 2 Diff 3 Diff 4
Height parameters Sq mm —6.68 0.00 0.64 -5.99
Ssk -7.12 0.00 4.98 -1.78
Sku —14.78 0.00 11.28 -1.83
Sp mm —44.25 3.50 30.80 —3.43
Sy mm —27.38 14.62 34.06 1.62
Sz mm —32.32 11.37 33.02 0.00
Sa mm —5.95 0.00 0.24 —5.70
Functional parameters Smr % 39.77 —162818.19 —361860.33 —33.82
Smc mm —11.67 0.05 0.17 —11.53
Spatial parameters Sal mm —8.26 0.00 0.00 —8.26
Std ° 98.03 0.00 0.03 98.03
Hybrid parameters Sdq —520.46 0.64 12.35 —447.33
Sdr % —545.75 0.10 4.10 —519.89
Functional parameters (volume) Vm mm?®/mm? —0.72 0.00 0.02 —-0.70
\%% mm?®/mm? -11.22 0.00 0.16 —11.04
Vmp mm?/mm? —0.72 0.00 0.02 —0.70
Vme mm?®/mm? -4.36 0.00 0.00 -4.36
Vve mm®/mm? —12.06 0.00 0.00 —-12.06
Vw mm?®/mm? —8.83 0.00 0.60 —-8.18
Functional parameters (stratified surfaces) Sk mm —9.22 0.39 —1.08 —10.83
Spk mm -3.87 —0.06 0.37 —3.42
Svk mm -9.67 0.15 0.29 —9.52
Smrl % —14.16 —0.23 0.72 —13.08
Smr2 % -3.09 0.17 —-0.30 —-3.57

Table 5

The relative differences (expressed in %) of ISO 25178 roughness surface parameters for the entire bending-fatigued fracture surfaces (specimen no. 3) measured with a

focus variation microscope and confocal methods.

Group of parameters Parameters Units Diff 5 Diff 6 Diff 7 Diff 8
Height parameters Sq mm 3.44 0.03 0.03 3.44
Ssk -1.07 —0.05 —0.14 -1.16
Sku -1.35 —0.03 —0.09 —1.41
Sp mm 2.58 0.29 1.18 3.45
Sy mm —3.28 0.14 0.00 —3.43
Sz mm 0.56 0.25 0.75 1.06
Sa mm 4.06 0.04 0.04 4.06
Functional parameters Smr % —100.46 —-59.17 38.05 21.97
Smc mm 3.17 0.02 0.02 3.17
Sxp mm 2.58 0.06 0.15 2.66
Spatial parameters Sal mm 0.00 0.00 0.00 0.00
Std ° 0.17 0.00 0.11 0.28
Hybrid parameters Sdq —80.32 41.94 59.87 —24.64
Sdr % —168.77 15.27 55.34 —41.66
Functional parameters (volume) vm mm>/mm? 2.12 —0.06 0.00 2.18
W mm®/mm?* 3.15 0.02 0.02 3.15
Vmp mm?/mm? 2.12 —-0.06 0.00 2.18
Vmce mm®/mm? 3.92 0.03 0.00 3.89
Vve mm®/mm? 3.23 0.02 0.00 3.21
Vwy mm?®/mm?> 0.14 0.07 0.28 0.35
Functional parameters (stratified surfaces) Sk mm 8.28 0.14 0.06 8.20
Spk mm -0.70 -0.13 —0.07 —0.63
Svk mm —4.88 1.04 2.00 —3.86
Smrl % -1.87 0.00 0.05 -1.82
Smr2 % 3.64 0.03 0.04 3.65

Diff 8) becomes crucial in validating the suitability of the procedure.
3. Results and discussions

3.1. Application of compensation techniques for the measurement data
comparison with outlier removal

The reduction of differences in the results of focus variation micro-
scopy and confocal measurements was found mainly in the presence of
non-measured points, outliers and high-frequency measurement errors.
Generally, the locations of occurrence of the above three types of errors
were different, depending on the technique of measurement.

Omitting the distortion in the removal of the spikes with the
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application of digital filtering, including morphological (with upper and
lower envelope) and robust modifications, the thresholding technique
was used. The main limitation in the correct usage of the threshold
method is the selection of the cut-off value. False definitions of the
threshold value can cause the removal of sufficient features for the
surface properties characterisation and, especially, an increase in errors
of the calculated ISO 25178 roughness parameters.

Fig. 14 proposes a methodology for the selection of the thresholding
bandwidth. When comparing the results of measurement using the focus
variation microscopy technique and the confocal method, the mini-
misation in differences of ISO 25178 parameters was inquired. Firstly,
the difference in the maximum height of the surface, calculated as the Sz
parameter, was studied. The variations in the maximum height of the
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Fig. 16. Contour map plots of entire bending-fatigued fracture surface topography (specimen no. 2) measured with focus variation microscopy (a) and confocal (b)
methods after outlier removal by thresholding technique, 0.13 %-99.87 %, and suppression of high-frequency errors with an application of S-filter, cut-off = 0.008
mm, and the subsurfaces S1(1) (c), S1(2) (d), S2(1) (e) and S2(2) (f) extracted from different areas of detail, respectively.

surface measured with focus variation microscope and confocal methods
are visible in the isometric view of the surface (Fig. 14a and Fig. 14b).

To minimise the variance of the Sz parameter, different thresholding
values were required, defined as A1 and A2 for the focus variation mi-
croscopy measurements, and Bl and B2 for the confocal technique
(Fig. 14c and Fig. 14d), respectively. The precision of the selection of the
thresholding bandwidth was crucial in retaining all of the required
surface features. In Fig. 14c, examples of the enlarged limit value se-
lection are presented and indicated by the arrow. For different surfaces,
especially after various entire bending-fatigued fractures, the value can
vary significantly. Receiving the similarity in the maximum height (Sz)
of the surface, some measurement differences in the focus variation
microscope and confocal methods can be visible more directly (identi-
fied by arrows in Fig. 14e and Fig. 14f).

The suppression of the outliers by the thresholding technique did not
change the parameters of material ratio curves significantly. As pre-
sented in Fig. 15, the differences for both types of measurement were
smaller than 1 %, calculating the data before and after the application of
the thresholding method. For a more comprehensive ISO 25178 surface
roughness comparison, the four differences in values of parameters from
various groups were investigated, see Table 4. The first difference
(Diff 1) indicated the variation in parameters received by the two
measurement methods. The second (Diff 2) and third (Diff 3) variations
presented deviations in parameters obtained before and after the usage
of the thresholding approach for the focus variation microscope and
confocal measurements, respectively. The last variation (Diff 4) was

determined for data after thresholding, computing the differences be-
tween focus variation microscopy and confocal measurements.
Analysing the Diff 1 values, it is clear that the greatest differences
were obtained for the selected amplitude (height), functional, spatial
and hybrid parameters. For hybrid Sdq and Sdr parameters, the differ-
ences were enormous, over 500 %. The maximum height of the surface,
determined using Sz parameters varies about 30 %. Considering the
differences Diff 2 and Diff 3, thresholding processing of the data did not
modify the ISO 25178 parameters significantly (except the maximum
peak height Sp, maximum valley depth Sv, Sz and Smr), usually under 1
% of the deviation. This can be crucial since the thresholding approach
influences the parameters similarly for both measuring methods. The
highly encouraging results were collected for the difference Diff 4. All
variations in the values of the height parameters, especially for Sp (from
44.25 % to 3.43 %), Sv (from 27.38 % to 1.62 %) and Sz (from 32.32 % to
0 %), were reduced significantly by comparing both measuring tech-
niques. The differences for functional, spatial and hybrid parameters
were not reduced substantially, and the variations were negligible. In
addition, it can be concluded that the thresholding technique reflects the
amplitude of data and, simultaneously, the amplitude parameters.

3.2. Improving proposed methods with the reduction in differences of ISO
25178 parameters with suppression of high-frequency measurement errors

One of the major issues in surface metrology when analysing surface
roughness is the compensation of high-frequency measurement errors.
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Fig. 17. The PSDs (a,b) and material ratio curves (c,d) of the S1(1) (a) and S1(2) (b) details.

The comparison of focus variation microscopy and confocal methods for
measurement of entire bending-fatigued fracture surfaces, when the
non-measured and outlier points were compensated, demonstrated that
the differences were obtained due to the presence of high-frequency
data. Except for the isometric view of the surface and profile explora-
tions, as previously presented in Figs. 5 and 6, the differences were also
detected in the values of calculated ISO 25178 roughness parameters,
see Fig. 7. The substantial differences in the high-frequency noise-sen-
sitive parameters indicated the occurrence of high-frequency data in the
results of measurement obtained through both techniques. The occur-
rence of the high-frequency components in the measured data was
improved by PSD and ACF characterisation as well.

In Table 5, the four relative differences, expressed in percentage,
were presented for ISO 25178 surface roughness parameters. The first
parameter difference (Diff 5) was calculated for entire bending-fatigued
fracture surfaces measured with focus variation microscopy and
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confocal methods. Those data were pre-processed by fulfilling the NMPs
and removal of outliers, as extensively presented in previous studies.
The further differences (Diff 6, Diff 7 and Diff 8) are related to data after
the application of the S-filter with a cut-off equal to 0.015 mm. The
second (Diff 6) and third (Diff 7) differences compared the parameters
measured by the focus variation microscope and confocal methods,
respectively, before and after the usage of the S-filter. This correlation
presented how values of roughness parameters were changed with dig-
ital filtration for each type of measuring technique. The last difference
(Diff 8) denoted the variation in ISO 25178 topography parameters after
S-filtration and was determined between the focus variation microscope
and confocal measurements.

The most sensitive parameters to high-frequency errors (Smr, Sdgq,
Sdr and Sk) were differentiated between various measurement tech-
niques. Diff 5 varied between 5 % (Sk parameter) and 180 % (Sdr indi-
cator). Those variations were reduced when the S-filter was applied.
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Fig. 18. Profiles from the entire bending-fatigued fracture surface topography (specimen no. 2) measured with focus variation microscopy (a) and confocal (b)
methods, after outlier and high-frequency measurement noise removal by thresholding and S-filter techniques, respectively.

Considering the FVM measurement, the disparities for the surface before
and after S-filtration were reduced to around 60 % for Smr, 40 % for Sdq,
15 % for Sdr and 0.14 % for Sk parameters. On the contrary, for the
confocal method, the S-filter diminished the distortion of Smr, Sdq, Sdr
and Sk parameters to around 40 %, 60 %, 55 % and 0.07 %, respectively.
An interesting outcome related to the application of a commercial S-
filter was that this digital processing did not significantly modify the
values of parameters classified as those non-sensitive to the presence of
the high-frequency errors (all presented except the Smr, Sdq, Sdr and Sk
parameters). In general, those differences were smaller than 0.5 %, as
suggested by the values of Diff 6 and Diff 7 in Table 5.

However, the particularly promising outcome is that the variations in
the high-frequency noise-sensitive parameters, calculated between two
types of measurements, are reduced when the S-filtration is imple-
mented, as demonstrated by the values of Diff 8 in Table 5. The devia-
tion of the functional parameter Smr decreased from around 100 % to
20 %, while for the hybrid parameters Sdq and Sdr, the deviation
decreased from approximately 80 % and 170 % to 25 % and 40 %,
respectively. As the limitation, the diminishment of the functional
parameter Sk was negligible, nevertheless, this parameter is crucial in
the characterisation of stratified surfaces. Consequently, the reduction
of the parameters highly susceptible to the occurrence of high-frequency
error was obtained.

Additionally, Fig. 16 shows the isometric views of the entire bending-
fatigued fracture surface topography measured by both methods. From
surface data (Fig. 16a and Fig. 16b), details from various areas (Fig. 16c-
f) were extracted. The similarity of surface views for both the whole
measured surface and enlarged areas was also highlighted. After sepa-
rating the surface areas, the differences in the dominant wavelengths
were negligible or did not exist (Fig. 17) when the PSDs were investi-
gated. It was found that the maximum magnitude was greater for the
focus variation microscope measurements. The differences in the ma-
terial ratio curve parameters of the enlarged detail were also reduced.
Considering the profile data (Fig. 18), the areas of outliers and high-
frequency errors were also not recognized.
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Errors in calculating the Sk (material ratio curves) roughness pa-
rameters can be crucial in the bending-fatigued fracture surface topog-
raphy analysis because it is linearly dependent on the strain amplitude
and logarithmically dependent on the fatigue life Ny, as presented by
Macek et al. in [74]. Consequently, the value of the further amplitude
parameter, e.g. the arithmetical mean height Sa, can be related to the
fractal dimension Dy through a linear function. Generally, it was proved
that, taking into account ISO 25178 surface roughness parameters, it
was possible to estimate the type of loading and to some extent the
number of cycles to failure Ny, at which the analysed element failed [27].

The presented method for comparison of the results of entire
bending-fatigued fracture surface roughness measurements obtained
with a focus variation microscope and confocal techniques is valuable in
the reduction of measurement errors, like non-measured points, outliers
or high-frequency measurement noise.

The differences in the presence of high-frequency noise data in the
results of surface topography measurements using focus variation and
confocal techniques can be justified by the nature of each of the method.
In focus variation microscopy, when data is collected by acquiring im-
ages at different focal points and calculating changes in focal length, the
high-frequency components can be categorized as specific results.
Conversely, when measuring with confocal instruments, which employs
very high lateral resolution, the high-frequency data is considered un-
desirable and is automatically excluded from the final results of the
surface topography measurement process. In an overall comparison,
confocal technology holds an advantage is detecting high-frequency
noise due to its superior spatial resolution, setting it apart from the
focus variation technique.

However, by improving the similarity of measurement carried out
with various techniques, the errors related to the measurement process
can be reduced. It was found that the presence of outliers can signifi-
cantly affect the confocal results. Nevertheless, the thresholding tech-
nique can be proposed for both types of data computation.

Reduction of high-frequency measurement noise is required for both
measuring methods, for this type of error the commercially available
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S-filter can be suitable for improving the data similarity. However, for
further studies, the proposed procedure must be thoroughly investigated
for the selection of a type of filter (compared to other available solutions
in commercial software) and its bandwidth (cut-off) characteristics.

4.

Conclusions

Based on all studies presented above, the following conclusions can

be drawn:

The errors received by various optical methods, including focus
variation microscopy and confocal techniques, can be reduced by
comparing the measurement differences. For both types of
measuring instruments, the non-measured points, outliers (spikes)
and high-frequency noise were detected. The differences in the
compensations of those errors can vary the values of the ISO 25178
surface roughness parameters significantly.

The variations in the height parameters were mainly verified with
the outliers identifications. The removal of the individual peaks
reduced the differences in the amplitude parameters by under 5 %,
excluding the core roughness Sk, where variances between the
measuring techniques were up to 10 %. Similar variations for height
parameters were obtained after high-frequency measurement noise
suppression.

The application of the noise reduction procedure (S-filter with
bandwidth 8 pm) modified the ISO 25178 parameters. The most
relevant differences were obtained for high-frequency noise-sensi-
tive parameters: root mean square gradient Sdq, developed interfa-
cial areal ratio Sdr, and areal material ratio Smr. The values of
reduced core roughness Sk were not improved, and the differences
between the two measuring techniques were not appropriately
minimised.

The method for reduction of measurement errors, including filling-in
of non-measured points, removal of outliers and reduction of high-
frequency measurement errors, can be selected with a mini-
misation of the differences between the results of the two methods of
measurement. For each type of those three measuring errors, sensi-
tive parameters must be extensively studied. When the variations of
the error-sensitive parameters are reduced and, respectively, the
other ISO 25178 indicators (especially those influencing the fatigue
characteristics) are not distorted, the approach can be classified as
suitable for compensating the measurement errors in the analysis of
selected types of surfaces.
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