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Abstract: Studies on the effect of surface texture on cylinder liner wear is of great importance in many
research areas due to the fact that a major part of the mechanical power losses in an engine are caused
by friction in the piston-cylinder liner system. Interest from both manufacturers and customers in
optimizing this mechanical system seems to be similar. The surface roughness of cylinder liners plays
an important role in the control of tribological properties. Cylinder liner surface topography, which
affects running-in duration, oil consumption, exhaust gas emissions and engine performance as well,
was taken into detailed consideration in this paper. They were measured with a stylus (Talyscan 150)
or non-contact—optical (Talysurf CCI Lite white light interferometer) equipment. Precise machining
process and accurate measurement equipment may not provide relevant information about surface
texture properties when the procedure of processing of received (raw) measured data is not selected
appropriately. This work aims to compare various type of procedures for detection and reduction
of some-frequency surface topography measurement errors (noise) and consider its influence on
the results of wear analysis. It was found that assessments of some extracted areas (profiles) may
be much more useful than the characterization of the whole of measured details when noise was
defined. Moreover, applications of a commonly-used algorithm, available in the commercial software
of the measuring equipment, for measurement errors suppression may be potentially decisive in the
definition of measurement noise but, simultaneously, scrupulous attention should be paid if they are
implemented adequately.

Keywords: surface texture; noise; noise detection; wear analysis; cylinder liner; oil pockets; dimples;
surface topography feature

1. Introduction

The surface topography of cylinder liners is studied comprehensively in many research
areas as the tribological performance can affect the properties of ‘engineering surfaces’ [1]
like wear resistance [2], lubricant retention [3], sealing [4], friction [5,6] and material contact
in general. Moreover, the increasing use of biofuels [7], e.g., biodiesel or ethanol, requires a
closer examination of the tribological implications [8]. It was found that for four-stroke
spark ignition and diesel engines, up to 50% of the total energy is lost due to friction of the
piston group elements, cylinder liners, rings and pistons in particular. An approximated
breakdown of rubbing and accessory friction can be assigned: 50% for piston assembly,
25% valve train, 10% crankshaft bearings and the last 15% for accessories [9]. For reducing
fuel consumption and CO, emissions special coatings can be applied as well. Therefore,
for reduction of the frictional losses, the cylinder liner—piston ring interaction should be
carefully evaluated. Moreover, minimizing friction in the power cylinder unit demands a
sophisticated understanding of how the various parameters are related.

Plateau-honed cylinder liner (bronze) surfaces with additionally burnished oil pockets,
so-called dimples, valleys or reservoirs, are a representative example of a textured surface.
In general, honing is a widely used finishing process for cylinder surfaces after drilling
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or turning operation to guarantee reproducibility with efficient productivity in mass
production of cylinder liners [10]. The oil pockets can distribute a microhydrodynamic
bearing by full or mixed lubrication, especially dimples that can provide a micro reservoir
oil protection when starved lubrication occurs. In general, the surfaces with burnished
dimples have a considerable advantage over one-process surfaces [11]. It was also found
that the oil pocket size and distribution has a substantial impact on wear in lubricated
sliding [12].

Characterization of the surface topographies of elements containing the oil pockets
requires both precise measuring equipment (measurement technique) and the appropriate
method for processing of the received raw measured data. The very accurate measur-
ing device may not provide adequate information about surface performance when the
procedures of surface preparing [13] and data handling are not performed competently.

Nowadays, very popular in surface topography measurement are optical methods [14].
One of the significant advantage in this technique is its time of measurement that optical
(non-contact in general) methods are much faster than a stylus. One of the typical examples
is the scanning white-light interferometry (SWLI) technique which has increased in impor-
tance for, i.e., manufacturing quality control [15]. Therefore, this measurement method is
often called “probably the most useful optical instrument’ for measuring surfaces, films and
coatings [16]. It is susceptible, however, in some cases (when the amplitude is related to the
coherence length of the light source), to a skewing effect. Nonetheless, optical instruments
used for areal measurements of surface topography, might be sensitive to the presence of
noise, especially when scanning is required. The noise may have different sources from
those generated internally and those containing external sources from the environment
such as vibration or temperature changes [17]. Profilometers show 90% less noise when
thermal stabilization is applied [18].

Generally, the errors in the whole measurement process of surface topography, affect-
ing uncertainty in surface geometry measurement, can be divided into those typical for the
measuring method, caused by the digitization process [19], errors obtained during data pro-
cessing [20] and other errors [21]. Consequently, errors can be caused by the environment,
measuring equipment, the measured object, software or measuring method in general.
There can be defined a various type of noise when considering surface metrology, e.g.,
scattering [22], background [23], instrument (measurement) [24], outlier [25], static [26],
white [27] and other types [28] of the errors. In general, the noise can be highly correlated
with the signal or can be in a different frequency band where is not closely correlated.

Simplifying, the measurement noise can be defined as the noise added to the output
signal [29] when the normal use of the measuring instruments is applied. In many papers,
the measurement noise was determined as a ‘“dynamic phenomena” affected by the motion
of the drive unit and internal noise created by the instrument due to the environmental
disturbances. For a definition of some standard reference frames, the noise is ought to
be precisely determined along with the selected measurement bandwidth. Accordingly,
one of the most difficult and arduous tasks is the definition of the high-frequency noise
from the results of surface topography measurements. When the literature review is ac-
complished, there are no detailed descriptions of how to deal with this type of metrological
problem. Many methods require a repeated measurement process, e.g., calibrated optical
flat approach [30], which increases the time of analysis. Problems in surface metrology can
be also thoroughly examined with different intensity of measurement-light [31]. One of the
proposals might be an analysis of the measurement noise with determining bandwidth,
such as in the high-frequency domain, described for selected surfaces, e.g., plateau-honed
cylinder liner topographies. Noise can be defined specifically for each type of measurement
technique as well. Description, detection and reduction (minimization) in particular, of the
high-frequency measurement noise, may be highly advantageous for the characterization
of the selected properties (and features) of surface textures.

In this paper, the feature-based detection of selected (high-frequency) measurement
errors is proposed. Comparing of the cylinder liner topographies, when zero-wear [32],
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running-in [33] and worn details are considered, may require characterization of selected
surface details. The changes in parameters values of cylinder liner honed surface during
the wear process were presented previously [34,35], therefore it was not closely examined
in this research, nonetheless, it should be carefully considered in future studies. Moreover,
some of the results were presented in extracted (enlarged) details from both areal (3D) and
profile (2D) characteristics.

2. Materials and Methods
2.1. Measuring Equipment and Measurement Process

The analyzed surfaces were measured by a Talyscan 150 stylus instrument (Taylor
Hobson, Warrenville, IL, USA) with a nominal tip radius about 2 pm, height resolution
about 10 nm. The measured area was 5 mm by 5 mm with 1000 x 1000 points. The
sampling interval was from 5 to 10 um. The measurement speed was equal to 0.3 mm/s,
0.5 mm/s and 0.7 mm/s. The effect of the measurement velocity on the results (values of
surface topography parameters) obtained was outside the scope of this paper, nevertheless,
it should be thoroughly scrutinized in the next studies.

The measurement was also provided with a Talysurf CCI Lite (Taylor Hobson, War-
renville, IL, USA) white light interferometer with a height resolution of 0.01 nm. The
measured area was 3.35 mm by 3.35 mm with 1024 x 1024 received measured points.
The spacing was 3.27 um, respectively. The effect of sampling on values of areal texture
parameters was not studied in the current paper.

In Figure 1 extracted details, areas (a,b) and profiles (c,d), from the cylinder liner
surface topographies after a various stage of wear, e.g., zero-wear (a,c), running-in (b,d),
are presented. They were measured with a different, stylus (a,b) or optical (c,d), techniques.

2.2. Analysed Details and Parameters

In this paper, the cylinder liners after the plateau-honing process and plateau-honed
cylinder liners with dimples (oil pockets) created additionally by the burnishing techniques,
were considered. The dimple size, depth and width (diameter) were between 0.08 and
0.12 mm and between 0.5 and 1 mm correspondingly. In Figure 2 examples of isometric
views (a,b), material ratio curves (c,d) and selected parameters (e,f) from the plateau-honed
cylinder liners with additionally burnished dimples with depth and width equal to 0.08 mm
and 0.8 mm respectively were presented.

The values of the following surface topography parameters (from ISO 25178-2 stan-
dard) were measured and studied: arithmetic mean height Sa, auto-correlation length Sal,
surface bearing index Sbi, core fluid retention index Sci, mean dale area Sda, root mean
square gradient Sdq, developed interfacial areal ratio Sdr, mean dale volume Sdv, core
roughness depth Sk, kurtosis Sku, inverse areal material ratio Smc, areal material ratio
Smr, maximum peak height Sp, arithmetic mean peak curvature Spc, peak density Spd,
reduced summit height Spk, root mean square height Sq, skewness Ssk, texture direction
Std, texture parameter Str, maximum valley depth Sv, valley fluid retention index Svi,
reduced valley depth Svk, extreme peak height Sxp and the maximum height of surface Sz.
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Sq=191 um, Ssk=0.23, Sku=442,Sp=834 um,  Sq=121 um, Ssk=-1.12, Sku=3.79, Sp=2.16 um,

Sv=8.82 um, 5z =17.2 um, Sa=1.43 um, Sv =6.43 um, 5z = 8.59 um, Sa =0.972 um,
Smr = 0.103%, Smc = 6.1 um, Sxp = 3.65 um, Smr = 13.4%, Smc = 0.938 pm, Sxp = 3.4 um,
Sal = 0.189 mm, Str = 0.207, Std =78.7°, Sal = 0.143 mm, Str = 0.0866, Std = 76°,
Sdq =0.187, Sdr = 1.71%, Sdq=0.112, Sdr = 0.616%,
Spd =143 1/mm?, Spc = 0.109 1/mm. Spd =98.9 1/mm?, Spc= 0.9263 1/mm.
(a) (b)
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Figure 1. Areas with selected parameters, correspondingly, and profiles of measured by the stylus (a,b) or optical (c,d)

instruments surface topographies of zero-wear (a,c) and running-in (b,d) plateau-honed cylinder liner textures.
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Figure 2. Isometric views (a,b), material ratio curves (c,d) and selected parameters (e,f) of plateau-honed cylinder liner

surface topographies, containing oil pockets, in the running-in (a,c,e) and worn (b,d,f) stage of life, measured by the

stylus instrument.
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2.3. Applied Procedures and Algorithms for Noise Suppressions

For a definition of the selected (in the high-frequency domain) measurement errors
(noise), various techniques for data analysis were proposed. Definition of noise was
divided into two efficient operations, detection process and then reduction (minimization)
of the influence of this type of errors on the results of surface texture measurements.
For better suppression of the high-frequency errors, the noise surface (noise profile) was
proposed for the areal 3D (profile 2D) measurement noise analysis. Moreover, the surface
power spectral density (PSD) and autocorrelation function (ACF) graphs were also directly
applied. In its two-dimensional form for surface texture, PSD has been qualified as the
preferred means of specifying the surface roughness on the draft international drawing
standard [36]. Moreover, the PSD was applied for characterizing the turning concerning
the applied cooling methods when the process of dry machining was considered [37].
While the ACF assessment provides practical advice about the autocorrelation length
and its properties as a function of surface irregularities. Generally, ACF conforms to
the wavelength of the surface topography irregularities. When equating the PSD and
the ACF functions, ACF is more accurate for the studies of irregular surfaces and PSD
for the analysis of periodic surfaces [38]. It was also found (suggested) that anisotropic
characterization [39] of the surface or NS can be valuable in the selection of procedure for
noise suppression (reduction).

2.3.1. Definition of the ‘Noise Surface’ and the ‘Noise Profile’

The measurement noise in the surface topography analysis is often reduced (removed)
from the raw measured data by application of a various type of digital filtering methods [40].
The results of removal of noise component from the received signal are defined by the
S-operator and named the S-scale elements or S-components, consequently, the filtration
approach applied for the removal of the S-components from the measured signal is called
the S-filter [41].

In this study, the results of S-filtering methods is defined as a ‘noise surface’ (NS).
The NS is that component of the filtered raw measured data which is removed by the
application of the S-filter. Five types of S-filters were proposed and compared: regular
Gaussian regression filter (GF) [42], robust Gaussian regression filter (RGF) [43], regular
de-noising median filter (DMF) [44,45], isotropic spline filter (SF) [46], and fast Fourier
transform filter (FFTF) [47].

The main purpose of this paper is to present the procedures of application of the
S-filtering methods for the detection and reduction of the high-frequency noise from the re-
sults of surface topography measurements. Many filters can be appropriate for suppression
the high-frequency components from the results of surface texture measurement, however,
all five proposed (and compared) algorithms are available in the commercial software
of the measuring equipment. There can be many filters applied for reducing the surface
topography measurement noise, nonetheless, the practical suggestion is a detailed imple-
mentation of the S-filtering approach with a careful selection of the cut-off value. Incorrectly
matched bandwidth of the S-filtering scheme may cause a removal, from the analyzed
surface topography data, selected features, e.g., scratches, valleys, edges of the dimples or
oil pockets. This can considerably influence the values of surface topography parameters.

Examples of NS received by application of various digital filtering methods were
presented in Figure 3. Analysis of the isometric view of the NS (or NP) can provide some
useful information what is the NS consist of, what type of features (frequencies) are those
dominant. In the recent (newest) commercial software the ‘dominant frequency’ was
defined when PSD graphs are calculated. Moreover, some of the features (e.g., scratches,
valleys) from the cylinder liner surface textures can be directly noticed from the isometric
view of the surface. The properly defined NS, received by application of proper filter
with appropriate bandwidth, should contain only the high-frequency components and the
‘dominant frequency’ should be also in the high-frequency domain. The less of non-high-
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frequencies are found in the NS the better results in the definition and, simultaneously,
suppression) of the high-frequency measurement noise may be received.
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Figure 3. Examples of NS (a,c,e) and their PSDs (b,d,f) received from plateau-honed cylinder liner surface texture by
application of GF (a,b), RGF (c,d) and SF (e f), cut-off = 0.025 mm.

From all of the above practical suggestions, the NSs presented in Figure 3 might

be classified as an inadequately defined, the properties, especially the values of surface
topography parameters, of analyzed surface texture might be distorted and properly made
parts (e.g., cylinder liners) can be classified as a lack thereof.

2.3.2. Feature-Based Characterization of the High-Frequency Measurement Noise

It was found in the previous papers that the detection process of high-frequency

measurement noise, based on the characteristics of an isometric view of surface topogra-
phy, PSDs and ACFs, is dependent on the size and distribution of the selected features of
surface texture, e.g., dimples, oil pockets, valleys, scratches. Consequently, when the depth,
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diameter and density of the features in the surface texture detail are relatively huge (the
range had been defined previously), the three above methods for noise detection are not
entirely convincing. The out-of-dimple method was proposed. This method was based on
the analysis of this area of surface texture detail that does not contain dimples, valleys or
other, usually deep and wide, features. This approach may be exceedingly valuable when
the surface contains areas which can be easily excluded or not the whole measured detail
(area) needs to be studied. This technique may not be especially suitable when surface
texture does not contain the wholes (dimples, oil pockets), which in many cases are located
separately and are easy to be extracted, but many of deep or wide valleys or scratches that
are intersecting and extremely difficult to be split. Therefore, in this paper, the plateau-
valley threshold separation method (PVTM) was proposed. The PVTM technique is based
on the threshold (remove) process of the valley part of the surface topography and taking
into consideration the plateau section of the analyzed detail. However, one condition must
be met. The surface should be flat or after the areal form removal process. The effect of
form and waviness removal on the thresholding method was not studied in this paper that
the procedures of a selection of reference plane for ‘engineering’ surfaces were discussed
exhaustively in many research items [48-52]. Moreover, the plateau-valley characterization
of the surface was already proposed for the analysis of two-process textures [53] or to-
pographies with deterministic pattern [54]. Nevertheless, this procedure was not efficiently
performed for the definition of the measurement errors.

In Figure 4 the cylinder liner surface texture containing two wide (approximately
depth 85 pm and width 0.9 mm) dimples was presented with PSDs characterization. It was
found that the presence of the relatively huge oil pockets caused a false estimation of the
noise occurrence (a,c). The difference between PSDs graph for surfaces measured with
various conditions (speed) did not exist or, usually, were negligible. It was very complicated
to observe any dissimilarity for the PSDs charts (b,d). Noise definition might be, in this
case, rather only intuitive, e.g., based on the analysis of the isometric view of considered
surface topography detail. When PVTM was proposed (e,g) and the high-frequency noise
occurred, the variance in the PSDs diagrams was easy to observe (f,h).

The method of selection of the value for trunsuation was presented in Figure 5. For
defining the value of the threshold, the Abbott-Firestone curve (a) [55], commonly known
as a material ratio curve (b) [56], proposed in an analysis of cylinder liner [57,58] or
ground [59,60] textures, was processed. It was suggested to select the point of trunsuation
(c, indicated as A) according to the values of Sk and Svk parameters. The effect of thresh-
olding value on the valley depth (and vice versa) was not examined in the present studies.

The PVTM scheme might be also fairly effective for the noise definition of the results
of measurements of plateau-honed cylinder liner surface topography with no burnished
oil pockets. In Figure 6 the PSD-based characterization of the high-frequency measurement
noise with the PVTM technique was introduced. It was established that the detection
of noise with the analysis of PSD graphs did not allow to define the presence of high-
frequency errors (c,d), even the velocity of measurement was enlarged (from 0.3 mm/s to
0.7 mm/s) and the noise was directly visible on the isometric view of the received results
from the process of areal surface topography measurements (a,b). Application of the PVTM
approach made it possible to notice the (high-) frequencies of the studied measurement
noise on the PSD graph (h). The effect of the thresholding method on the accuracy of the
noise detection by the PSD graph may be enhanced when the number of valley suppression
would be enlarged. In the analyzed example only the deepest valleys were removed.
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3. Results and Discussion
3.1. Problems in the Detection of the High-Frequency Errors

When cylinder liners after the plateau-honing process and plateau-honed cylinder
liners with additionally added dimples created by the burnishing techniques were ana-
lyzed, it was found that some of the features, e.g., valleys, dimples or oil pockets, have
a considerable influence on the process of definition of the high-frequency measurement
errors by an application of commonly available (in commercial software) methods, e.g.,
PSD or ACF graphs, or filtering methods, e.g., various Gaussian (regular regression or
robust regression), median (de-noising), spline (regular areal isotropic) or fast Fourier
transform filters.

In Figure 7 the profiles of plateau-honed cylinder liner surface topographies were
presented for various size of oil pockets included in the analyzed detail. When the oil
pockets were located in the considered profile (a), the detection of high-frequency noise
with the analysis of PSD graph was exceedingly difficult. The decreasing of the depth of the
dimple (b) did not always cause an increasing the ability to detect the high-frequency errors
with an assessment of the PSD graph. Application of analysis of free-of-dimple detail or
profile (c) gave some more direct results in the characterization of the measurement noise
occurrence. The differences might have been seen with the ACF graph studies, presented in
the right column of the figure below. It was indicated that when the profile did not contain
the dimples, oil pockets, or other deep valleys, features in general, the maximum value
of the ACF increases more rapidly. Therefore for the detection (description) of considered
type of measurement errors, the non-valley areas of profile (detail) are suggested to be
analyzed when the PSD and ACF values are taken into account.
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Figure 7. Profiles, their PSDs and ACFs (defined for 1 mm bandwidth) respectively, extracted from cylinder liner (running-

in) surface texture measured with 0.5 mm/s velocities, containing the dimples (wide oil pockets) with a depth equal to

80 pum (a), 20 um (b) and free-of-dimple profile (c).
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3.2. Feature-Based Definition (Detection) of the High-Frequency Measurement Noise

The direction of the extraction process of profile (2D) from the analysed areal (3D)
detail has a profound impact on the procedure of definition (detection in particular) of
the high-frequency measurement noise. In Figure 8 two profiles received by the vertical
extraction from areal surface topography of the plateau-honed cylinder liner detail was
presented. Results were obtained with two various velocities of the measurement process.
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Figure 8. Isometric views of cylinder liner plateau-honed surface texture measured with 0.3 mm/s (a) and 0.7 mm/s (d)
velocities with vertically extracted profiles (b,e), indicated by the dash lines in the views of measured detail, and their PSDs

(c,f) correspondingly.

It was found that the detection of high-frequency errors was difficult to be described
with analysis of PSD graphs when the vertical direction of profile extraction was per-
formed. Furthermore, similar results were observed when horizontal extraction was
applied. Therefore, it was suggested to extract the profiles, for the process of definition of
the high-frequency measurement errors, by the non-vertical and non-horizontal directions.
In Figure 9 profiles obtained by the vertical (P1), valley (P2) and plateau (P3) directions of
extraction method were proposed. It was found that non-vertical (e.g., valley or plateau)
directions can be more effective in measurement noise detection than vertical.



Metals 2021, 11, 143

14 of 24

pm

Length=1 mm Pt=427 pm Scale=6Gpm

;{MM J\.M M\Mﬂh
Ww "} vl

0z 0.4 06 0g 1 mm

Length=112Z mm Pt=294 ym Scale=6Gpm

pm

Length=1.12 mm Pt=266 pm Scale =6 pm

0.337mm
pmz D.7F0Z2pm)

ul
T I T I T I T I T T
u} o1 02 02 04 05 06 07 08 049 1 mm

Zoom factor =1 Mb iterations: 1 Smoothing: O
pmz
0.08
D.D4—:
0.0z o
u] -""""'I""""'I""""'I""""'I""""'I""'
u} 0z 0.4 056 1] 1 mm
Zoom factor: x1 Mb iterations: 1 Smoothing: O
()
0.224mm
M27pm)
OASmm
pmz 0.246pm)
0.05
0.04 -
0.0z J
0 T T T T T T T T T T T
a 0.z 0.4 0.6 0.& 1mm
Zoam factar: w1 Mb iterations: 1 Smuoothing: O

(d)
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tion method.
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Generally, profiles described by the smaller value of amplitude can be particularly
useful for the definition of high-frequency noise from the measurement results of plateau-
honed cylinder liner surface textures. This minimised value of the profile amplitude can
be received directly when the direction of the profile extraction process is defined rather
along the direction of the selected features, e.g., scratches or valleys than the horizontal
or vertical.

3.3. Selection of the Cut-Off Value in the Process of Suppression of the High-Frequency
Measurement Noise

Selection of value of the cut-off of S-filtering method was proposed with extensive
studies of the noise surface (NS). Therefore, it was initially proposed that the NS, re-
ceived for minimization of the high-frequency noise, should be defined according to the
following characteristics:

(1) NS should be consist of the high-frequencies and no other frequencies should be
placed on the NS or their influence should be minimized, simplifying, the high-
frequency should be this ‘dominant’. This can be easily visible by the analysis of
PSD graph.

(2) On the NS, no features should be found, e.g., scratches, valleys, dimples, oil pockets
or other traces of treatment process, in particular.

(3) The NS should be isotropic in general. The isotropy can be defined by the analysis of
texture direction graph.

All the above features of NS were required in the comprehensive evaluation of the
suppression process of the high-frequency measurement noise. One of the main limi-
tations in the noise minimization approach was a selection of the cut-off value of the
S-filtering methods.

Plateau-honed cylinder liner surface is characterized by plenty of scratches that, usu-
ally, are designated in two separated directions at a suitably set angle [61], crosshatch [62,63]
angle. When the proper NS is defined, all of the features from a surface texture can be deci-
sive in the non-feature characterization of the received S-filtering results. For plateau-honed
zero-wear cylinder liner surface (Figure 10), it was assumed that the application of the
regular noise-separation algorithms, GF (a), RGF (b) or SF (d) caused the removal of some
surface texture features from the raw measured data, consequently, the size (especially
depth) of the scratches might have been reduced as well. It can be effortlessly noticed in
the isometric view of received NSs (left column in the mentioned figure). This can lead to
the false estimation of surface properties that values of the parameters can be calculated
inaccurately. The smallest number of surface features on the NS contour map plots can
be found when the DMF (c) filtration method was applied with 0.035 mm value of the
cut-off. The frequency in the high domain was this ‘dominant’ for DMF, SF and FFTF
schemes applications (PSD graph analysis) but only the NSs created by the DMF method
was isotropic, indicated with the assessment of the texture direction graph.

When the running-in cylinder liner topographies were studied, the most encouraging
results were obtained after application of the FFTF method with 0.025 mm cut-off value.
All of the required NS characteristics, contour map plots and graphs of PSD or texture
directions, have been met—detailed description is presented in Figure 11.

Analysis of worn cylinder liner texture (Figure 12) indicates that the FFTF procedure
might be the most suitable (among all five of the ones considered in this research) for
reduction of the influence of the high-frequency errors on the results of surface topography
measurements. SF may also be applied alternatively. Application of the regular Gaussian
filters (GF, RGF) can cause an increase in the errors of the valley (size) analysis.
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Figure 10. NSs (left), PSDs (middle) and texture direction graphs (right column), defined for results of measurement
(0.7 mm/s) of the zero-wear plateau-honed cylinder liner surface topography, received by the application of GF (a), RGF (b),

DMEF (c¢), SF (d) and FFTF (e), cut-off = 0.035 mm.
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Figure 11. NSs (left column), PSDs (middle column) and texture direction graphs (right column), specified for results of

0.7 mm/s measurements of the running-in plateau-honed cylinder liner surface texture, obtained by the application of
various S-filtering methods (cut-off = 0.025 mm), as follows: GF (a), RGF (b), DMF (c), SF (d) and FFTF (e).
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Figure 12. In the left column NSs, middle PSDs, right column the graphs of the texture direction, determined for measure-
ment results with 0.7 mm/s speed of worn plateau-honed cylinder liner surface topography with oil pockets with width 0.9
mm and depth 75 um (in averages), received by the following S-filtering schemes: GF (a), RGF (b), DMF (c), SF (d) and
FFTF (e), cut-off = 0.015 mm.
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Moreover, when the value of cut-off of S-filtering method was reduced (e.g., from
0.035 mm to 0.015 mm) the amplitude of the NS (NP) also usually decreased. Therefore,
a greater value of the cut-off of the S-filtering scheme can be applied for surface textures
where the main amplitude of the analysed detail (and profile) is relatively huge, or, in
particular, texture contains some deep features, e.g., dimples or holes in general. Although,
this remark requires a broad assessment of the influence of measurement errors on the
analysis of the size of considered surface topography features that was not the scope
of this paper. Evaluation of the high-frequency measurement noise can be supported
considerably by the analysis of the noise profile (NP). The NP is the counterpart of the
NS but, accordingly, described for the profiles. NP can be both extracted from the NS
or received by the profile filtering of the results obtained. In Figure 13 examples of NP
were recently introduced with a thorough analysis of the PSDs and ACFs graphs for the
various value of cut-offs. Some unexpected features described with a circle or an ellipse
indicator in the figure were detected in the NPs (a,c,d). The NP characterization may be
fairly advantageous when some of the surface features in the raw measured data, are not
deep and, consequently, barely recognizable with the NSs characterization.
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Figure 13. NPs (left column), their PSDs (middle) and ACFs (right), described for profiles from zero wear (a,b), running-in

(c,d) and worn (e f) cylinder liner surface topography measured with 0.5 mm/s velocity and received by GF (a), FFTF (b),
DMEF (c), SF (d,e) and RGF (f) approach, with cut-off equal to 0.015 mm (a,b), 0.035 mm (c,d) and 0.025 mm (e f).

4. Conclusions and Prospects

It is very difficult to determine the high-frequency measurement noise, especially in

the wear analysis of cylinder liners. Despite this, some conclusions can be drawn:

For improving suppression of the high-frequency measurement noise from the results
of cylinder liner surface topography measurements the definition of the noise surface
(NS) and noise profile (NP) as a result of the application of S-filtering methods, can be
fairly effective.

Precisely determined NS should be characterized by a few very significant features,
e.g., components should be located in the high-frequency domain, the NS should
contain only the high-frequencies or any surface texture features (edges of dimples
or oil pockets, scratches, valleys) should not be found on the NS. The NS ought to be
isotropic as well.

The occurrence and size (width and depth) of the selected surface texture features
(valleys in general) affect the accuracy of detection of the high-frequency noise. There-
fore, the out-of-feature (area of analysed detail where the deep/width features did not
occur) characterization was performed. However, when the density (especially the
scratches in plateau-honed cylinder liner texture) of features was also excessive, other
procedures was reasonably required.

Consequently, the plateau-valley threshold separation method (PVIM), based on the
threshold (remove) process of the valley part of the surface topography, was proposed.
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The PVTM technique can be completed with the valley- or plateau- separation method
with different direction of extraction approach. It was found that profile (2D) definition
of noise can be more useful than areal (3D), that the PSD graphs described for NP, is
more exactly (directly) defined with the high-frequency components.

Selection of value of the cut-off of S-filtering method may be proposed with a detailed
analysis of the NS. When the NS is characterized by the three, mentioned above,
features, the noise suppression methods can be classified as relevant for reduction
of the high-frequency errors. Generally, for zero-wear cylinder liner topographies,
the median de-noising filter with cut-off equal to 0.035 mm was proposed, further,
for running-in or worn details, the filter based on the Fast Fourier transform was
suggested with value of cut-off equal to 0.025 mm, and consequently, the spline filters
can give similar results for worn surfaces.

Generally, when S-filtration techniques and their cut-off values are selected, the com-
prehensive analysis of the NS should be directly applied. All the commonly-used,
available in the commercial software, algorithms might be applied for suppression
(detection and then reduction) of the high-frequency errors from the results of sur-
face topography measurement of plateau-honed cylinder liners after a different stage
of worn.

In the future, the results of detection and suppression of the high-frequency measure-

ment noise from the raw measured data of milled, laser-textured, composite or ceramic

topographies will be published by the author.
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Abbreviations

The following abbreviations (first) and parameters (second section) are used in the manuscript:

ACF autocorrelation function
DMF regular de-noising Median filter
FFTF Fast Fourier Transform filter

GF Gaussian regression filter
NP noise profile
NS noise surface

PSD power spectral density
PVIM plateau-valley threshold separation method

RGF robust Gaussian regression filter

SEC surface emptiness coefficient, calculated as Sp/Sz
SF regular isotropic spline filter

SWLI  Scanning White-Light Interferometry

Sa arithmetic mean height Sa, um

Sal auto-correlation length, mm

Sbi surface bearing index

Sci core fluid retention index

Sda mean dale area, mm?

Sdq root mean square gradient

Sdr developed interfacial areal ratio, %
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Sdv  mean dale volume, mm?

Sk core roughness depth, um

Sku  kurtosis

Smc inverse areal material ratio, um
Smr areal material ratio, %

Sp  maximum peak height, um
Spc  arithmetic mean peak curvature, 1/mm
Spd  peak density, 1/ mm?

Spk  reduced summit height, pm

Sq  root mean square height, um
Ssk  skewness

Std  texture direction, ©

Str texture parameter

Sv maximum valley depth, pm
Svi  valley fluid retention index
Svk  reduced valley depth, pm

Sxp  extreme peak height, um

Sz the maximum height of the surface, um
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