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Abstract

:

Various methods, based on both surface frequency and direction, can be alternatively proposed to reduce the influence of high-frequency measurement and data analysis errors. Various types of details were studied, e.g., cylinder liners after the plateau-honing process, plateau-honed cylinder liners with additionally burnished oil pockets (dimples), turned, ground, milled or laser-textured. They were measured with stylus or non-contact (optic) techniques. It was suggested to support various frequency-based methods, e.g., Frequency Spectrum, Power Spectral Densities or Autocorrelation Function, with direction techniques to provide reduction of errors in both detection and extraction of high-frequency measurement errors. Results can be especially valuable for regular studies when frequency-based measurement errors are difficult to be identified.
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1. Introduction


Assessment of the surface topography, which is received in the last stage of the manufacturing process, can be especially valuable because many surface properties depend on their creating accuracy, like friction [1], sealing [2], lubricant retention [3], wear resistance [4,5], corrosion [6], fatigue [7] or, generally, material contact (tribological) performance [8] and material properties. Processes of analysis of surface topography can be, roughly, divided into several stages. Firstly, the measurement process [9] can be studied, and then, respectively, the accuracy of the data analysis [10] can be carefully considered. Even highly precise measurement equipment may not provide reliable results when data processing errors occur that properly manufactured parts can be classified as a lack and flatly rejected. In practice, both types of errors, that measurement and when raw data are processed, can be placed on an equal footing with each other, however, the impact of each of them individually was not compared previously.



From all errors related to the surface topography measurement and analysis, the main classification can be provided according to the factors that influence the accuracy of the results assessments. In that case, surface topography (measurement and data analysis) errors can be divided into those straightly related to the measuring method(s) [11], caused by the digitisation [12] or data processing [13], software [14], measuring object [15] or other errors [16]. Errors found when the measurement process occurs are defined as noise, measurement noise [17] in particular.



There are many types of measurement noise in surface topography analysis, considering both stylus and non-contact (e.g., optic) methods in the evaluation of surface roughness. They were comprehensively studied and, correspondingly, extensively reviewed in many previous papers [18,19,20,21]. Generally, the measurement noise can be defined as the noise added to the output signal when the normal use of the measuring instrument occurs [22]. Moreover, various types of environmental disturbance can introduce noise in different bandwidths [23]. One of the errors caused by the environment of the measuring system is the high-frequency noise [24]. This type of noise can be caused by instability of the mechanics with any influences from the environment or by internal electrical noise, however, in most cases, the high-frequency noise is the result of vibration and, respectively, in real measurement, can greatly affect the stability of slope estimation [25]. Some general strategies to reduce vibration noise are to minimise vibration sources, isolate the vibration sources and/or isolate the instrument [26]. Vibration isolation can be realised by optimising the mechanical structure of the instrument [27]. Another proposal is to compensate for the vibrational effect, like, a piezoelectric transducer has been used for an on-machine wavelength scanning interferometer to compensate for the fluctuations in the optical path length caused by vibration from the surrounding environment [28]. However, extensive studies of environmental noise, such as thermal variation and vibration, in the definition of the accuracy of in-process measurement results, seem to be challenging to develop fast and accurate optical in-process instruments, methods or guidance’s [29].



An engineering surface is composed of a large number of wavelengths of roughness that are superimposed on each other [30]. Therefore, analysis of surface topography, based on the frequency methods is common. There are many papers considering the assessment of the surface roughness with an application of a power spectral density (PSD). Introducing, PSD is an alternative method for specifying optical surfaces and quantifying the contribution of each spatial regime to the total surface error [31] and, primarily, the PSD, in its two-dimensional form, has been designated as the preferred quantity for specifying surface roughness on a draft international drawing standard for surface texture [32]. PSD approach, based on Fourier analysis [33] of surface topography data acquired by both stylus profilometry and atomic force microscopy (AFM [34]) was introduced, among others, to distinguish the scale-dependent smoothing effects, resulting in a novel qualitative and quantitative description of surface topography [35].



The utility of the PSD is that it contains statistical information that is unbiased by the particular scan size and pixel resolution chosen by the researcher [36]. Moreover, the application of PSD can be valuable in directly comparing surface roughness measured by various techniques even isolated particles affect the instruments in different ways [37]. Establishing a thorough framework to quantify the similarity of 3D surface topography measurements and determining whether they are from the same surface or not based on the frequency domain representations can be also resolved with PSD and 2D Fourier transformation so, respectively, feature extraction in the frequency domain is received [38]. Some anomalies in the PSD spectra can be related to aspects of the polishing process as well [39].



The power spectral method was used for the fractal characterization of the surface roughness and anisotropy of ground surfaces using the atomic force microscope data obtained from ground specimens [40]. PSD based fractal dimension obtained using AFM data was proposed for the surface characterization of brake plunger manufactured using a rolling process [41]. What is crucial, the surface quality can be compared using PSD for the dry and MQCL (Minimum Quantity Cooling Lubrication) turning process [42]. In some cases, the PSD enabled the derivation of the surface roughness and thus provide useful information on characteristic features which compose the microstructure of the films [43]. PSD can also be used to indicate how the process modifies topography at different scales [44].



Almost all the traditional noise reduction methods have the problem of energy loss [45]. The measurement noise was studied with a fractal dimension and, respectively, it was found that the noise has a significant influence on the amplitude and, correspondingly, the estimated fractal dimension of low-dimensional surfaces, but has relatively less influence on the high-dimensional surfaces. Thus, denoising for low-dimensional surfaces was required prior to fractal analysis [46].



In spectral analysis, circular spectra and/or accumulation spectra are suitable for the analysis of sample surfaces from isotropic machining processes [47]. PSD and autocorrelation function (ACF) are Fourier transform pairs and are related to the frequency or, respectively, spectral analysis. It was found valuable to use frequency-based procedures for analysing turned or ground surfaces with the application of a profile (2D) or areal (3D) performance [48].



From the literature review, it was found that there were no studies if the surface topography direction (dominant direction) influences high-frequency measurement noise detection and, respectively, reduction processes. Falsely applied methods, e.g., commonly used (available in the commercial software) filters, can cause huge errors in surface topography parameters computing. Moreover, analysis of surface topography, especially when roughness evaluation [49] is required, with the application of frequency or direction methods, desire a very reliable and thorough analysis, therefore should be presented in detail. Even experienced users, when not guided on how to use common methods, can falsely estimate the properties of properly made parts and reject its suitability to further processing.




2. Materials and Methods


2.1. Studied Details


Various types of surfaces were studied, as follows: cylinder liners after the plateau-honing process, plateau-honed cylinder liners with additionally burnished oil pockets (dimples) with various sizes (width ranging from 70 to 800 µm and depth between 7 and 100 µm), turned, ground, milled or, respectively, laser-textured (with 60- or 120-angle texturing processes).



According to the preliminary analysis, all of the studied details were provided with an areal form removal process [50]. Types of procedures for extraction of long-frequency components from the raw measured data were widely studied in previous papers [51], so, correspondingly, were not considered in this research. From the action above, studied surfaces were, in general, flat that did not contain form and, correspondingly, waviness. However, the accuracy of form and waviness removal on the results obtained was not currently studied. If the surface contained non-measured points [52] or other, like individual peaks (spikes [16]), errors, were extracted and removed from the data.



More than 10 (usually between 10 and 15) surfaces from each type of topographies were measured and studied to provide some repeatability in the analysis of the results, but only some of them were presented in detail. Moreover, all of the analyses were improved with modelled data as well and, subsequently, compared with those measured to find some general proposals.




2.2. Measurement Process


Studied details were measured by stylus or optical techniques. The stylus instrument was Talyscan 150 having a nominal tip radius of 2 μm, with a height resolution equal to 10 nm, the measured area 5 by 5 mm with, respectively, 1000 × 1000 measured points. The sampling interval was 5 μm. The measurement velocity was 1 mm/s and, appropriately, its influence was not considered that it was not the preliminary of the research provided, it issue was extensively studied in previous studies.



Secondly, the non-contact measurement equipment was a white light interferometer, Talysurf CCI Lite. Its height resolution was 0.01 nm. The measured area was 3.35 by 3.35 mm with, proportionately, 1024 × 1024 measured points. The spacing was 3.27 μm and, suitably, the effect of sampling or spacing on values of an areal surface texture parameters were not studied in this paper.




2.3. Applied Methods and Procedures


2.3.1. Regular Methods and Procedures


Studied surfaces were analysed by various methods. All of the procedures applied for data processing are commonly used by metrologists and, simultaneously, available in the commercial software (measuring equipment) dedicated to the analysis of the results of surface topography measurements. One of the main purposes of the studies performed was to present some valuable guidance on how to use those approaches with minimisations of the errors in a measured data processing that even precise measuring equipment may not provide relevant results when obtained data are not processed accurately.



Very popular and, correspondingly, available in measuring equipment are PSD and ACF methods, corresponding to the Fourier Transform characterisation, as an outstanding example of frequency-based analysis. Frequency characteristics with spectrum performance, e.g., the FS method, can be an excellent complement for the two above techniques. Another method, an angular spectrum gives quantitative information about the character of surfaces (isotropic or anisotropic) and surface directionality [53]. Therefore, the texture direction (TD) graph can be applied in the processes of surface topography characterisation when a high-frequency noise is studied.



Generally available filters, proposed for a definition of S-F surface [54] (received by definition of S-surface and F-surface) with software equipment performance, are Gaussian (GF), with its robust (RGF) modification, regular isotropic spline (SF), median denoising (MDF) or, continuing, fast Fourier transform (FFTF) algorithms. Those, widely used filters, can be compared by supporting them with proposed techniques for minimisation of errors in surface roughness parameters calculations.




2.3.2. Proposed Approaches for Surface Topography Characterisation


Even surface topography is often analysed with an areal (3D) performance that many issues concerning material contact, in general, is also in areal meaning, much valuable information can be received when selected profiles are studied. The 2D characterisation can be valuable for the definition of L-surface or, respectively, S-surface, both with properly defined bandwidth filtration. The distortion of some features, e.g., dimples [55], can be also more visible when a 2D analysis is provided.



Comparing the 2D analysis against the 3D, it should be considered when PSD, ACF, FS or, consequently, the isometric (profile) view is applied simultaneously. Some multithreaded aspects were also found ad recommended previously. When an areal PSD, ACF and FS method was proposed, differences between a surface containing high-frequency noise and a surface where that type of measurement error was not defined were negligible or, correspondingly, did not exist. Considering areal studies, which can give a more suitable response to the tribological performance that, consequently, the contact is areal, in general. Nevertheless, some analysis must be based on the selected and extracted features, that can be provided with profile (2D) performance.



The process of definition or, generally, detection of high-frequency measurement errors from the results of surface topography measurement, was already proposed with profile characterisation. Except for the number and size of surface topography features, e.g., valleys, the 2D analysis could give a crucial response to the occurrence of the high-frequency error. Even though the PSD calculation was provided in all directions, the 3D characteristic was not convenient and the required frequencies were not visible on the graph. From that point of view, the 3D PSD characterisation was useless and an areal tribological characterisation was limited to the measurement errors caused by the environment vibrations.



Some similar limitations were observed for ACF analysis. In Figure 1 areal ACF graphs were applied for the characterisation of a milled surface. Differences from ACF calculated for surface containing high-frequency errors (j, k) and the same surface but without this type of noise (d, e) were negligible. For this type of analysis, extraction of the centre (located in the middle of the analysed 3D data) profile gave more unambiguous results that extreme (middle) values increase more rapidly when a high-frequency noise is found (f and l).



The 3D analysis can be valuable only when FS or eye-view studies are performed, nonetheless, this technique may require experienced users. Moreover, the PSD, ACF and FS methods did not always give clear results, e.g., for plateau-honed surface topography (Figure 2), an areal analysis was useless instead of a profile (Figure 3). Therefore, for some cases, the profile (2D) studies are proposed instead of an areal (3D).



Not only analysis of the PSD and ACF graphs can be valuable in processes of surface topography data studies. It was provided in previous studies that the direction of the profile extraction can affect the accuracy of the high-frequency measurement noise detection [56]. Moreover, the direction can also have a considerable influence on the validation of noise removal algorithms that, when using a noise surface characterisation, TD graph can provide relevant results that can be exceedingly valuable in the analysis of surface texture isotropy. The process of detection of high-frequency noise can be improved with an analysis of the high-frequency noise surface (HFNS). The HFNS is a surface received when applying an algorithm for a high-frequency noise separation, e.g., regular digital fileting methods. In practice, the HFNS is a surface removed from the raw measured data when a noise-removal procedure is applied. Previously, when defining the properties of HFNS, it was assumed that it should consist only of the frequencies that noise surfaces are defined, in this case, of the frequencies in the high domain. This property can be described by the PSD analysis. Moreover, the effect of the shape of the centre part of the ACF can be also crucial. According to the further studies it is suggested to deeply analyse the directional properties of the HFNS with a TD graph consideration. If HFNS is defined properly, containing only the high-frequency components should be isotropic as well. This can be verified by calculation and presenting the TD graph.



In previous, provided in already presented results, it was assumed that PSD and ACF characterisation of selected (e.g., those from the centre part of the analysed detail) extracted profiles can give some valuable information about the high-frequency noise occurrence. However, even though the high frequencies are visible in the PSD and ACF graphs, the HFNS can not be isotropic which was shown with plenty of TD graph characterisations. This property can be especially visible when a surface with a determined direction is comprehensively considered. In Figure 4 ground surface is presented. Each type of filtering (GF, SF or MDF) defined an HFNS with no isotropic performance that the TD graph indicates no isotropic textures. This technique can indicate that in the HFNS other than noise features can be found. This is not expected that some required surface features may be removed and surface quality falsely estimated, the values of surface topography parameters can be calculated erroneously as well. Therefore, from the above property, it is suggested to use all of the available techniques, like PSD, ACF, FS and TD methods, in the process of detection of high-frequency measurement errors occurrence and, respectively, to evaluate the surface roughness parameters with minimisation of high-frequency errors influence. One of the most important tasks to be resolved in the presented studies is to select the value of filter bandwidth. The cut-off value was studied in many previous papers, nevertheless, there is extremely difficult to remove the measurement noise without any distortion of the surface texture features, like valleys, dimples, and treatment traces in general. Very popular in surface topography analysis are plenty of Gaussian filters [57]. Many current studies are performed by comparing plenty of methods and approaches to the ISO-defined general Gaussian filtering technique. Some alternatives can be proposed with Fast Fourier Transform and its filtering methods (FFTF). In practice, it is extremely difficult to propose a relevant cut-off value when selecting an appropriate filter for noise removal that, even optimized, a filter can always affect other frequencies (features) of an analysed detail. Removing some of the features can be especially disadvantageous that in the process of control, properly made parts can be classified as lacks and rejected.



Therefore, in the presented studies, the technique based on the analysis of FS is suggested to select the most appropriate cut-off value when a digital filter is used. In Figure 5 FS technique was presented for HFNS received by FFTF filtering of a plateau-honed cylinder liner raw measured surface data. The FS-based technique (FSBT) proposes to select the bandwidth of the filter with the filter selector range. When the range is too big (a) and exceeds the FFT graph features with known direction, the filter can not remove the entire noise data. However, on the other hand, when a range is too small (c) other features can be also separated from measured data. This can be especially visible when an isometric view of HFNS is studied (d, f) or, respectively, TD graphs (j, l) are considered. Application of the filter range equal to the size (length) of the features in the FFT graph (b) turns out to be essential in an accurate definition of HFNS, which is isotropic (TD), is primarily composed of the high-frequencies (PSD) and, correspondingly, has no traces of the treatment trace features (isometric view analysis). The FSBT can be especially valuable for topographies with a determined direction but can be not convincing when isotropic surfaces are studied.






3. Results and Discussions


Processes of data analysis were proposed for raw measured data received straightly from the measurement and, respectively, for modified data. Modification of the raw measured data is presented as the raw data with rotational actions to improve the validity of the methods proposed. As was mentioned previously, presented methods can be especially valuable for surfaces with a directional performance. Therefore, proposed studies were performed for cylinder liners after the plateau-honing process, plateau-honed cylinder liners with additionally burnished dimples (oil pockets), turned, ground, milled or laser-textured with various angles (60 or 120 in particular).



3.1. Analysis of Raw Measured Data with Proposed Directional Technique


From the performed analysis it was found that PSD areal (3D) characterisation could give some responses for selected types of both surfaces or filtering methods, like GF (Figure 6b and Figure 7b), SF (Figure 6h and Figure 7h) and FFTF (Figure 6n and Figure 7n) for turned or plateau honed cylinder liner with additionally burnished oil pockets surfaces or, respectively, SF (Figure 8h) and FFTF (Figure 8n) for laser-textured topographies. However, when GF or SF was used for the definition of the HFNS from the results of plateau-honed cylinder liner topographies (Figure 7a,d) there were features visible on the isometric views so, simultaneously, those techniques may be not suitable that removing pattern other than the noise in required (high) frequencies. Similar to the above, the application of the RGF technique caused a separation of treatment trace features from the surface topography of a plateau-honed cylinder liner with additionally created valleys (Figure 7d) or laser-textured details (Figure 8d).



For reduction of the influence of high-frequency measurement errors, the FSBT method with application of the FFTF filtration technique was proposed. From the analysis of the 3D PSD graphs, it was found that the high-frequency components were dominant for all of the analysed types of surfaces (Figure 6n, Figure 7n and Figure 8n) when an FFTF method was applied and, correspondingly, there were no non-noise features in the HFNS (Figure 6m, Figure 7m and Figure 8m). Analysing a high-frequency error occurrence can be also improved with an application of the direction-based method with TD graph studies. Generally, when the surface does not contain any direction features, the TD graph is presented in an isotropic performance for both raw measured surface or HFNS characterisation. For each of the types of considered direction surface, like cylinder liners after the plateau-honing process, plateau-honed cylinder liners with additionally burnished oil pockets (valleys), turned, ground, milled or laser-textured with various angles surfaces, application of the FFTF filtration technique with a selection of the cut-off value according to the FSBT approach gave encouraging results.



The 3D PSD analysis provided dominant frequency in the high domain, the TD graphs presented the HFNS as an isotropic surface (Figure 6o, Figure 7o and Figure 8o) and, respectively, no treatment traces were found in the HFNS isometric view. Fulfilment of all these properties simultaneously can minimise the errors in a high-frequency measurement noise definition and, correspondingly, reduction by a digital filtration. Roughly chosen bandwidth can not be convenient when surface feature densities are different. Applications of various filtration techniques, like those plenties of Gaussian filters and their modifications, may not be relevant when not required features are also removed from the raw measured data. Therefore, the FSBT method seems to be fairly advantageous for a regular user.



The best method to validate the FSBT technique’s suitability is to analyse the HFNS with a PSD, ACF, FS and TD characterisation simultaneously, the more characteristics are fulfilled the more a high-frequency measurement noise procedure can be classified as sufficiently precise. Application of the FSBT scheme was not considered for isotropic surfaces, nevertheless, an isotropic performance of the HFNS can be also valuable and may be considered in further studies.




3.2. Validation of Proposed Method with a Data Rotation Process


The proposed HFNS directional method shortly named the FSBT scheme, can be improved with studies performed for raw measured data with the rotation process. For isotropic topographies, the rotation validation was not required that, respectively, data usually have isotropic properties and direction does not influence the actions made. However, when the surface has not had an isotropic characteristic, rotation of the data can be proposed. Therefore, for plateau-honed, ground, milled or laser-textured surfaces, the rotational validation of the HFNS direction method can be applied. For this type of surface texture data, a rotation equal to 30 degrees on the left and right was provided.



Generally, the application of 3D PSD analysis improved that the rotation has no significant influence on the validation of the high-frequency noise detection process. For each type of analysed (directional) surface, differences were not found or they were negligible, even the PSD was calculated as in all directional methods. Usually, the PSD gave some response to the occurrence of the high-frequency noise in the results of surface topography measurements.



Analysis of the isometric view of the HFNS showed that Gaussian filters and their modifications, e.g., GF and RGF, caused a removal of the relevant features from the raw measured surface topography data that, correspondingly, there were found on the HFNS (Figure 9a,d and Figure 10a,d). The occurrence of the non-high-frequency features caused differences in the 3D PSD graphs, some frequencies with bandwidths greater than 0.015 µm were visible (Figure 9b,e and Figure 10b,e). A similar tendency could be found when an MDF was used, the isometric view did not present any non-noise features, nevertheless, from the analysis of the 3D PSD graph, it can be concluded that contain greater than the proposed cut-off (0.015 µm) value features (Figure 9j,k, and Figure 10j,k). In all of those three cases, the isotropy was also lost (Figure 9c,f,l and Figure 10c,f,l). Some encouraging results were obtained when the spline approach (SF) was proposed. Both, PSD and TD graphs gave interesting proposals.



The cut-off value was proposed with an application of the FSBT scheme that, respectively, bandwidth was selected with a technique widely presented in Figure 5. The rest of the algorithms (filters) were proposed with similar cut-off values to correspond to the newly applied approach. In fact, each of the filters can be used with different bandwidths, nonetheless, some general conclusions may be difficult to be suggested in this manner. Therefore, bandwidth characteristic is defined according to the FSBT requirements.



From the studies of TD graphs, it was concluded that the direction (rotation) has a considerable influence on the isotropy of the HFNS when Gaussian filters (GF and RGF) were applied. In some cases, when the angle of the features (e.g., scratches) was changed, the isotropy could be found more than in the rest of the feature directions. Therefore, for these types of filtering methods, the TD and, correspondingly, FSBT scheme, must be improved with an analysis of the isometric view and PSD of the HFNS.



Application of SF and MDF techniques gave more encouraging results that direction and, especially, isotropy received in the TD graph were proportional to the rotation direction. From that matter, those techniques were influenced by the angle of the rotation process and their proportionality can indicate the usefulness of those filters.



The most encouraging results were received when an FFTF method was applied. All of the requirements, containing analysis of the isometric view of HFNS, their PSD, ACF, FS and TD, gave a straight response to the occurrence of the high-frequency measurement errors. When considering PSD, the noise frequency (high-frequency) was entirely dominant. There were no non-noise features on the HFNS and, respectively, the HFNS was isotropic in general. All of the requirements were not met simultaneously when other methods (GF, RGF, SF and MDF) were proposed. From that point of view, considering all of the analysed, commonly-used (available in commercial software) filters, the FFTF method can be the most suitable for definition and, correspondingly, reduction of the high-frequency measurement errors from the results of surface topography measurement of plateau-honed, turned, ground, milled or laser-textures surfaces.





4. The Outlook


There are still many issues that require more sophisticated studies and must be resolved in future. Of those, the most important are:




	
Studies of isotropic surface topography are still an encouraging issue when a high-frequency noise must be defined and reduced. There are no direction features that can be useful for defining the HFNS properties. From that point of view, other, non-feature-based methods must be proposed for this type of surface.



	
The high-frequency measurement errors can be difficult to detect as suggested in paper methods when the amplitude of the noise is relatively small. Some improvement of the proposed method must be included with modifications of the noise amplitude.



	
Furthermore, the effect of the high-frequency measurement noise amplitude on the results of applied techniques was not considered. The influence of the amplitude of noise on the results of filter application and, correspondingly, on the surface topography parameters (from ISO 25178 standard) must be also considered to provide more surface functional advantages.









5. Conclusions


The following conclusions can be proposed:




	
General functions, available in the commercial software, like Power Spectral Density, Autocorrelation Function, Frequency Spectrum or Texture Direction, are very useful in the processes of definition and then reduction of the high-frequency measurement errors. The most important criteria for the selection of relevant procedures is to remove (reduce) the high-frequency noise without any modification of the other feature of the characterized surface data.



	
For a high-frequency measurement noise characterisation, both profile (2D) and an areal (3D) analysis can offer other benefits. The 3D analysis can be valuable only when Frequency Spectrum or eye-view studies are performed, nonetheless, this technique may require experienced users. The Power Spectral Densities, Autocorrelation Function and Frequency Spectrum methods did not always give clear results, e.g., for plateau-honed surface topography, an areal analysis was useless instead of a profile. Therefore, for some cases, the profile (2D) analysis is proposed contrary to an areal (3D).



	
The technique based on the analysis of the Frequency Spectrum is suggested to select the most appropriate cut-off value when a digital filter is used for a high-frequency measurement noise reduction. The Frequency Spectrum-based technique proposes to select the bandwidth of the filter with the filter selector range. When the range is too big and exceeds the Fast Fourier Transform graph features with a known direction, the filter can not separate the entire noise data and, respectively, on the other hand, when a range is too small other features can be also removed from the raw measured data. From that matter, it is difficult to propose one cut-off value for each type of surface that should be dependent on the density and direction of the surface topography features. The main purpose is to increase the value of the cut-off until the non-noise data is detected on the high-frequency noise surface.



	
Considering the studies of Texture Direction graphs, it was found that the rotation (direction) has a significant influence on the isotropy of the high-frequency noise surface when Gaussian filters were applied. When the angle of the surface features (e.g., those after honing process) was changed, the isotropy could be defined more than in the rest of the feature directions so, respectively, for these types of filtering methods, the Texture Direction and Frequency Spectrum Based Technique, must be improved with analysis of the isometric view and Power Spectral Density of the high-frequency noise surface.



	
Generally, the usage of 3D Power Spectral Density characterisation improved that the rotation process has no significant influence on the validation of the process of high-frequency noise detection. For analysed types of directional surfaces, differences were not found or, respectively, they were negligible. Usually, analysis of the Power Spectral Density graph can give some encouraging response to the high-frequency noise occurrence.



	
The most encouraging results were received when a Fast Fourier Transform Filter method was applied. All of the high-frequency noise surface requirements, containing analysis of the isometric view, their Power Spectral Density, Autocorrelation Function, Frequency Spectrum and Texture Direction, gave an appropriate response to the occurrence of the high-frequency measurement errors. Considering all of the analysed, commonly used or, in the other words, available in commercial software, filters, the Fast Fourier Transform Filter method can be the most suitable for definition (detection and removal) of the high-frequency measurement errors from the results of surface topography measurement of plateau-honed, turned, ground, milled or laser-textures surfaces.
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Nomenclature


The following abbreviations (left) are used in the manuscript:



	ACF
	autocorrelation function



	AFM
	atomic force microscopy



	F-surface
	form surface



	FFTF
	Fast Fourier Transform Filter



	FS
	Frequency spectrum characterisation



	FSBT
	Frequency Spectrum-Based Technique



	GF
	Gaussian filter



	HFNS
	high-frequency noise surface



	L-surface
	long-wavelength surface



	MDF
	median denoising filter



	MQCL
	Minimum Quantity Cooling Lubrication



	PSD
	power spectral density



	RGF
	robust Gaussian filter



	S-F surface
	is a surface after S- and F- filtering



	S-surface
	short-wavelength noise surface



	SF
	spline filter



	TD
	texture direction graph
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Figure 1. Contour map plots (a,g), PSDs (b,h), FS (c,i) and map plots (d,j), isometric view (e,k) and centre–profiles (f,l) of ACFs received from raw measured data of milled surface (a–f) and the same surface with a high-frequency noise (g–l). 






Figure 1. Contour map plots (a,g), PSDs (b,h), FS (c,i) and map plots (d,j), isometric view (e,k) and centre–profiles (f,l) of ACFs received from raw measured data of milled surface (a–f) and the same surface with a high-frequency noise (g–l).
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Figure 2. Contour map plots (a,g), PSDs (b,h), FS (c,i) and map plots (d,j), isometric view (e,k) and centre–profiles (f,l) of ACFs received from raw measured data of plateau–honed cylinder liner surface containing oil pockets (a–f) and the same surface with a high-frequency noise (g–l). 






Figure 2. Contour map plots (a,g), PSDs (b,h), FS (c,i) and map plots (d,j), isometric view (e,k) and centre–profiles (f,l) of ACFs received from raw measured data of plateau–honed cylinder liner surface containing oil pockets (a–f) and the same surface with a high-frequency noise (g–l).
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Figure 3. Extracted from a plateau-honed cylinder liner surface with additionally burnished dimples profiles (a–c): raw measured data (left column), containing high–frequency noise with a dimple (middle) and free-of-feature (right column), their PSDs (d–f), ACFs (g–i) and centre–part of ACFs (j–l) respectively. 






Figure 3. Extracted from a plateau-honed cylinder liner surface with additionally burnished dimples profiles (a–c): raw measured data (left column), containing high–frequency noise with a dimple (middle) and free-of-feature (right column), their PSDs (d–f), ACFs (g–i) and centre–part of ACFs (j–l) respectively.
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Figure 4. Contour map plots (a–c) of HFNS received from ground surface after application of GF (left column), SF (middle) and MDF (right column), their PSDs (d–f), ACFs (g–i), extraction of ACFs based on direction of the treatment traces (j–l) and TD graphs (m–o), respectively, cut–off = 0.025 mm. 






Figure 4. Contour map plots (a–c) of HFNS received from ground surface after application of GF (left column), SF (middle) and MDF (right column), their PSDs (d–f), ACFs (g–i), extraction of ACFs based on direction of the treatment traces (j–l) and TD graphs (m–o), respectively, cut–off = 0.025 mm.



[image: Coatings 12 00726 g004a][image: Coatings 12 00726 g004b]







[image: Coatings 12 00726 g005a 550][image: Coatings 12 00726 g005b 550] 





Figure 5. Spectrum edition (a–c), HFNS (d–f), their PSDs (g–i) and TDs (j–l) from a plateau-honed cylinder liner surface texture received after application of FFTF method. 






Figure 5. Spectrum edition (a–c), HFNS (d–f), their PSDs (g–i) and TDs (j–l) from a plateau-honed cylinder liner surface texture received after application of FFTF method.
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Figure 6. Analysis of a HFNS (left column), their PSDs (middle) and TDs (right column) received from a turned piston skirt surface by application of: GF (a–c), RGF (d–f), SF (g–i), MDF (j–l) and FFTF (m–o) method, cut–off = 0.025 mm. 






Figure 6. Analysis of a HFNS (left column), their PSDs (middle) and TDs (right column) received from a turned piston skirt surface by application of: GF (a–c), RGF (d–f), SF (g–i), MDF (j–l) and FFTF (m–o) method, cut–off = 0.025 mm.
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Figure 7. Analysis of a HFNS (left column), their PSDs (middle) and TDs (right column) received from a plateau-honed cylinder surface containing oil pockets by usage of: GF (a–c), RGF (d–f), SF (g–i), MDF (j–l) and FFTF (m–o) approach, cut–off = 0.015 mm. 






Figure 7. Analysis of a HFNS (left column), their PSDs (middle) and TDs (right column) received from a plateau-honed cylinder surface containing oil pockets by usage of: GF (a–c), RGF (d–f), SF (g–i), MDF (j–l) and FFTF (m–o) approach, cut–off = 0.015 mm.
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Figure 8. Analysis of a HFNS (left column), their PSDs (middle) and TDs (right column) received from a laser-textured surface by filtering: GF (a–c), RGF (d–f), SF (g–i), MDF (j–l) and FFTF (m–o) approach, cut–off = 0.015 mm. 






Figure 8. Analysis of a HFNS (left column), their PSDs (middle) and TDs (right column) received from a laser-textured surface by filtering: GF (a–c), RGF (d–f), SF (g–i), MDF (j–l) and FFTF (m–o) approach, cut–off = 0.015 mm.



[image: Coatings 12 00726 g008a][image: Coatings 12 00726 g008b]







[image: Coatings 12 00726 g009a 550][image: Coatings 12 00726 g009b 550] 





Figure 9. Analysis of a HFNS (left column), their PSDs (middle) and TDs (right column) received from a 30° left rotated laser-textured surface by application of the following filtering method: GF (a–c), RGF (d–f), SF (g–i), MDF (j–l) and FFTF (m–o) approach, cut–off = 0.015 mm. 
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Figure 10. Analysis of a HFNS (left column), their PSDs (middle) and TDs (right column) received from a 30° right rotated laser-textured surface by usage of the following filtering approaches: GF (a–c), RGF (d–f), SF (g–i), MDF (j–l) and FFTF (m–o) approach, cut–off = 0.015 mm. 






Figure 10. Analysis of a HFNS (left column), their PSDs (middle) and TDs (right column) received from a 30° right rotated laser-textured surface by usage of the following filtering approaches: GF (a–c), RGF (d–f), SF (g–i), MDF (j–l) and FFTF (m–o) approach, cut–off = 0.015 mm.
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