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Krzysztof Żaba and Tomasz Trzepieciński
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Preface

A comprehensive study of the surface topography can provide valuable information on

the material layers. Considering the nature of the surface, each topography can respond to

the manufacturing processes during its creation. Surface texturing may be advantageous when

layer-specific performances are required. Even when precise measuring methods are used, results

may not be accurate if the data are collected and processed improperly. For this reason, there

have been many studies on the errors resulting from the measurement process. As far as

international requirements go, the standardization of areal techniques responded to the definition

of the measurement noise. The time reduces when the repetitions improve the final accuracy of

the surface topography results. This reprint will present the current advantages of methods for

measuring, describing, and evaluating surface topography measurement results due to the errors

that occur when both measurement and data processing actions are designated.

Przemysław Podulka

Guest Editor
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Article

Thresholding Methods for Reduction in Data Processing Errors
in the Laser-Textured Surface Topography Measurements
Przemysław Podulka

Department of Manufacturing and Production Engineering, Faculty of Mechanical Engineering and Aeronautics,
Rzeszow University of Technology, Powstancow Warszawy 12 Str., PL-35959 Rzeszow, Poland;
p.podulka@prz.edu.pl; Tel.: +48-17-743-2537

Abstract: There are many factors influencing the accuracy of surface topography measurement
results: one of them is the vibrations caused by the high-frequency noise occurrence. It is extremely
difficult to extract results defined as noise from the real measured data, especially the application of
various methods requiring skilled users and, additionally, the improper use of software may cause
errors in the data processing. Accordingly, various thresholding methods for the minimization of
errors in the raw surface topography data processing were proposed and compared with commonly
used (available in the commercial software) techniques. Applied procedures were used for the
minimization of errors in the surface topography parameters (from ISO 25178 standard) calculation
after the removal and reduction, respectively, of the high-frequency noise (S-filter). Methods were
applied for analysis of the laser-textured surfaces with a comparison of many regular methods,
proposed previously in the commercial measuring equipment. It was found that the application of
commonly used algorithms can be suitable for the processing of the measured data when selected
procedures are provided. Moreover, errors in both the measurement process and the data processing
can be reduced when thresholding methods support regular algorithms and procedures. From
applied, commonly used methods (regular Gaussian regression filter, robust Gaussian regression
filter, spline filter and fast Fourier transform filter), the most encouraging results were obtained for
high-frequency noise reduction in laser-textured details when the fast Fourier transform filter was
supported by a thresholding approach.

Keywords: laser texturing; surface texture; surface topography measurement; data analysis; data
processing errors; thresholding

1. Introduction

Currently, the mechanical behaviour of machined parts is often improved by different
manufacturing techniques. Much popular surface finishing uses laser-based methods,
and laser surface texturing (LST) is a common example. LST is a surface engineering
process used to improve tribological characteristics of materials, by creating patterned
microstructures on the mechanical contact surface [1]. LST by dimpling has been shown
analytically and experimentally to enhance the mixed, hydrodynamic, and hydrostatic
lubrication of conformal sliding components to improve their load-carrying capacity, higher
wear resistance, and lower friction coefficients; these were observed in LST mechanical
seals and thrust bearings and presented in many scientific works previously [2].

In general, when tribological issues are considered, the laser-textured surfaces showed
less friction than surfaces manufactured by conventional honing [3]. The introduction of
laser texturing caused lower engine oil consumption compared to conventional honed
structures [4]. Cylinder liners co-act with piston rings, and the benefits of applying LST to
piston ring surfaces were demonstrated theoretically and experimentally [5]. The results
of the work showed a reduction in friction force of about 30% by ring surface texturing
in comparison to untextured rings under lubrication conditions [6]. The potential of LST

Materials 2022, 15, 5137. https://doi.org/10.3390/ma15155137 https://www.mdpi.com/journal/materials1
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was also evaluated regarding surface wettability [7], superhydrophobicity [8] or achieving
extreme surface wetting behaviours [9]. The influences of preparation methods and texture
density on the tribological properties of coatings were also investigated, and research results
show that a thicker and denser coating has better adhesion with the textured steel substrate
when fabricated by this combination technology, which results in excellent tribological
properties [10]. A textured surface can improve anti-friction and anti-wear abilities [11].

In addition, laser-based additive manufacturing has attracted much attention as a
promising 3D printing method for metallic components in recent years. The surface
roughness of additive manufactured components has been considered a challenge to
achieve high performance [12]. The tribological performance of laser-textured aluminium
alloy was studied in unidirectional sliding tests under boundary lubrication; these showed
that the tribological property of aluminium alloy is critical for its reliable operation in
practical applications. It was found that the beneficial effects of LST are more pronounced
at higher speeds and loads with higher viscosity oil [13]. Generally, the potential of a
multi-dimple textured surface as a viable engineering surface for friction reduction and
extending wear life was improved in many previous studies [14].

Precise studies of the LST surface topography measurement process can influence
the tribological performance applications like friction [15], sealing [16], lubricant reten-
tion [17], wear [18] or wear resistance [19], corrosion [20], fatigue [21] or, generally, material
contact [22] and material properties. In general, the surface topography analysis can be
roughly divided into measurement and data analysis processes [23]. Each part of the
surface topography study, simultaneously, can be fraught with many factors influencing
the accuracy of the analysis. It was found that even when precise measurement techniques
(device) were applied, the processes of raw measured data were selected inappropriately
and the accuracy of the surface topography assessment was lost [24].

Generally, all of the measurement errors can be selected into those directly related to
the measuring methods [25], caused by the digitisation [26] or data processing [27], soft-
ware [28], object measuring [29] or other errors [30]. Furthermore, those errors found when
the measurement process occurs are defined as noise [31], or in particular, measurement
noise [32]. In general, measurement noise can be defined as the noise added to the output
signal when the normal use of the measuring instrument occurs [33]. There are many types
of measurement noise [34] in surface topography studies, considering both stylus and
non-contact techniques. It was found that various types of environmental disturbances can
introduce noise in different bandwidths [35]. One of the types of errors caused by the envi-
ronment of the measuring system is high-frequency noise (HFN) [36]; this can be caused
by instability of the mechanics with any influences from the environment or by internal
electrical noise, but in most cases the HFN is the result of vibration [37] and, simultaneously,
in real measurement, this can greatly affect the stability of slope estimation [38].

Some strategies were tried to reduce vibration noise by minimising vibration sources,
isolating those sources or, correspondingly, isolating the instrument [39], optimising the
mechanical structure of the instrument [40], and compensating for the vibrational effect,
like a piezoelectric transducer [41]. Moreover, some 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 [42]. However, considering the
measured data, it is extremely difficult to state that the received data is, in fact, raw [43].

Many research items have presented a comprehensive analysis of surface topography
and errors received when studying its properties. Parametric description [44] found a
wide range of applications in many studies, even if it requires mindful users. The power
spectral density (PSD) function is very useful in surface metrology. Even though this
technique contains plenty of limitations, many benefits belong to its application when
dry and MCQL processes are considered; it was found possible to characterize turning
regarding applied cooling methods, by qualitative and quantitative comparison of this
function for the inspected surface [45]. PSD characterisation can be especially useful when
a parametric description is ambiguous, like Rk (from ISO 13565-2) or Rq (ISO 13565-3)
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parameters, compared with considering their practical significance and sensitivity to mea-
surement errors [46]. Alternatively, for areal details, the Sk group parameters analysis can
be extremely useful for the description of the functional importance of surface topography
consideration [47], like in honed cylinder liner surface texture studies.

From the above, even in many published papers on surface topography measurement
and data analysis, there is a lack of full response on how to deal with the high-frequency
measurement noise when LST details are considered. Moreover, general, commonly used
algorithms and procedures (e.g., those from the commercial software) can be supported by
various thresholding methods, so consequently, guidance on how they should be applied is
also required.

For that matter, the main purpose of this paper is to select the appropriate, widely
available (e.g., in commercial software) procedure to reduce the influence of data processing
errors for surface topography analysis when high-frequency measurement noise is consid-
ered. Reduction in errors in received data studies can cause, correspondingly, an inaccurate
analysis of the surface tribological features. Moreover, detailed studies of high-frequency
errors were not previously provided for LST details.

2. Materials and Methods
2.1. Analysed Details

Reduction in the effect of data processing errors was considered for a laser-textured
surface. Surfaces with a different angle of laser texturing process were studied, e.g., 30◦,
60◦, 90◦ and 120◦. The average depth of the LST features was around 50 µm for each type
of detail studied, and the distance between each of the LST features was around 0.5 mm,
on average. Examples of analysed surfaces were presented in Figure 1, where contour map
plots (a,d), isometric views (b,e) and material ratio curves (c,f) were introduced.
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All of the studied details were provided with an areal form removal process as a
preliminary data analysis. Types of procedures for the extraction of long-frequency com-
ponents (definition of an L-surface) from the raw measured data were widely studied in
previous papers [48], so they were not currently examined. The selection of a method
for defining an appropriate reference plane was already widely studied and presented,
by the author as well. Providing an areal form (shape and waviness) removal process
caused the studied details to be generally flat. Nevertheless, the accuracy of form and
waviness removal on the results obtained was not considered. If the surface contained
other measurement errors, like non-measured points [49] or spikes (individual peaks [50]),
they were extracted and, respectively, removed from the measured data.

More than 10 surfaces from each type of LST detail (with a different LST angle) were
measured and studied, but only some of them were presented in detail. Furthermore, all
the studies were substantially improved with modelled data and compared with those
measured to define some general guidance.

2.2. Measurement Process

Analysed details were measured by different techniques, stylus and optical. The first in-
strument was Talyscan 150 with a nominal tip radius of 2 µm, containing a height resolution
of about 10 nm. The measured area was 5 by 5 mm with, respectively, 1000 × 1000 measured
points and the sampling interval equal to 5 µm. The measurement velocity was 1 mm/s
and so its influence on the results presented was not studied; that was carefully considered
in previous detailed studies and was not the subject of the current research.

The non-contact measurement device was a white light interferometer, Talysurf CCI
Lite with a height resolution equal to 0.01 nm. The measured area was 3.35 by 3.35 mm
with 1024 × 1024 measured points, proportionately, with a spacing equal to 3.27 µm. The
effect of both sampling and spacing on values of areal surface texture parameters was not
analysed in this paper.

2.3. Applied Methods

Generally, the approaches proposed in current studies can be divided according to
their performance that the process of reduction in the influence of an HFN can be separated
into processes of detection and reduction qualifications. From that fact, selected procedures
can be classified as those relevant in the detection operations and, simultaneously, those
providing accurate noise reduction results.

It was found in many previous studies that the application of both profile (2D) and
an areal (3D) analysis may provide more accurate results considering noise detection than
using them separately; profile estimation was more relevant for a honed cylinder liner
analysis when an HFN was separated.

The general purpose of the current study was to use commonly used, available com-
mercial software and techniques to detect and reduce the HFN and provide some guidance
for a regular user. Very valuable in an HFN analysis are power spectral density (PSD) and
autocorrelation function (ACF) techniques. PSD, in its two-dimensional form, has been des-
ignated as the preferred quantity for specifying surface roughness on a draft international
drawing standard for surface texture [51]. Generally, the PSD scheme, which is based on
Fourier analysis [52], was introduced to distinguish the scale-dependent smoothing effects,
resulting in a novel qualitative and quantitative description of surface topography [53].
Secondly, the ACF assessment provides practical advice regarding the autocorrelation
length and its properties as a function of surface irregularities. Comparatively, both ACF
and PSD are related to the frequency or, simplifying, spectral analysis; nevertheless, ACF
can be more relevant for the study of irregular textures and PSD for the analysis of periodic
surfaces [54].

Often used, nevertheless, are approaches based on the thresholding operations. A
typical example is a thresholding on heights which, due to their simplicity, become a
common method to obtain a segmentation of the surface topography. However, simple
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thresholding is not a stable method when surfaces have a stochastic content and can produce
many insignificant features that can cause problems for many characterisation parameters,
such as the number of defects and the density of features [55]. Alternatively, morphological
segmentation into hills or dales is the only partitioning operation currently endorsed by
the ISO specification standards on surface texture metrology [56]. More sophisticated
thresholding techniques may allow determination of valuable results of complex surfaces.
A height thresholding operation can be used to isolate the topmost regions of the filtered
topography, most likely belonging to protruded formations such as spatter and particles,
using different threshold values depending on surface orientation [57]. A multilevel surface
thresholding algorithm for enhancing the representation of topographic values by slicing
the 3D surface topography into cumulative levels about the characteristics of the in-control
surfaces was proposed previously, where the spatial and random properties of topographic
values were quantified at each surface level through the proposed spatial randomness
profile [58]. Some optical measurement errors, like spikes, can be also extracted and reduced
with relevant thresholding applications [50].

The thresholding process can be applied to the reduction in the length of profiles or
areas of the surface as well. It was found in previous studies that analysis of surface 3D
or 2D data can be improved for HFN detection when data excluding the deep and (or)
wide features are considered. This technique, shortly defined as out-of-dimple or, generally,
out-of-feature characterisation, can be valuable for details where the number of features
is relatively small, like plateau-honed cylinder liners with additionally burnished oil
pockets or turned topographies containing dimples with various (usually huge) sizes (depth
and width). LST can be classified as surfaces where the density of features (dimples) is
relatively large, so consequently, out-of-feature techniques may not provide relevant results.
Generally, when LST surfaces contain dimples, the detection of the HFN can be difficult
and may not allow for measurement error characterisation. In Figure 2 examples of a 3D
detection of an HFN are presented. It was found that when the surface contained dimples,
the detection of an HFN with PSD and ACF methods did not allow for receiving differences
or, correspondingly, they were negligible. Even though the ACF graph was studied with
a 3D or 2D (for extraction in the centre part of the graph) performance, it did not give a
valuable response if the HFN was present in the results of surface texture measurements.

As an alternative to the out-of-feature technique, the thresholding can be used in both
directions, height (amplitude) or length (width) of the profile or areal data. In Figure 3 the
example of the thresholding method of the LST profile is presented. It was found that if
data (profile in particular) contained dimples (b–d), created in the LST process, the process
of detection of the HFN was impossible with an application of commonly used procedures,
like PSD, and ACF techniques. Therefore, the measured data (a) were thresholded into
parts containing the plateau-part of profile and dimples (A1, A2, A3 and A4). In the next
step, dimple parts were removed from the data, and correspondingly only the plateau
parts were considered. When wide/deep dimples were removed (omitted) from the data,
the HFN detection was improved with the application of regular (available in commercial
software) methods, such as the PSD and ACF approaches.

The differences in PSD and ACF graphs were clearly visible in the example presented
in Figure 4 where two various (profile from surface where an HFN was not defined, a, and
the same surface where an HFN was observed, b) measurement results were introduced.
When measured data contained an HFN and the thresholding method was applied (g–s)
the differences in the PSD and ACF graphs were easily visible when the surface did not
contain (g–i and m–o) HFN against results where the noise was found (j–l and p–r).
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Figure 2. Laser-textured surface topography: contour map plots (a,b); their PSDs (c,d); ACFs (e,f);
and centre-extracted ACF profiles (g,h); measured (left column) and containing a high-frequency
measurement noise (right column).
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profile from (a) sub-figure; profile extracted from 120-angle LST detail containing an HFN.
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Figure 4. Extracted profiles (left), their PSDs (middle) and ACFs (right column) of the LST de-
tail: measured (a–c) and with high-frequency errors (d–f) and, respectively, after an application of
thresholding method (g–r).

Compared to the previously published results (papers), the thresholding methods can
give the advantage to analyse larger (longer) 3D details (2D profiles) than the out-of-dimple
technique. Moreover, the accuracy of the algorithm in selecting the data (points) as a
‘dimple point’, as it was proposed in the out-of-dimple method, does not influence the
final results. Classification of the ‘dimple point’ as deep enough to be a dimple can be
also fraught with errors. Furthermore, the thresholding techniques can be more intuitive
than the out-of-dimples (or simplifying out-of-feature) technique. For that matter, even an
inexperienced user can apply this method instead of other, more complicated approaches.

3. Results

Analysis of data processing errors was divided into three main subsections. In the first
(Section 3.1) the problem in the definition (detection) of the high-frequency measurement
noise was considered. Secondly, (in Section 3.2) various regular (commonly available in the
commercial software) methods (filters) were compared with a specification of the high-frequency
measurement errors reduction. Finally, in the last (Section 3.3) subsection, all of the proposed
thresholding approaches were improved by analysis of the modelled data.
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3.1. Detection of the High-Frequency Errors from the Results of LST Measurement with a
Thresholding Approach

The process of detection (definition) of the HFN from the results of surface topography
measurements was, firstly, provided for areal (3D) data. As in previous studies, it was
found that the 3D surface topography HFN definition is difficult to provide in a conscious
way that, for both commonly used (available in commercial software) functions, PSD and
ACF, differences against results without an HFN did not exist or, at least, are negligible
(Figure 5a–c). Moreover, when the surface contained some deep or wide dimples, like those
after laser treatment, the HFN detection with a profile exploration is also not convincing
(Figure 5d–f). Even where, in some cases, the PSD function could suggest the occurrence
of the HFN, the ACF was not modified against the surface where the HFN was not found.
Some encouraging results were received when a thresholding method was proposed where
both the PSD and ACF functions were modified (Figure 5g–i). From that point of view, the
2D (profile) detection of HFN with a thresholding approach was used and, simultaneously,
was suggested in further studies.
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Figure 5. Contour map plot (a), its PSD (b) and ACF (c) graphs, extracted profile (d) with PSD (e)
and ACF (f) graphs and, respectively, profile defined with a thresholding method (g) with PSD (h)
and ACF (i) graphs, all defined for a laser-textured surface.

3.2. Comparison of Regular Filters for High-Frequency Measurement Noise Removal

For removal (reduction) of the HFN from the results of laser-textured surface topogra-
phy measurements, the regular methods (available in commercial software), were proposed,
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like regular Gaussian regression (GF) or robust Gaussian regression (RGF) filters, regular
isotropic spline method (SF) and the Fast Fourier Transform approach (FFTF). The selection
of cut-off values was not provided in the paper that was studied previously by the author,
and consequently, the 0.025 mm bandwidth was suggested and applied.

It was found in previous studies that analysis of the high-frequency measurement
noise can be effectively performed by studies of the results of removed data, defined as
‘noise surface’ (NS). From the commonly available (in the commercial software) procedures
and functions, except PSD and ACF, the texture direction (TD) graph can provide valuable
information about the properties of the measured data. The NS was expected to be isotropic,
or at least, not consist of one dominant direction. Generally, when NS was not isotropic and,
simultaneously, contained a dominant direction, this direction was equal to the direction
of dominant features like dimples or oil pockets. Usually, this property indicated that in
the removed noise data (NS) some features, not defined in the noise domain, could be
found. This would indicate that the used method (filter) for noise suppression was selected
inaccurately, and caused a distortion of the results obtained, with the accuracy in the whole
process of surface topography measurement lost as well.

From the above, LST details could be considered with the NS analysis method, where
this type of surface topography contains some features with directional performance. As the
NS should contain only high-frequency components, or at least, these components should
be dominant, the PSD characterisation can be useful. For each of the filtering methods (GF,
RGF, SF or FFTF), the high-frequency components were those dominant (Figure 6b,e,h,j);
nevertheless, this dominance was greater for some methods, e.g., FFTF, in contrast to the
other approaches.

A more confident result could be found when analyzing the TD graphs. For commonly
used schemes, GF, RGF and SF, the dominant direction was recognized, and this indicated
that NS was not isotropic (Figure 6c,f,i, respectively). Contrary to those three filters, the
FFTF gave more confident results (Figure 6l). Furthermore, when analysing the contour
map plots of NS for regular GF, RGF and SF methods, some non-noise data were visible,
indicating the traces of the LST process (Figure 6a,d,g). However, when using an FFTF
approach, those non-noise and non-required features on the NS were not observed, or at
least, were negligible. From the above, the conclusion that the application of the FFTF
method can be more valuable for an HFN reduction than regular GF, RGF or SF approaches,
can be proposed.

When analyzing profiles received from the NS data (Figure 7a,d,g,j), even the PSD graphs
present no different (or they are negligible), and some modifications can be defined with an
analysis of the ACF method. It was introduced in previous studies that if measured data
contain an HFN, the value of ACF increased more rapidly near the highest value (i.e. near the
value ‘1’). This property was found when SF (Figure 7i) and FFTF (Figure 7l) were applied,
contrary to the Gaussian filters, GF (Figure 7c) or RGF (Figure 7f).

All of the results from the above profile studies can be significantly improved by the
analysis of the view of profiles (Figure 7a,d,g,j). Some non-noise features can be found
after the application of Gaussian filters (marked in Figure 7a,d). Furthermore, when closely
studying the profiles received after the application of SF, some non-noise components can
be also found (marked in Figure 7g).

Similar to the PSD, ACF and TD analysis, the most encouraging results from all four
methods were obtained when an FFTF approach was used. Reducing the occurrence of non-
noise features on the NS data can, simultaneously, reduce the errors in an HFN removal and
calculation of surface topography parameters and evaluation of its tribological performance.

10



Materials 2022, 15, 5137
Materials 2022, 15, x FOR PEER REVIEW  12  of  23 
 

 

   

 

(a)  (b)  (c) 

     

(d)  (e)  (f) 

 
 

 

(g)  (h)  (i) 

 

 
 

(j)  (k)  (l) 

Figure 6. Contour map plots (left column), their PSDs (middle) and ACFs (right column), of a NS 
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Figure 6. Contour map plots (left column), their PSDs (middle) and ACFs (right column), of a NS received
by application of GF (a–c), RGF (d–f), SF (g–i) and FFTF (j–l) method with the cutoff = 0.025 mm.
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Figure 7. Profiles (left column), their PSDs (middle) and ACFs (right column) received from the NS
created by application of GF (a–c), RGF (d–f), SF (g–i) and FFTF (j–l) method, cutoff = 0.025 mm.

12



Materials 2022, 15, 5137

3.3. Improving the Procedures for High-Frequency Measurement Noise Suppressions with Analysis
of Modelled Data

The validation of the proposed methods can be proposed:. firstly, the difference in
surface topography parameters can be considered; and secondly, the properties of an NS
can be evaluated.

From the ISO 25178 standard, the following surface topography parameters were
measured and analyzed: root mean square height Sq; skewness Ssk; kurtosis Sku; maximum
peak height Sp, maximum valley depth Sv, the maximum height of surface Sz, arithmetic
mean height Sa; auto-correlation length Sal; texture parameter Str; texture direction Std;
root mean square gradient Sdq; developed interfacial areal ratio Sdr; peak density Spd;
arithmetic mean peak curvature Spc; core roughness depth Sk; reduced summit height Spk;
reduced valley depth Svk; surface bearing index Sbi; core fluid retention index Sci; and
valley fluid retention index Svi.

For a 30◦ LST detail, it was found that the smallest differences between primary data
and the data received after the noise removal process (filtration by various methods) were
received after filtration by the FFTF method (Table 1). In some cases, parameters were
similar (or differences were smaller than 5%), like Ssk, Sku, Str, Std, Spk, Sbi, Svi or, what is
especially crucial, Sz, Sa, Sal and Spd. Generally, in some cases, when 60◦ LST (Table 2), 90◦

LST or 120◦ LST (Table 3) were considered, an effective alternative to the fast Fourier (FFTF)
method can be spline (SF) filtration. However, when applying filters for HFN removal, the
differences in roughness parameters calculation, and consequently, evaluation, must be
provided in a required manner.

When studying the NS properties, for PSD and TD properties (dominant component
in a high-frequency domain and isotropic, respectively) consideration, the FFTF method
gave the most encouraging results (Figure 8). For studies of contour map plots, non-noise
features were not found for NS created by SF and FFTF filtrations. Analysis of ACF
(Figure 9) improved both mentioned approaches, SF and FFTF, that present the spline
techniques as an acceptable alternative.

Table 1. Values of surface topography parameters, from the ISO 25178 standard, defined for a primary
surface data (start data), containing an HFN (noise data) and after reduction in HFN by various
methods: GF, RGF, SF and FFTF, cut-off = 0.025 mm.

30◦ LST Detail Analysis after an HFN Removal by Various Methods

Start Data Noise Data GF RGF SF FFTF

Sq, µm 9.32 9.36 9.07 8.81 9.27 9.27
Ssk −2.65 −2.61 −2.71 −2.91 −2.67 −2.66
Sku 11.5 11.3 11.6 12.2 11.6 11.5
Sp, µm 33.5 34.2 30.4 28.4 31.8 32.1
Sv, µm 51.8 54.6 51.4 51 52.6 53.1
Sz, µm 85.3 88.8 81.7 79.4 84.3 85.2
Sa, µm 5.49 5.52 5.33 5.23 5.45 5.45
Sal, mm 0.0563 0.0563 0.0585 0.0629 0.0576 0.0563
Str 0.661 0.661 0.68 0.733 0.677 0.661
Std, ◦ 90 90 90 90 90 90
Sdq 0.465 0.614 0.39 0.387 0.419 0.427
Sdr, % 9.72 17.2 7 6.64 8 8.29
Spd,
1/mm2 12.3 16.5 10.3 9.57 11.2 11.6

Spc, 1/mm 0.211 0.306 0.0816 0.0927 0.096 0.0895
Sk, µm 2.88 3.52 2.92 3.06 3.09 3.3
Spk, µm 8.93 8.4 8.38 7.1 8.84 8.99
Svk, µm 23.4 24.6 22.8 22.5 23.5 24.4
Sbi 0.354 0.346 0.384 0.398 0.375 0.37
Sci 0.494 0.495 0.468 0.424 0.484 0.48
Svi 0.304 0.296 0.301 0.306 0.301 0.301
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Table 2. Values of surface topography parameters, from ISO 25178 standard, defined for a primary
surface data (start data), containing an HFN (noise data) and after reduction in HFN by various
methods: GF, RGF, SF and FFTF, cut-off = 0.025 mm.

60◦ LST Detail Analysis after an HFN Removal by Various Methods

Start Data Noise Data GF RGF SF FFTF

Sq, µm 9.55 9.56 9.28 9.09 9.5 9.5
Ssk −2.6 −2.59 −2.66 −2.95 −2.62 −2.62
Sku 11.1 11 11.2 12.3 11.1 11.1
Sp, µm 31.7 32.3 27.5 24.2 29.7 29.4
Sv, µm 51 52.2 49.9 50 51.3 53.7
Sz, µm 82.8 84.5 77.3 74.2 81 83.1
Sa, µm 5.71 5.71 5.53 5.36 5.66 5.67
Sal, mm 0.0591 0.0591 0.0613 0.0658 0.0591 0.0591
Str 0.691 0.692 0.711 0.78 0.691 0.691
Std, ◦ 30.7 30.7 30.5 176 30.5 30.5
Sdq 0.455 0.508 0.387 0.432 0.421 0.435
Sdr, % 9.44 11.9 6.99 7.96 8.2 8.67
Spd,
1/mm2 12.1 14.2 10.7 10.4 11.5 12.6

Spc, 1/mm 0.196 0.238 0.0695 0.0915 0.0873 0.09
Sk, µm 2.22 2.62 2.24 2.11 2.35 2.41
Spk, µm 8.46 8.37 8.2 5.86 8.38 8.31
Svk, µm 26.3 26.6 25 25 26 26.4
Sbi 0.394 0.385 0.455 0.512 0.427 0.43
Sci 0.508 0.509 0.486 0.423 0.505 0.499
Svi 0.305 0.302 0.3 0.306 0.302 0.303

Table 3. Values of surface topography parameters, from ISO 25178 standard, defined for a primary
surface data (start data), containing an HFN (noise data) and after reduction in HFN by various
methods: GF, RGF, SF and FFTF, cut-off = 0.025 mm.

120◦ LST Detail Analysis after an HFN Removal by Various Methods

Start Data Noise Data GF RGF SF FFTF

Sq, µm 9.65 9.67 9.38 9.2 9.6 9.6
Ssk −2.59 −2.58 −2.65 −2.92 −2.61 −2.6
Sku 10.9 10.9 11 12 11 11
Sp, µm 31.7 31.4 27.6 24.4 29.6 29.5
Sv, µm 51 52.2 49.7 50 51.3 53.2
Sz, µm 82.6 83.7 77.3 74.4 80.9 82.8
Sa, µm 5.79 5.8 5.62 5.46 5.75 5.76
Sal, mm 0.0601 0.0601 0.0623 0.0662 0.0604 0.0601
Str 0.689 0.689 0.71 0.765 0.692 0.689
Std, ◦ 149 149 149 149 149 149
Sdq 0.458 0.511 0.39 0.438 0.424 0.438
Sdr, % 9.61 12 7.11 8.17 8.36 8.82
Spd,
1/mm2 12 14.1 10.2 9.91 11.5 12

Spc, 1/mm 0.189 0.234 0.0702 0.0776 0.0882 0.0929
Sk, µm 2.23 2.79 2.26 2.2 2.36 2.57
Spk, µm 8.32 8.67 7.88 6.02 8.31 8.63
Svk, µm 25.4 26.2 24.3 24.4 25.2 25.9
Sbi 0.401 0.405 0.46 0.517 0.435 0.435
Sci 0.506 0.506 0.486 0.425 0.503 0.497
Svi 0.307 0.304 0.302 0.308 0.304 0.304

14



Materials 2022, 15, 5137

Materials 2022, 15, x FOR PEER REVIEW  16  of  23 
 

 

Sdq  0.458  0.511  0.39  0.438  0.424  0.438 

Sdr, %  9.61  12  7.11  8.17  8.36  8.82 

Spd, 1/mm2  12  14.1  10.2  9.91  11.5  12 

Spc, 1/mm  0.189  0.234  0.0702  0.0776  0.0882  0.0929 

Sk, μm  2.23  2.79  2.26  2.2  2.36  2.57 

Spk, μm  8.32  8.67  7.88  6.02  8.31  8.63 

Svk, μm  25.4  26.2  24.3  24.4  25.2  25.9 

Sbi  0.401  0.405  0.46  0.517  0.435  0.435 

Sci  0.506  0.506  0.486  0.425  0.503  0.497 

Svi  0.307  0.304  0.302  0.308  0.304  0.304 

 

 

(a)  (b)  (c) 

 

 

(d)  (e)  (f) 

(g)  (h)  (i) 

Materials 2022, 15, x FOR PEER REVIEW  17  of  23 
 

 

(j)  (k)  (l) 

Figure 8. Contour map plots (left column), their PSDs (middle) and ACFs (right column), of a NS 

received by application of GF (a–c), RGF (d–f), SF (g–i) and FFTF (j–l) method with the cutoff = 0.025 

mm 

 
 

 

(a)  (b)  (c) 

 
   

(d)  (e)  (f) 

Figure 8. Contour map plots (left column), their PSDs (middle) and ACFs (right column), of a NS received
by application of GF (a–c), RGF (d–f), SF (g–i) and FFTF (j–l) method with the cutoff = 0.025 mm.
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Figure 9. ACFs analysis received for 30° LST detail: ACFs for surface (left column), their extracted 
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The profiles (Figure 10) characteristics indicated that both SF and FFTF schemes can
be valuable in an HFN extraction from the measured data. All of the applied functions,
like PSD and ACF, presented both methods as valuable in an HFN reduction; nevertheless,
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when SF was used some non-noise features were observed in a profile NS data–it was
indicated in Figure 10a,d,g by the highest features B1, B2 and B3, respectively. For that
matter, SF could distort the results of surface topography measurement when applied for
an HFN removal. From all of the above, FFTF can be significantly improved for a reduction
in an HFN from the results of surface topography measurements of LST details.
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4. The Outlook

Except for many studies provided for the surface topography measurements analysis,
there are still some crucial issues that require more sophisticated studies and must be
resolved in future. Of those the most significant are:

1. The effect of size and density of features was not considered for the LST details.
In one of the previous studies by the author of this paper, various surface textures
were considered with this issue; nevertheless, those with laser texturing were not
comprehensively studied. From that issue, the effect of surface topography features
sizes and their densities on the process of detection and, respectively, reduction in
high-frequency noise should be widely considered;

2. The accuracy of the detection process of high-frequency measurement errors can be
strongly affected by the amplitude of the noise. Therefore, some improvements to the
proposed approaches must be included with different noise amplitude, which was not
analysed in the current paper;

3. The correlation between the amplitude of the high-frequency noise and the height
(amplitude) of the analysed detail were also not studied against their influence on the
process of noise detection, and correspondingly, reduction. From that point of view,
each of the filters, like Gaussian (regular and with robust performance), spline or fast
Fourier, can give different results and their validity can be also discussed;

4. Moreover, the influence of amplitude on the high-frequency measurement noise on
the results of proposed techniques was not considered in this paper. Furthermore,
the effect of the amplitude of high-frequency noise on the results of considered filters
application, and also on the results of the calculation of the surface topography pa-
rameters (e.g., those from the ISO 25178 standard) must be studied to provide more
surface functional advantages.

5. Conclusions

It is extremely difficult to propose appropriate procedures for accurate extraction
of the high-frequency measurement errors from raw measured surface topography data;
however, the following conclusions may be defined:

1. In the process of detection of the high-frequency measurement noise from the results
of laser-textured surface measurements, profile (2D) characteristics may be more
convenient than those of areal (3D); however, each of the measured details must be
treated individually;

2. The application of PSD characteristics may be valuable in high-frequency noise de-
tection; nevertheless, other methods, like ACF or TD, can be required. The most
encouraging technique should be based on a few characteristics, using the PSD, ACF
and TD approaches simultaneously;

3. When detection of the high-frequency measurement noise is hampered by the occur-
rence of the deep/wide features, like treatment traces in the LST details, the application
of the thresholding method can provide positive results. When the surface contains
deep or wide features or their density is relatively large, the thresholding technique
removes those features from analysed detail (profile or areal data). Application of this
method with all of the commonly used algorithms, (e.g., PSD and ACF) can give more
accurate responses about the presence of high-frequency noise when a thresholding
method is applied;

4. Of four general, regular filters available in the commercial software that consider
Gaussian methods (regular regression or robust modifications), spline or fast Fourier
approaches, this last one can be classified as the most suitable for the reduction
in the influence of the high-frequency measurement noise on the results of surface
topography measurements. However, suitable application of digital filtering requires
careful use so that inappropriately used algorithms can remove necessary data from
those raw measurements;
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5. Generally, the functions available in the commercial software (like PSD, ACF, TD or
GF, RGF, SF and FFTF) can be suitable in the process of detection and, correspondingly,
reduction in the high-frequency measurement errors from the laser-textures topogra-
phies; nevertheless, the minimising of data processing errors must be classified as a
required issue.
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Parameters and Abbreviations
The following abbreviations and parameters are used in the manuscript:

ACF autocorrelation function
FFTF Fast Fourier Transform Filter
GF Gaussian filter
HFN high-frequency noise
L-surface long-wavelength surface
LST laser surface texturing
NS noise surface
PSD power spectral density
RGF robust Gaussian filter
S-filter removes small-scale lateral components
SF spline filter
Sa arithmetic mean height Sa, µm
Sal auto-correlation length, mm
Sbi surface bearing index
Sci core fluid retention index
Sdq root mean square gradient
Sdr developed interfacial areal ratio, %
Sk core roughness depth, µm
Sku kurtosis
Sp maximum peak height, µm
Spc arithmetic mean peak curvature, 1/mm
Spd peak density, 1/mm2

Spk reduced summit height, µm
Sq root mean square height, µm
Ssk skewness
Std texture direction, ◦

Str texture parameter
Sv maximum valley depth, µm
Svi valley fluid retention index
Svk reduced valley depth, µm
Sz the maximum height of surface, µm
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Abstract: The parameters of surface roughness Ra, Rz and Rmax as well as surface topography Sa,
Sz, Sp and Sv of the two-layer sandwich structure composed of an AW-2024 T3 aluminum alloy
(Al) and a carbon-fiber-reinforced polymer (CFRP) were measured to determine an impact of the
machining configuration (arrangement of the materials forming a sandwich structure) and the type
of tool (presence of the tool coating) on the quality of the surface obtained through circumferential
milling. The measurements revealed that milling produced different values of surface roughness
for the aluminum alloy and the CFRP composite with values of 2D and 3D surface roughness being
higher for the composite layer. The highest value of Ra of 1.10 µm was obtained for the surface of
the CFRP composite using the CFRP/Al configuration and a TiAlN-coated tool. The highest values
of the Rz (6.51 µm) and Rmax (8.85 µm) surface roughness parameters were also obtained for the
composite layer using the same machining configuration and type of tool.

Keywords: circumferential milling; sandwich structure; aluminum alloy; CFRP composite

1. Introduction

A sandwich structure is made up of two basic components: a thinner external layer
(facesheet), made of a stiffer material with better resistance properties, and a thicker
but light internal layer (core), made of a different material. When joined together, the
layers form a light, stiff, and durable structure which is stronger than similar monolithic
structures [1–3]. Along with laminates, sandwich structures are classified as layered
composites. Depending on their intended use, they can be made of different materials and
can have different geometries and methods of stiffening and layer bonding. Sandwich
structures can be divided into fully metal, hybrid, and composite structures, depending
on the type of materials that make them up. Cavity milling is more difficult with hybrid
layered composites than in the case of metal structures due to the heterogeneity and
anisotropy of the structures resulting from materials with different mechanical and physical
properties being bound together. In addition, bonding such materials requires considerable
effort [4]. Moreover, sandwich structures are believed to be difficult to machine. During
the machining of a sandwich structure composed of aluminum alloy and a carbon-fiber
reinforced polymer (CFRP), it is additionally necessary to overcome difficulties related to
the deformation of the upper and lower layers of the material, the interference of metal
chips with the composite and the possible accumulation of aluminum shavings or carbon
dust between the facings of the sandwich structure if it delaminates [5]. The heavy-duty
carbon fibers used in composites are difficult to break and tend to drag, which very often
causes them to develop micro-cracks and to delaminate along the operating direction of the
tool [6]. Milling of CFRP composite requires frequent replacement of the milling tool, as the
abrasive properties of carbon fiber cause premature wear. Furthermore, when machining
CFRP composites, the milling tool alternately cuts hard fibers and the softer material of the
skin, also accelerating the wear of the milling cutter [7,8].

Although hybrid layered structures are frequently used in many industries, the optimal
conditions for machining this type of materials have not yet been adequately determined.
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Most studies focus on the damage to sandwich structures and their properties [2], compare
their properties with those of similar monolithic structures [9], or review current trends
in the use of such materials [10,11]. Additionally, recommendations on the machining of
hybrid layered materials are based primarily on studies of CFRP composite processing.

Surface roughness is one of the most important and most commonly used properties
that characterize the quality of a milled surface. It affects dimensional accuracy, alignment
and the correct operation of machine and device parts [3,12,13]. Layered materials have
been widely used in aerospace as structural components and parts of aircraft equipment.
Components used in the aerospace industry must meet strict quality criteria due to its
narrow tolerance ranges. Protective and decorative coatings are often applied to aviation
components. High values of surface roughness parameters may result in insufficient adhe-
sion of the coating and thus reduce its durability [14]. The heterogeneity and anisotropy
of the machined material are also extremely important properties. The different surface
roughness on the sandwich structure layers can significantly reduce the visual effect of
the components. Therefore, it is important to obtain a uniform surface of the sandwich
structure with the desired roughness and surface topography. Surface roughness is affected
by multiple parameters, such as the level of wear of the cutting tool, the levels of vibration,
the stability of the machining process, and the cutting parameters [15–17].

Many researchers have analyzed the roughness and geometric structure of a fiber
composite surface after machining. However, no studies have been carried out to examine
the roughness of milled hybrid sandwich structures. Some have noted [18,19] that milling
strength and surface roughness during the machining of CFRP composites depend on the
milling parameters, with feed rate being the main factor that affects the quality of the surface
after machining. Suresh et al. [20] made similar conclusions. Ramulu et al. [21] conducted
research on the machinability of CFRP composites. They noted that a higher cutting speed
results in less surface roughness, which is supported by results published by Çolak et al. [22].
Channdrasekaran and Devarasiddappa [23] noted that the surface roughness of machined
fiber composites is linearly dependent on the feed rate and inversely dependent on the
cutting speed. Bayraktar et al. [24] determined the impact of the cutting tool (material,
geometry, and tool coating) and the process parameters (cutting speed and feed rate) on
the cutting speed and surface roughness of CFRP composites after milling. It was noted
that feed rate had the greatest impact on the quality of the machined surface among the
examined factors. A non-coated cutter produced the lowest cutting strength and surface
roughness values, which increased with the number of flutes and the angle of inclination of
the cutter’s cutting edge. Ramirez et al. [25] examined cutter wear and surface roughness
after drilling CFRP composite. They concluded that new criteria must be formulated to
assess surface topography after machining due to the anisotropy and heterogeneity of
the machined material. Zarrouk et al. [26] examined the impact of machining conditions
(rotational speed and machining depth) on the machining strength and surface quality of a
milled nomex honeycomb. The results of the experiment were compared to a theoretical
model. Eskandari et al. [27] studied the cutting speed, feed rate, and drill bit diameter
in terms of their impact on the quality of openings drilled into sandwich structures with
a foam core. Grilo et al. [28] investigated the delamination of drilled CFRP composites
associated with drill bit diameter and machining parameters (feed rate and rotational
speed). They showed that the feed rate was related directly by a proportional relationship
to the delamination factor and the adjusted delamination factor. Shunmugesh et al. [29]
used Grey Relational Analysis and the Taguchi technique to optimize machining conditions
(machining speed, feed rate and drill bit diameter) in the context of delamination and
surface quality (surface roughness and the dimensional accuracy of openings) after CFRP
composite drilling. Khoran et al. [30] also studied the impact of machining parameters on
the quality of openings produced by drilling. The experiment was performed on sandwich
structures made of various materials (balsa wood, foamed materials) and used digital
technology to measure the delamination and uncut fiber coefficients. Xu et al. [31] studied
the effects of cutting parameters and tool geometry on surface roughness and cutting forces
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after milling of CFRP composites with a diamond tool (PCD). They showed that a higher
value of tool rake angel did not affect surface roughness but resulted in lower cutting forces.
Oláh et al. [32] reviewed solutions used in the cavity milling of sandwich structures and
discussed the results of a simulation for cutting a honeycomb structure using a dedicated
tool. The use of numerical methods such as the finite element method (FEM), the boundary
element method (BEM), mathematical modeling, and the application of machine learning
methods can help reduce the time and cost of testing, which is extremely important when
testing relatively expensive composite materials [33,34]. Onyibo and Safaei [35] used the
finite element method (FEM) to design sandwich structures with a honeycomb core. The
study compared the mechanical properties obtained by modeling structures with different
core thicknesses and made of different materials. Lavaggi et al. [36] studied the bonding of
a honeycomb core with facesheets made of thermoset materials. They used three TGLM
(Theory guided machine learning) models to optimize bonding properties such as the level
of facesheets consolidation and bond-line porosity.

Milling an Al/CFRP structure causes heavy wear on the cutting tools, resulting in a
poorer-quality machined surface. One way to obtain high-quality surfaces after milling is
to use coated tools. Wang et al. [37] studied the tool wear during the drilling of CFRP/Ti
structures. The wear of the cutter after machining a sandwich structure was compared
against reference samples (used to machine separate composite and metal layers). The
results indicated that the wear of the tool on the side of the metal layer was nine times
lower than that on the side of the composite. The tests also found that each type of material
resulted in a different type of wear. Hosokawa et al. [38] presented the results of CFRP
composites milling using diamond-coated tools with a variable inclination angle of the
cutting edge. They were able to demonstrate that the occurrence of defects on the surface
of the machined material depended on machining forces, whereas tool wear depended on
the orientation of the fibers.

The complexity of layered composites can cause many difficulties during the ma-
chining process. There are no comprehensive studies on the surface quality of sandwich
structures after milling. There are also no standards or recommendations indicating an
acceptable value or level of defect uniformity after milling of this type of constructions. Rec-
ommendations for cutting conditions (for example, recommended tool geometry, cutting
parameters, machining configuration) have also not been developed. It causes machining
conditions for this type of materials to be currently chosen based on recommendations
for the composite layer, and cutting tools are dedicated for use with specific core types.
This approach leads to a non-uniform surface quality of the sandwich structure, and this
affects its further operation and aesthetic qualities. This study investigates the effect of the
machining configuration (arrangement of layers forming the sandwich structure) and the
type of tool (presence of a TiAlN coating) on the surface quality of the Al/CFRP sandwich
structure after milling. The surface quality was defined by surface roughness and surface
topography. A new and innovative approach is to evaluate the surface quality of the tested
structure on the basis of the uniformity of defect distribution on the surface of individual
layers of the structure. In addition, the IR coefficient has been proposed as a tool for assess-
ing the surface uniformity of such materials. The obtained research results are targeted for
use in industrial practice. Prior to the study, it was assumed that circumferential milling of
a two-layer metal–polymer composite sandwich structure results in differences in surface
quality of the layers making up the sandwich structure. Based on the results obtained, the
research hypothesis was verified, and the influence of the studied variables on the research
object was determined.

2. Materials and Methods

Tests were performed on a two-layer sandwich structure made up of an EN AW-2024
T3 aluminum alloy (Al) and a carbon-fiber-reinforced polymer (CFRP) with an alternating
arrangement of fibers. In the experiment, the cutting speed vc [m/min], feed rate fz
[mm/blade], axial milling depth ap [mm], radial milling depth ae [mm], materials forming
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the structure, shape, and dimensions of the samples were used as constant factors. The
output factors were surface roughness, surface topography, and surface uniformity. A
two-level total plan was used to plan the experiment. The influence of two independent
variables was studied: machining configuration and tool type. The design of the considered
sandwich structure limited the machining configuration to the occurrence of two states. In
order to limit the research time, two states were also adopted for the second independent
variable (tool type). The applied method of planning the experiment made it possible to
quickly generate all possible combinations of states of the independent variables.

The used aluminum alloy is characterized by low density and increased yield strength [39].
The alloy has low oxidation resistance, so it is not suitable for solutions where there is a
risk of corrosion. The material is machinable but not suitable for anodizing and welding.
One area of its application is the aerospace industry. The CFRP composite was created
through a vacuum pressure impregnation process, using an autoclave manufactured by
Scholz (Coesfeld, Germany). The proportion of carbon fibers in the hardened composite
was around 60%. Table 1 shows selected properties of the CFRP composite used in the test.

Table 1. Selected properties of the CFRP composite used in the test [40].

Tensile strength Rm 1900
Bending strength Reg [MPa] 2050
Young’s modulus (E) [GPa] 135

Apparent interlaminar shear strength (ILSF) [MPa] 85

Scotch-Weld EC-9323 B/A (3M, Saint Paul, MN, USA) epoxy glue was used to bond
the aluminum alloy and the CFRP composite. The polymerization process took place in
a vacuum bag under a pressure of 0.1 MPa for a period of 24 h. The plates were then
seasoned under ambient conditions for 14 days.

The machined samples had dimensions of 60 × 120 × 12 mm (Figure 1). The thickness
of a single layer was 6 mm. Due to low value of the adhesive layer (0.1 ± 0.02 mm), it
was disregarded when determining the total thickness of the structure. The experiment
analyzed the impact of two machining configurations:

• Al/CFRP—milling starting from the metal layer (Figure 1a)
• CFRP/Al—milling starting from the composite layer (Figure 1b)
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Figure 1. Tested sample: (a) Al/CFRP configuration, (b) CFRP/Al configuration (Unit: mm). 
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Warsaw, Poland) was employed during the tests. The spindle performed right-hand 

Figure 1. Tested sample: (a) Al/CFRP configuration, (b) CFRP/Al configuration (Unit: mm).

Simultaneous circumferential milling using a VMC 800 HS machining centre (AVIA,
Warsaw, Poland) was employed during the tests. The spindle performed right-hand
rotation. The shorter edge of the sample (60 mm) was machined during the tests. Each
sample was machined three times and the arithmetic mean of the three measurements was
used in the analysis. Figure 2 presents the scheme of the milling process.
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Through-coolant No 
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Recess Ø D4 11.8 mm 
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Figure 2. Scheme of cutting process.

Manufacturers of machining tools currently tend to make dedicated tools for ma-
chining specific types of materials. This makes it particularly difficult to determine the
tools and process parameters suitable for machining both the facesheet and core materials.
Careful selection of the tool, its geometry and the technological parameters of the process
is an important part of the experiment. The experiment used a Garant double-edged, solid
carbide endmill by Hoffman Group (Munich, Germany). The shape and dimensions of the
tool are presented in Figure 3 and Table 2.
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Figure 3. Geometry of endmill used [41].

Table 2. Technical data of tool used [41].

No. of teeth 2
Through-coolant No

Tool material Solid carbon (90% WC, 10% Co)
Cutting edge ØDc 12 mm

Shank Ø Ds. 12 mm
Recess Ø D4 11.8 mm

Flute length Ls 26 mm
Overhang length L4 incl. recess 38 mm

Overall length L 83 mm
Helix angle λs 45◦

Rake angle γ 16◦

Corner chamfer angle 45◦

Corner chamfer width at 45◦ 0.10 mm
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To examine the impact of the tool coating on the quality of the surface after milling,
an identical endmill was used, this one coated with a 5-µm thick TiAlN coating, applied
using the PVD method. The tools and coating type were selected due to their versatility
(suitability for machining aluminum alloys and plastics). The machining was carried out
using constant milling parameters: a milling speed vc of 300 m/min, a feed rate fz of 0.08
mm/blade, an axial milling depth ap of 12 mm, and a radial milling depth ae of 4 mm. The
parameters were chosen based on values recommended by the manufacturer of the tool for
machining aluminum alloys and polymers. The value of ap was chosen so as to enable the
simultaneous milling of both layers of the structure.

The roughness and topography of the surface were recorded using a 3D T8000 RC120-
400 (Hommel-Etamic, Jena, Germany) surface roughness, waviness, and topography mea-
surement device. The scheme of the experimental stand is shown in Figure 4.
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Ra (arithmetic mean deviation of the assessed profile), Rz (maximum height of the
profile), and Rmax (maximum roughness depth) surface roughness parameters [42], as
well as the Sa (arithmetic mean height), Sz (maximum height), Sv (maximum pit height)
and Sp (maximum peak height) surface topography parameters, were analyzed [43]. Mea-
surements were taken at a distance equal to half of the thickness of the sample from the
sample’s edge so that the measured section was positioned centrally to the layer being
examined. The roughness and topography of the surface were measured separately for
each layer in the structure, longitudinally to the feed direction. The test involved tak-
ing 320 measurements on the surface of each layer. The total length of the measurement
lt, the length of the measurement section ln and the length of the elementary section lr
were, respectively: lt = 4.8 mm, ln = 4.0 mm, lr = 0.8 mm. The measuring interval was
15 µm. The measurement speed was 0.50 mm/s. The measurement time for one layer
(320 measurement points) was about 2 h and 40 min.

The surface quality of the hybrid sandwich structures after milling may also be defined
by the uniform or regularity of defect distribution on the machined surface. This is caused
by the fact that the metal layer may have a different surface quality than the composite layer.
Therefore, the surface uniformity was determined based on the roughness parameters of
the surface, depending on the machining configuration and tool used (Figure 5).

It was assumed that the most uniform surface was represented by the lowest difference
between the values of a given surface roughness parameter of each layer (hmin), whereas
the least uniform surface had the highest difference (hmax).
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3. Results
3.1. 2D Surface Roughness Parameters

Figures 6–8 illustrate the results of the roughness measurements of the 2D surface.
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Figure 8. Values of Rmax surface roughness parameter depending on the machining configuration
and the type of tool.

The minimum value of Ra parameter was obtained on the surface of the aluminum
alloy, while the maximum value was observed on the surface of the CFRP composite. For
all the cutting conditions, the values of Ra surface roughness parameter obtained on the
surface of the CFRP composite were higher than the values of this parameter obtained
for the aluminum alloy. The lowest values for the metal layer (0.30 µm) were measured
in the following two machining configurations: Al/CFRP using a non-coated tool and
Al/CFRP using a TiAlN-coated tool. The lowest value of this parameter for the composite
layer was obtained when using the Al/CFRP machining configuration and a non-coated
tool (0.89 µm). The highest values of Ra surface roughness parameter for the two materials
(aluminum alloy—0.39 µm; CFRP composite—1.10 µm) were obtained in the CFRP/Al
configuration, using a TiAlN-coated tool
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3.2. Statistical Analysis of 2D Surface Roughness Parameters

To determine the impact of the machining configuration and the type of tool on the
values of Ra, Rz, and Rmax surface roughness parameters, a two-factor analysis of variance
(ANOVA) was carried out, the results of which are shown in Tables 3–5.

The data in Table 3 indicate that a statistically significant result for Ra surface rough-
ness parameter measured at the surface of the aluminum alloy was recorded only for the
machining configuration (F1, 1276 = 83.37; p < 0.01). Tool type and A × B interaction had
similar values of the test statistic and had no significant impact on Ra surface roughness
parameter. In the case of the Ra surface roughness parameter measured at the surface of the
CFRP composite, statistically significant results were recorded for machining configuration
(F1, 1276 = 190.52; p < 0.01) and tool type (F1, 1276 = 59.51; p < 0.01). The impact of the
interaction between the two factors was statistically insignificant in this case as well.

Table 3. Two-factor analysis of variance for Ra surface roughness parameter depending on the
machining configuration and the type of tool.

Impact Aluminum Alloy
SS Df MS F p-Value

A: Machining configuration 2.18 1 2.18 83.37 <0.01
B: Tool type <0.01 1 <0.01 0.13 0.72

A × B interaction <0.01 1 <0.01 0.12 0.73
Error 33.42 1276 0.03
Total 35.61 1279

Impact CFRP
SS Df MS F p-Value

A: Machining configuration 5.51 1 5.51 190.52 <0.01
B: Tool type 1.72 1 1.72 59.51 <0.01

A × B interaction 0.02 1 0.02 0.70 0.4
Error 36.89 1276 0.03
Total 44.14 1279

Table 4. Two-factor analysis of variance for Rz surface roughness parameter depending on the
machining configuration and the type of tool.

Impact Aluminum Alloy
SS Df MS F p-Value

A: Machining configuration 65.12 1 65.12 66.42 <0.01
B: Tool type 14.04 1 14.04 14.32 <0.01

A × B interaction 23.05 1 23.05 23.51 <0.01
Error 1250.55 1276 0.98
Total 1352.76 1279

Impact CFRP
SS Df MS F p-Value

A: Machining configuration 61.03 1 61.03 64.28 <0.01
B: Tool type 404.22 1 404.22 425.74 <0.01

A × B interaction 17.20 1 17.20 18.12 <0.01
Error 1211.51 1276 0.95
Total 1693.96 1279

Table 4 lists the results of ANOVA for the Rz surface roughness parameter. The
analysis of these results indicates that the machining configuration, type of tool used,
and the interaction between these variables had a statistically significant impact on the
highest value of the roughness profile of the aluminum alloy and CFRP composite. In the
case of the aluminum alloy, the machining configuration had the most significant impact
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on Rz surface roughness parameter (F1, 1276 = 66.42; p < 0.01), whereas the tool type had
the least significant impact (F1, 1276 = 14.32; p < 0.01). ANOVA indicated that the tool
type had the most significant impact on Rz surface roughness parameter for the CFRP
composite (F1, 1276 = 404.2274; p < 0.01), while the A × B interaction had the least impact
(F1, 1276 = 18.12; p < 0.01).

Table 5. Two-factor analysis of variance for Rmax surface roughness parameter depending on the
machining configuration and the type of tool.

Impact Aluminum Alloy
SS Df MS F p-Value

A: Machining configuration 132.08 1 132.08 47.22 <0.01
B: Tool type 34.01 1 34.01 12.16 <0.01

A × B interaction 101.44 1 101.44 36.27 <0.01
Error 3569.08 1276 2.80
Total 3836.61 1279

Impact CFRP
SS Df MS F p-Value

A: Machining configuration 172.20 1 172.20 50.08 <0.01
B: Tool type 836.96 1 836.96 243.40 <0.01

A × B interaction 29.24 1 29.24 8.50 <0.01
Error 4387.60 1276 3.44
Total 5426 1279

3.3. Surface Topography

Figures 9 and 10 show 3D maps illustrating the surface topography of the samples
after machining. The surface topography of each layer making up the sandwich structure
is shown, depending on the machining configuration and tool used.

The surface topography of the metal layer of a sample milled in the Al/CFRP config-
uration using a non-coated tool (Figure 9a) was characterized by a directed arrangement
of irregularities. Projections and indentations were both regular and random. Numerous
grooves and ridges were also visible, diversifying the roughness of the surface. In the case
of the CFRP composite (Figure 9b), a unidirectional surface with a random arrangement of
irregularities was obtained. The values of the Sa, Sz, Sp, and Sv parameters at the surface
of the aluminum alloy were 46%, 71%, 78%, and 76% lower, respectively, than at the surface
of the composite layer.

After machining the aluminum alloy in the CFRP/Al configuration with a non-coated
tool, a directed surface with a mixed structure was produced (Figure 9c). The surface
topography was characterized by a diverse arrangement of irregularities. The surface of the
CFRP composite was unidirectional, with a random, regular distribution of irregularities
(Figure 9d). The values of Sa, Sz, Sp, and Sv parameters measured at the surface of the
metal layer were nearly 41, 81%, 80%, and 82% lower, respectively, than the parameters
measured at the surface of the composite layer.

Milling using the Al/CFRP configuration and a TiAlN-coated tool produced a directed
structure with a determined distribution of irregularities on the surface of the aluminum
alloy (Figure 10a). The irregularities were evenly distributed and spaced. In the case
of CFRP composite (Figure 10b), a unidirectional surface with a random arrangement
of irregularities was obtained. The microgeometry of the surface demonstrated a minor
difference in the elevation of the elements of topography. The values of Sa, Sz, Sp, and Sv
parameters measured at the surface of the aluminum alloy were 53%, 66%, 45%, and 80%
lower than those for the composite layer, respectively.
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Figure 9. Surface topography after milling: (a) aluminum alloy in Al/CFRP configuration using a non-
coated tool, (b) CFRP composite in Al/CFRP configuration using a non-coated tool, (c) aluminum
alloy in CFRP/Al configuration using a non-coated tool, and (d) CFRP composite in CFRP/Al
composite configuration using a non-coated tool.

Milling the metal layer with the CFRP/Al configuration and a coated tool produced
a unidirectional topography with a regular arrangement of irregularities. The surface
featured regular deformations: straight-line tracks spaced at similar intervals (Figure 10c).
The topography of the composite surface was characterized by a unidirectional arrangement
of irregularities. Numerous randomly arranged projections and indentations were visible
(Figure 10d). In this case, the Sa and Sz values were 95% and 52% higher than in the
case of the surface of the aluminum alloy, respectively. As regards the Sp value for the
composite layer, the peaks of micro-irregularities were flattened: The Sp parameter was 32%
lower, from 9.55 µm to 6.53 µm. The deepest indentation of the 3D profile (Sv) increased
nearly fourfold.

32



Materials 2022, 15, 7299

Materials 2022, 15, x FOR PEER REVIEW 12 of 18 
 

 

Milling using the Al/CFRP configuration and a TiAlN-coated tool produced a di-
rected structure with a determined distribution of irregularities on the surface of the alu-
minum alloy (Figure 10a). The irregularities were evenly distributed and spaced. In the 
case of CFRP composite (Figure 10b), a unidirectional surface with a random arrangement 
of irregularities was obtained. The microgeometry of the surface demonstrated a minor 
difference in the elevation of the elements of topography. The values of Sa, Sz, Sp, and Sv 
parameters measured at the surface of the aluminum alloy were 53%, 66%, 45%, and 80% 
lower than those for the composite layer, respectively. 

Milling the metal layer with the CFRP/Al configuration and a coated tool produced 
a unidirectional topography with a regular arrangement of irregularities. The surface fea-
tured regular deformations: straight-line tracks spaced at similar intervals (Figure 10c). 
The topography of the composite surface was characterized by a unidirectional arrange-
ment of irregularities. Numerous randomly arranged projections and indentations were 
visible (Figure 10d). In this case, the Sa and Sz values were 95% and 52% higher than in 
the case of the surface of the aluminum alloy, respectively. As regards the Sp value for the 
composite layer, the peaks of micro-irregularities were flattened: The Sp parameter was 
32% lower, from 9.55 µm to 6.53 µm. The deepest indentation of the 3D profile (Sv) in-
creased nearly fourfold. 

  
Sa = 0.47 µm 
Sz = 5.39 µm 
Sp = 3.93 µm 
Sv = 1.99 µm 

Sa = 1.01 µm 
Sz = 17.30 µm 
Sp = 7.15 µm 
Sv = 10.10 µm 

(a) (b) 

  
Sa = 0.60 µm 

Sz = 12.10 µm 
Sp = 9.55 µm 
Sv = 2.51 µm 

Sa = 1.17 µm 
Sz = 18.40 µm 
Sp = 6.53 µm 
Sv = 11.90 µm 

(c) (d) 

Figure 10. Surface topography after milling: (a) aluminum alloy in Al/CFRP configuration using
a coated tool, (b) CFRP composite in Al/CFRP configuration using a coated tool, (c) aluminum
alloy in CFRP/Al configuration using a coated tool, and (d) CFRP composite in CFRP/Al composite
configuration using a coated tool.

3.4. Surface Uniformity

The surface uniformity of the two-layer structures after machining was determined
based on the values of Ra, Rz, and Rmax surface roughness parameters.

In the case of Ra surface roughness parameter, the lowest difference between the
layers was observed when using the Al/CFRP configuration and a non-coated endmill,
whereas the highest difference was observed when using the CFRP/Al configuration and a
TiAlN-coated tool (Figure 11).
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Figure 11. Surface uniformity based on the value of Ra surface roughness parameter obtained
depending on the machining configuration and the type of tool.

Based on the values of Rz and Rmax surface roughness parameter, it can be ascertain
that the Al/CFRP configuration with a non-coated tool produced the highest surface
uniformity (lowest differences between the values obtained for both layers of the sandwich
structure), whereas the Al/CFRP configuration plus a coated tool were characterized by
the lowest surface uniformity (Figures 12 and 13).
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Figure 13. Surface uniformity based on the value of Rmax surface roughness parameter obtained
depending on the machining configuration and the type of tool.

Currently, no standards or laws exist that would regulate the acceptable surface quality
of sandwich structures after machining. Many researchers have attempted to forecast the
roughness of the fiber composite surfaces by creating theoretical models and comparing
them to the results of experiments [44,45]. However, there are no standards or papers
dealing with hybrid layered structures. Based on the authors’ experience in studying the
surface quality of sandwich structures after machining, a coefficient that specifies the level
of uniform of surface roughness after machining such materials was created. The coefficient
was designated IR and is calculated as follows:

IR =
|RAl − RCFRP|
|RAl + RCFRP|

(1)

where

IR is the surface uniformity coefficient;
RAl is the aluminum alloy surface roughness parameter;
RCFRP is the CFRP composite surface roughness parameter.

The difference between the values of selected surface roughness parameters of the
layers’ surfaces was referenced against the total surface roughness of the sandwich structure.
This enables the coefficient IR to assess the surface uniformity of sandwich structure. By
using any value of the given surface roughness parameter in formula (1), it can be observed
that a higher difference between the values obtained for the aluminum alloy and the CFRP
composite results in a lower uniform of the surface of the sandwich structure (hmax) and
a higher value of IR. Therefore, for the purposes of predicting the surface uniformity of
sandwich structures after machining, it should be assumed that the lower the value of IR
(IR →min), the higher the surface uniformity of the sandwich structure (hmin).

Table 6 shows the calculated values of the coefficient IR for the analyzed surface
roughness parameters obtained for the adopted cutting conditions.
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Table 6. Values of the coefficient IR for the considered surface roughness parameters depending on
the machining configuration and the type of tool.

Cutting Conditions Surface Roughness Parameter
Ra Rz Rmax

Al/CFRP with a non-coated tool 0.50 0.61 0.58
CFRP/Al with a non-coated tool 0.46 0.53 0.59

Al/CFRP with a coated tool 0.53 0.68 0.69
CFRP/Al with a coated tool 0.48 0.58 0.54

Analyzing the results in Table 6, it can be seen that the highest IR values for the
considered surface roughness parameters were obtained after milling in the Al/CFRP
configuration using a coated tool. The lowest surface uniformity obtained for Rz and Rmax
parameters was obtained for the same machining configuration and tool used. However,
the minimum IR values and the highest surface uniformity were not obtained for the same
cutting conditions.

4. Discussion

The objective of this study was to determine the impact of machining configuration
and tool type on the surface quality of the sandwich structure after milling. The results of
the study indicate that similar values were obtained for the Rz and Rmax surface roughness
parameters. The minimum and maximum values of the Ra surface roughness parameter
were not obtained for the same cutting conditions, as was the case for the other parameters.
This may have resulted from the fact that the Ra surface roughness parameter does not
account for the presence of defects typical of fiber-reinforced polymers [46].

Using the CFRP/Al machining configuration and a coated tool resulted in a higher
value of Ra surface roughness parameter on the aluminum alloy and the CFRP surfaces.
However, the statistical analysis indicated that the machining configuration was the only
variable that had a statistically significant impact on the value of Ra surface roughness pa-
rameter obtained for the metal layer. The statistically significant variables for the composite
layer were the machining configuration and the tool type. The interaction of these factors
was statistically insignificant for both materials.

The results indicate that a composite material has a lower machinability—for all
considered cutting conditions, lower values of the tested parameters were obtained for the
surface of the metal layer. This was due to the heterogeneity and abrasive properties of the
composite material and the presence of typical defects on its surface (including fiber pull-
out and matrix cracking) [47]. The values of Rz and Rmax surface roughness parameters
were higher for the CFRP/Al configuration than the Al/CFRP configuration, for both the
aluminum alloy and the CFRP composite [48]. Obtaining higher values of the surface
roughness parameters in the CFRP/Al configuration is due to the different properties of
the materials forming the sandwich structure. The aluminum layer above the composite
material stiffened the workpiece, making the machining more stable. Using a coated
tool reduced the surface roughness of the aluminum alloy in the Al/CFRP configuration,
while it increased the value in the CFRP/Al configuration. Using a coated tool with the
composite layer resulted in higher values of Rz and Rmax surface roughness parameters in
both configurations. This was the result of the thicker endmill material and the rounding
of the milling edge caused by the tool coating [49,50]. The machining configuration had
the most significant impact on the values of Rz and Rmax surface roughness parameter
for the aluminum alloy, whereas the tool type was the major factor in the case of the CFRP
composite. Different values of the tested surface roughness parameters for aluminum
alloy and CFRP composite was also due to the anisotropy of the sandwich structure. The
tool encountered different cutting resistances during machining—when cutting the CFRP
composite, which has a lower density compared to aluminum alloy, a sudden change in
cutting resistance occurred, and the tool was pulled deep into the workpiece. The result
was the occurrence of a non-uniform quality on the surface of the sandwich structure.
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The analysis of surface topography indicated that in most cases higher 3D surface
roughness parameters were obtained for the composite layer. In addition, the topographies
of the aluminum alloy and CFRP composite surfaces had different micro-irregularity
arrangements.

The study went on to create a coefficient for assessing the surface uniformity of
sandwich structures. Based on the values of the surface roughness parameters obtained
through experimentation, differences in the quality of the layers that made up the sandwich
structure were calculated for each variant. The results were compared against the calculated
values of the newly-created coefficient IR, leading to the assumption that the minimal value
of IR determines the most uniform quality of a sandwich structure. Analysis of the results
showed that the cutting conditions (machining configuration and type of tool) allowing
the lowest values of surface roughness parameters for the materials forming the structure
did not guarantee the highest surface uniformity. This shows that surface uniformity is not
the same as surface roughness and should still be considered separately. Therefore, it is
necessary to continue research aimed at finding a tool and machining conditions to achieve
surface roughness and surface uniformity at similar acceptable levels.

5. Conclusions

The following conclusions have been formulated based on the tests and analysis:

1. The composite layer had poorer surface quality than the aluminum layer.
2. The Ra surface roughness parameter is the least suitable of all analyzed surface roughness

parameters for assessing the surface quality of sandwich structures after machining.
3. The CFRP/Al configuration increased the values of Ra, Rz and Rmax surface rough-

ness parameters on the surfaces of both materials.
4. The tool coating did not affect the values of Ra parameter obtained on the surface of

the aluminum alloy. For the CFRP composite, the presence of the TiAlN coating led to
higher values of this parameter.

5. In most cases, a coated tool increased the Rz and Rmax surface roughness parameters.
6. The CFRP/Al configuration and a coated tool increased the values of Sa, Sz, Sp, and

Sv 3D surface roughness parameters in the majority of cases.
7. Using the Al/CFRP configuration and a non-coated tool are recommended to receive

the most uniform surface of the sandwich structure.
8. Milling with the Al/CFRP configuration and a TiAlN-coated tool resulted in the

lowest surface uniformity.
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Abstract: Aluminium alloy sheets cause many problems in sheet metal forming processes owing to
their tendency to gall the surface of the tool. The paper presents a method for the determination of
the kinematic friction coefficient of friction pairs. The determination of coefficient of friction (COF)
in sheet metal forming requires specialised devices that ‘simulate’ friction conditions in specific
areas of the formed sheet. In this article, the friction behaviour of aluminium alloy sheets was
determined using the strip drawing test. The 1-mm-thick 6082 aluminium alloy sheets in T6 temper
were used as test material. Different values for nominal pressures (4.38, 6.53, 8.13, 9.47, 10.63, and
11.69 MPa) and different sliding speeds (10 and 20 mm/min.) were considered. The change of friction
conditions was also realised with several typical oils (hydraulic oil LHL 32, machine oil LAN 46 and
engine oil SAE 5W-40 C3) commonly used in sheet metal forming operations. Friction tests were
conducted at room temperature (24 ◦C). The main tribological mechanisms accompanying friction
(adhesion, flattening, ploughing) were identified using a scanning electron microscope (SEM). The
influence of the parameters of the friction process on the value of the COF was determined using
artificial neural networks. The lowest value of the COF was recorded when lubricating the sheet
metal surface with SAE 5W40 C3 engine oil, which is characterised as the most viscous of all tested
lubricants. In dry friction conditions, a decreasing trend of the COF with increasing contact pressure
was observed. In the whole range of applied contact pressures (4.38–11.69 MPa), the value of the
COF during lubrication with SAE 5W40 C3 engine oil was between 0.14 and 0.17 for a sliding speed
of 10 mm/min and between 0.13 and 0.16 for a sliding speed of 20 mm/min. The value of the COF
during dry friction was between 0.23 and 0.28 for a sliding speed of 10 mm/min and between 0.22 and
0.26 for a sliding speed of 20 mm/min. SEM micrographs revealed that the main friction mechanism
of 6082-T6 aluminium alloys sheet in contact with cold-work tool steel flattens surface asperities. The
sensitivity analysis of the input parameters on the value of COF revealed that oil viscosity has the
greatest impact on the value of the COF, followed by contact pressure and sliding speed.

Keywords: 6082-T6; aluminium alloy; coefficient of friction; sheet metal forming; surface topography;
ANN

1. Introduction

Sheets made of aluminium and aluminium alloys, due to their favourable ratio of
strength to weight, are being used increasingly often in the automotive industry. Adding
alloying elements to aluminium can increase its strength properties several times [1]. Alloys
obtained in this way are characterised by low density and high impact strength. Nickel
and cobalt, as well as magnesium and manganese, increase their ‘strength’ properties, and
titanium and chromium affect grain size reduction [2]. Wrought alloys typically contain
up to 5% alloying elements and are used in a hardened and heat-treated condition. In
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special conditions, cast aluminium alloys can also be processed by plastic working [3].
However, aluminium-based alloys generally have relatively low fatigue strength [4]. The
fatigue resistance of aluminium alloys can be improved by adding elements belonging to
the group of transition metals, including titanium, vanadium, and zirconium [5]. In this
paper, the frictional properties of AW-6082-T6 aluminium alloy sheets are presented. The
6xxx series alloys contain magnesium (0.2–3%) and silicon (0.2–1.8%) as the main alloying
additions. Some of the 6xxx series alloys contain manganese (up to 1.4%) and copper (up to
1.2%). Alloys in this group show good formability and are susceptible to machining. Those
that do not contain copper have good corrosion resistance and can be anodized. Typical
applications of aluminium alloys containing magnesium and silicon include structural
elements of motor vehicles, interior fittings, and profiles for the construction industry.

A phenomenon accompanying friction in the formation of aluminium and aluminium
alloy sheets is the galling of the surface of tools with the sheet material. In this way, the
changing topography of the tool surface causes an unfavourable change in the topography
of the formed drawpiece and more resistance to the movement of the sheet metal on the
surface of the tool [6]. Surface topography has a decisive influence on friction, wear, and
lubrication under mixed lubrication and dry friction conditions [7,8]. In the case of forming
sheets made of aluminium, adhesive wear is also of great importance, consisting of metallic
local adhesion of the roughness asperities in the micro-areas of plastic deformation. The
mechanism of coexistence of abrasive and adhesive wear may result in the extension of
frictional contact time, manifesting itself in the intensification of the surface galling [9].

A common way to reduce the coefficient of friction in sheet metal forming is to use
lubricants. The purpose of using lubricant is also to reduce the wear intensity of the friction
pair elements [6,7]. The lubricant should meet a number of the following requirements,
including being easy to apply to the metal being processed and the tool, having high
resistance to normal loads, and being easily remove from the surface of the product [8,9].
The grease should be characterized by appropriate viscosity and chemical activity, which
is the ability to form a protective layer on the friction surface [10]. Appropriate chemical
activity of lubricants is provided by surface-active compounds, such as fatty acids (oleic,
stearic, palmitic) and their salts. Different conditions for the implementation of sheet
metal forming processes and the variety of plastically processed materials mean that
the following parameters should be taken into account when selecting a lubricant for
a specific application [11]: processing temperature, value of maximum unit pressures,
grade of processed material and grade of tool material, sliding speed, type of protective
coating on the tool surface, and tool design. The surface topography of sheet metal has
a decisive influence on friction, wear, and lubrication under mixed lubrication and dry
friction conditions [12,13].

The basic criteria for the division of lubricants are the consistency of the lubricant,
origin (mineral or organic), and intended use [14]. Due to the consistency, lubricants
are distinguished in the following groups: liquid lubricants (oils), emulsions (oil mists),
and solid lubricants. Lubricating oils are obtained by mixing base oils with enriching
additives [15,16].

Mineral oils are obtained by processing base oils, and synthetic oils are produced by
chemical synthesis or the processing of mineral oils [17]. Mineral oils are complex mixtures
of saturated and aromatic hydrocarbons with a ring or chain structure, containing 20 to
40 carbon atoms in a molecule [18]. Oils resulting from distillation from crude oil differ in
viscosity, chemical composition, and physical properties. Due to their viscosity, mineral
oils are divided into spindle, machine, motor, and gear oils.

In order to determine the friction and wear of materials, the following types of tests
and tribometers may be used: (a) strip drawing test with flat [19,20] and (b) rounded [21]
(c) countersamples, (d) bending-under-tension test [22,23], (e) draw-bead test [24,25], and
(f) ball-on-disc [26], (g) block-on-disc [27], (h) pin-on-ring [28], and (i) pin-on-disc tribome-
ters [29,30]. Most of the studies, the results of which can be found in the literature, indicate
the susceptibility of aluminium sheets to galling and intensification of the flattening mech-
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anism. As analysis of the literature showed, each aluminium alloy has a specific friction
performance. Moreover, owing to poor formability of aluminium and aluminium alloys
at room temperature, friction tests of alloys focus on plastic working in warm and cold
forming conditions. Yahaya and Samion [31] analysed the friction condition of AW-6061
aluminium alloy lubricated with bio-lubricant in a cold forging test. It was found that the
palm oil-based lubricant has good performance compared to a mineral-based oil in terms of
surface roughness. However, the mineral oil had better friction performance than the palm
oil-based lubricant. Trzepieciński [32] investigated the frictional performance of AW-2024-
T3 Alclad aluminium alloy sheets using strip drawing test. Analysis of the effect of the
friction conditions on the effectiveness of lubrication and change in the surface roughness
of the metal sheets were analysed using analysis of variance (ANOVA). The other most
commonly used friction tester is the pin-on-disc tribometer. Guezmil et al. [33] investigated
the tribological behaviour of anodic oxide layer formed on AW-5754 aluminium alloy in
a pin-on-disc tribometer. Different sliding speeds, normal loads, and oxide thicknesses
were considered to establish the COF. It was found that increased normal load and sliding
speed increased the COF. The effects of initial lubricant volume, temperature, sliding speed
and contact pressure on the evolutions of the COF of AW-7075 aluminium alloy and the
breakdown phenomenon were investigated by Yang et al. [34] in pin-on-disc tests. It was
found that the COF rapidly increased as the lubricant film thickness decreased to a critical
value. Das [35] studied the tribological properties of three aluminium as-cast alloy samples,
i.e., Al-14 wt%, Al-10 wt%Si, and Al-7 wt%Si aluminium alloys, using a pin-on-disc type
wear-testing machine. The wear of aluminium specimens was seen to increase at higher
sliding speeds and at higher applied loads. Friction and wear on aluminium–silicon alloys
have been extensively tested by Shabel et al. [36]. They identified two major types of
wear relevant to industrial applications of Al–Si alloys: sliding wear and abrasive wear
depending on the silicon particles, intermetallic constituents, and matrix hardness. Luis
Pérez et al. [37] studied the friction properties of AW-5083 and AW-5754 aluminium alloys
processed by equal channel angular pressing (ECAP). It was found that both nanostructured
aluminium alloys show better wear behaviour if they are compared with conventional
isothermal forging. Li et al. [38] also confirmed that ECAP processing leads to a decrease in
the COF owing to improved mechanical properties.

Many published works are focused on the analysis of the specific parameter of the
friction process on the coefficient of friction or the occurrence of a specific friction mech-
anism. A considerable amount of factors in the friction process exist that affect the COF
value and, as a result, building analytical friction model for specified process conditions
is practically impossible. The artificial neural networks (ANNs) allow the researchers to
overcome the difficulty arising in the assessment of the complex relationships between
friction process parameters and COF. ANNs require a set of experimental training data to
work properly. Based on the training process, ANNs acquire the ability to predict the value
of the output parameter.

To the best knowledge of the authors, sheet metals made of AW-6082-T6 aluminium
alloy have not been tested in strip drawing tests for pressures occurring in the blank holder
zone during cold sheet metal forming. The selection of the appropriate lubricant is crucial
to ensure appropriate conditions for the sheet metal forming of the automotive components.

Therefore, this article contains the results of the friction of AW-6082-T6 sheet metals.
The friction behaviour of AW-6082-T6 aluminium alloy sheets was determined using the
strip drawing test. Different values for nominal pressures and different sliding speeds
were considered. The change of friction conditions was also realised with three typical
lubricants (machine oil, engine oil and hydraulic oil) commonly used in sheet metal forming
operations. The experimental design consists of 48 trials performed for two speeds, six
pressures and four friction conditions. The tests were repeated three times to determine the
average value of the coefficient of friction. The main tribological mechanisms accompanying
friction were identified using a scanning electron microscope. Owing to the difficulty in
determining the impact of the simultaneous interaction of many friction parameters on
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the value of the COF, artificial neural networks (ANNs) were used to identify the main
relationships between the COF and process parameters. Sliding speed, average unit
pressure, and lubricant viscosity were selected as input parameters of multilayer neural
network. The output parameter was the value of the COF. The training of the network was
carried out using the backpropagation algorithm.

2. Materials and Methods
2.1. Materials

The 1-mm-thick AW-6082 aluminium alloy sheets in T6 temper condition were used
as test material. T6 indicates that the alloy has been solution heat-treated and, without any
significant cold working, artificially aged to achieve precipitation hardening. The results of
the friction tests will be used by the authors for the technological design of the forming
process of automotive parts made of 6082-T6 aluminium alloy.

6082-T6 aluminium alloy is a wrought aluminium–magnesium–silicon family medium
strength, weldable alloy with excellent corrosion resistance. The strength of this kind of
this grade of aluminium alloy is the highest among all the alloys of the 6xxx series. 6082-T6
alloy is used for highly stressed applications in transport and marine frames.

The basic mechanical parameters of the tested sheets (Table 1) were determined in
a uniaxial tensile test according to the ISO 6892-1:2009 [39] on specimens that were cut
transverse to the rolling direction (90◦), along a rolling direction (0◦), and at an angle of
45◦ according to the rolling direction of the sheet metal. Three specimens were tested for
each direction and average values of mechanical parameters were determined. Engineering
stress–strain curves for the characteristic sample directions are shown in Figure 1.

Table 1. Mechanical parameters of the 6082-T6 aluminium alloy sheets.

Sample Direction Rp0.2, MPa Rm, MPa A80, % n r ∆r

0◦ 314 342 13.7 0.087 0.528
−0.13945◦ 307 337 14.2 0.086 0.657

90◦ 313 341 12.0 0.086 0.509

Figure 1. Engineering stress–strain curves for the EN AW-6082-T6 aluminium alloy sheets.

2.2. Friction Testing Procedure

Friction tests were carried out using the device (Figure 2) mounted on a Zwick/Roell
Z100 testing machine. The test involves pulling a sample in the form of a strip of sheet
metal with a width of w = 18 mm and a length of l = 240 mm clamped between cylindrical
counter samples. Sliding speeds were 10 mm/min and 20 mm/min.
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Figure 2. (a) Scheme and (b) view of tribological simulator.

The friction force FT is measured using the measuring system of the testing machine.
During the test, the counterexamples were pressed against the strip sheet with the force
FN, using a spring with a known deflection–axial force characteristic. Based on the values
of the forces FT and FN, the value of the kinematic coefficient of friction is determined,
according to the relationship:

µ =
FT

2FN
(1)

Counter samples made of 145Cr6 cold-work steel were used in the tests. To determine
the mean contact pressure in the strip drawing test, the formulae proposed by Haar [40]
(Equation (2)) was used, which was based on the width of the sample w, the contact force
FN, the radius of the counter samples R = 200 mm, and the elastic properties of the sheet
and counter-sample materials allow for determination of mean contact pressure pav.

pav =
π

4
·

√√√√
FN
w · 2E1E2

E2·(1−ν2
1)+E1·(1−ν2

2)

2πR
(2)

For the material of the steel counter sample, the following values of Young’s moduli
E1 and Poisson’s ratio ν1 as E1 = 2·105 GPa [41], ν1 = 0.3 [42] were adopted. The val-
ues of the same material parameters for the sample material were assumed as follows:
E2 = 69,000 MPa [42], and ν2 = 0.33 [42].

The values of the applied pressure forces were between pav = 4.38 MPa and 11.69 MPa,
which, according to the literature [43–46], corresponds with the values of pressures occur-
ring in the sheet metal forming operations.

All samples were degreased with acetone before the friction process. The friction tests
were carried out in conditions of dry friction and sheet metal surface lubrication, with oils
typically used in sheet metal forming. The basic criterion for the selection of lubricants
was a wide range of viscosity η variability, which is the basic property of oils used in metal
forming. In this way, three oils were selected:

• hydraulic oil LHL 32 (η = 21.9 mm2/s),
• machine oil LAN 46 (η = 43.9 mm2/s),
• and engine oil SAE 5W-40 C3 (η = 81 mm2/s).

The lubricant was applied directly to the surface of the samples.

44



Materials 2023, 16, 2338

Experimental design of the friction tests is shown in Table 2. Three specimens were
tested for each friction test and average values of the COFs have been determined. Some
force vs. time plots are shown in Figure 3.

Table 2. Experiment design.

Test No. Sliding Speed, mm/min Pressure, MPa Friction Conditions

1 10 4.38 dry friction
2 10 6.53 dry friction
3 10 8.13 dry friction
4 10 9.47 dry friction
5 10 10.63 dry friction
6 10 11.69 dry friction
7 20 4.38 dry friction
8 20 6.53 dry friction
9 20 8.13 dry friction

10 20 9.47 dry friction
11 20 10.63 dry friction
12 20 11.69 dry friction
13 10 4.38 hydraulic oil LHL 32
14 10 6.53 hydraulic oil LHL 32
15 10 8.13 hydraulic oil LHL 32
16 10 9.47 hydraulic oil LHL 32
17 10 10.63 hydraulic oil LHL 32
18 10 11.69 hydraulic oil LHL 32
19 20 4.38 hydraulic oil LHL 32
20 20 6.53 hydraulic oil LHL 32
21 20 8.13 hydraulic oil LHL 32
22 20 9.47 hydraulic oil LHL 32
23 20 10.63 hydraulic oil LHL 32
24 20 11.69 hydraulic oil LHL 32
25 10 4.38 machine oil LAN 46
26 10 6.53 machine oil LAN 46
27 10 8.13 machine oil LAN 46
28 10 9.47 machine oil LAN 46
29 10 10.63 machine oil LAN 46
30 10 11.69 machine oil LAN 46
31 20 4.38 machine oil LAN 46
32 20 6.53 machine oil LAN 46
33 20 8.13 machine oil LAN 46
34 20 9.47 machine oil LAN 46
35 20 10.63 machine oil LAN 46
36 20 11.69 machine oil LAN 46
37 10 4.38 engine oil SAE 5W-40 C3
38 10 6.53 engine oil SAE 5W-40 C3
39 10 8.13 engine oil SAE 5W-40 C3
40 10 9.47 engine oil SAE 5W-40 C3
41 10 10.63 engine oil SAE 5W-40 C3
42 10 11.69 engine oil SAE 5W-40 C3
43 20 4.38 engine oil SAE 5W-40 C3
44 20 6.53 engine oil SAE 5W-40 C3
45 20 8.13 engine oil SAE 5W-40 C3
46 20 9.47 engine oil SAE 5W-40 C3
47 20 10.63 engine oil SAE 5W-40 C3
48 20 11.69 engine oil SAE 5W-40 C3
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Figure 3. Example of force vs. time plots obtained in a friction test (dry friction conditions).

A T8000-RC surface measuring station was used to characterise the surface roughness of
the sheet metals in their as-received state. The surface topography and basic 3D roughness
parameters of sheet metal and counterexamples are shown in Figures 3 and 4, respectively.

Figure 4. Structure of multilayer perceptron (MLP).

2.3. Artificial Neural Networks

Designing a neural network using Statistica software includes several stages. First, a
set of training data consisting of the input parameters and the corresponding value of the
output parameter should be selected. Sliding speed, average unit pressure, and lubricant
viscosity were selected as input parameters. The output parameter was the value of the
coefficient of friction. The values of these parameters have been normalised to the range
−1 to 1 [47], using min-max normalisation, which transforms the input data from the range
(min, max) to the new range (Nmin, Nmax).

Many experiments were then carried out with selected multilayer network structures
(Figure 4) in order to obtain the network with the smallest error for the validation set. The
training of the network was carried out using the backpropagation algorithm which is
commonly used to train multilayer neural networks. From the entire training data set, 15%
of the data were selected and assigned to the validation set. The rest of the data comprised
the training set. In general, the validation set should consist of between 10 and 20% of
the training data. We have assumed that 15% of the data are summed to the validation
set. The data of the validation set were used for independent convergence control of the
training algorithm.

The quality of the tested neural networks was assessed on the basis of the root mean
square (RMS) error.
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The network with the smallest RMS error value for the validation set was used for
data analysis. The selection of variables affecting the value of the coefficient of friction
is difficult due to the synergistic interactions of many parameters often correlated with
each other. The sensitivity analysis of the input variables showed a significant impact of all
assumed input parameters on the value of the coefficient of friction.

3. Results and Discussion
3.1. Coefficient of Friction

The lowest value of the COF at room temperature (24 ◦C) was recorded when lubricating
the sheet metal surface with SAE 5W40 C3 engine oil. In the whole range of applied contact
pressures, the value of the COF during lubrication with this oil was between 0.15 (±0.006) and
0.18 (±0.008) for a sliding speed of 10 mm/min (Figure 5a) and between 0.14 (±0.0078) and
0.17 (±0.0083) for a sliding speed of 20 mm/min (Figure 5b). When lubricated with LAN 46
and SAE oils, an increase in the sliding speed from 10 to 20 mm/min resulted in a reduction of
the COF by a maximum of 0.02. Based on the slope of the trend line of changes in the COF with
the value of pressure, these lubricants are seen to provide lubrication to a similar degree for
each pressure. After exceeding a pressure of 10 MPa, LAN 46 and LHL 32 oils clearly lose their
lubricating properties. Under certain conditions, depending on the roughness of the cooperating
bodies and the pressure value, the lubricating film breaks. It relates to an intensification of
the mechanical cooperation of the roughness summits of the tool and the sheet metal. The
results of friction tests of AW-5052 aluminium alloy sheets carried out by Dou and Xia [48] also
showed that the values of the COF between the sheet metal and the die generally decrease
with increasing sliding speed and normal loads, and the downward trend is slowed down with
higher sliding speeds and contact pressure.

Figure 5. The effect of contact pressure on the coefficient of friction determined at sliding speed
(a) 10 mm/min and (b) 20 mm/min.
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To determine the effectiveness of the lubricant in reducing the value of the coefficient
of friction, the coefficient of effectiveness of lubrication (EOL) was introduced:

EOL = 100% −
µdry friction·100%

µlubrication
(3)

Lubrication efficiency is the highest for oil with the highest viscosity 5W40 C3 (Figure 5a,b).
For this oil, however, there is a tendency to initial stabilisation of lubrication efficiency at
the pressures lower than 10 MPa, and then, after exceeding this pressure, the efficiency
decreases. Despite the presence of increased lubricant pressure in the contact zone, the
metallic contact is intensified, and the lubricant cannot separate rubbing surfaces very
much under high contact pressure. The effectiveness of the other two oils (the LHL 32 oil
provides the lowest lubrication efficiency) decreases practically over the entire range of
applied contact pressures. In general, the value of the EOL coefficient for a specific pressure
value increases with the increase in the sliding speed. The lubrication efficiency of LHL 32,
LAN 46, and 5W40 C3 oils at a sliding speed of 10 mm/min (Figure 6a) ranges between
16.0 and 28.9%, 22.1 and 31.2%, and 28.9 and 39.1%, respectively. Meanwhile, at a sliding
speed of 20 mm/min. (Figure 6b), the EOL values vary between 16.0 and 28.0%, 19.2 and
33.8%, and 32.3 and 40.2%, respectively. The increase in speed causes an increase in the
temperature in the area of the summits of the surface asperities and thus an increase in
their plastic properties [49]. The surface asperities are then more susceptible to plastic
deformation at a lower value of pressure, causing faster flattening of the sheet surface
(Figure 7) and reducing the volume of the lubricant pockets [50]. Liquid lubricants can
reduce flattening and friction by filling the surface valleys and carry a substantial amount
of the pressure [51].

Aluminium is easily oxidised in the air, so that in the initial period of friction, the
oxide film easily separates the two surfaces of the material and there is a slight metallic
contact transmitted through the surface asperities [52,53]. The oxide film has low shear
strength and breaks quickly. After the load is applied, the top sheet layer cracks and the
surfaces come into contact, which increases the bonding strength between the contacting
surfaces [49]. Under lubricated conditions, with increasing contact pressure, the synergistic
effect of the mechanisms of flattening and ploughing, and the action of the lubricant occurs.
After a certain contact pressure is received, the increase in surface roughness and other
parameters may reach a steady state value. Therefore, the values of the COF remain
constant for the increased contact pressures [49]. This is visible in Figure 5 after exceeding
the normal pressure value of 9 MPa.

Figures 7–9 show selected surface morphologies of the surface of sheets tested at a
sliding speed of 10 mm/min. The dominant tribological phenomenon occurring during
the friction was a flattening of the surface asperities as evidenced by SEM micrographs
(Figures 7–9). The phenomenon of flattening the surface asperities occurs both in the
conditions of dry friction (Figure 7) and lubrication of sheet surface (Figures 8 and 9). The
flattened surfaces are separated by groves, which are remnants of the as-received surface.
In the range of the analysed pressures, grooves could be observed, which also occur on
the sheet surface in its as-received state. Many cracks on the surface of the sheet in its
as-received state (Figure 10) have been seized (Figures 7–9). In general, similar observations
can be applied to sheet metals tested at a speed of 20 mm/min (Figure 11).
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Figure 6. The effect of contact pressure on the EOL for sliding speed. (a) 10 mm/min and (b) 20 mm/min.

Lubrication is a basic and effective way to reduce the coefficient of friction and wear
of mating surfaces. However, it is well-known that iron oxides, due to their low shear
stress, act as a solid lubricant and reduce the coefficient of friction [54,55]. The development
of smooth oxide ‘glazes’ consists of fine, crystalline oxide particles on the load-bearing
areas of alloys, which can lead to a significant reduction in COF [56]. Writzl et al. [57]
detected and characterized the surface oxides using confocal Raman microscopy (power
15 mW, wavelength 633 nm). The outermost layer was composed of iron oxide phases,
underlain by a compound layer which consisted of oxides, nitrides, and a high-resistance
martensitic layer, with accompanying carbides and nitrides provided high load capacity for
the external layers, allowing them to function as solid lubricants [57]. The presence of the
oxide phases is fundamental in obtaining the low COF [58]. Wang et al. [59] attributed a
lubricated effect during sliding to the formation of surface oxide film containing iron oxides.
As also found Brunetti et al. [55], the maintenance of the oxide layer during a sliding wear
process reduces the wear rate of the system considerably.
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Figure 7. SEM micrographs of the sheet surface tested under dry friction conditions at contact
pressure 8.13 MPa and a sliding speed of 10 mm/min.

Figure 8. SEM micrographs of the sheet surface tested under lubrication with LHL 32 oil at contact
pressure 9.47 MPa and sliding speed 10 mm/min.
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Figure 9. SEM micrographs of the sheet surface tested under lubrication with 5W40 C3 oil at contact
pressure 6.53 MPa and sliding speed 10 mm/min.

Figure 10. SEM micrograph of the as-received AW-6068-T6 sheet metal.
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Figure 11. SEM micrographs of the sheet surface tested under lubrication with 5W40 C3 oil at contact
pressure 10.63 MPa and sliding speed 20 mm/min.

3.2. ANN Analysis

The smallest value of the RMS error for the validation set and, at the same time, the largest
value of Pearson’s correlation coefficient R2 were provided by a network with one hidden
layer and nine neurons in the hidden layer (MLP 3-3:9:1-1). The most important regression
statistics are presented in Table 3. The correctness of the training process is determined by
the similarly high correlation value R2 > 0.98 for both data sets. The prognostic quality of
the neural network is determined by the quotient of the standard deviation of errors and the
standard deviation of the value of the dependent variable (SD Ratio):

SDRatio =
Error SD
Data SD

(4)

Table 3. Regression statistics for MLP 3-3:9:1-1.

Parameter Training Set Validation Set

Data Mean 0.1974275 0.1870625
Data SD 0.03705 0.03334

Error Mean 8.89 × 10−5 −0.0006155
Error SD 0.005955 0.005251

Abs E. Mean 0.005177 0.003623
SD Ratio 0.1607267 0.157522

Correlation 0.9869992 0.9876078

For networks with very good forecasting capabilities, the SD ratio value should be less
than 0.2. An SD ratio value greater than 1 proves that a more accurate estimation of the
value of the dependent variable is its arithmetic mean determined based on the training
set [60].
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The purpose of the sensitivity analysis was to examine the impact of removing in-
dividual explanatory variables on the total error of the network. A sensitivity analysis
was performed independently for the training set (Table 4) and the validation set (Table 5).
The ‘Rank’ row in these tables lists the variables in order of importance. Oil viscosity has
the greatest impact on the value of the coefficient of friction, followed by contact pressure
and sliding speed. The error of the network after removing the specified variable from the
dataset is given in the ‘Error’ row. A given parameter is more important the greater the
increase in the error value caused by its removal. The ‘Ratio’ parameter is responsible for
the quotient of the error obtained after removing the selected explanatory variable and the
error obtained using the network containing all explanatory variables [61].

Table 4. Sensitivity analysis for the training set.

Parameter Sliding Speed Oil Viscosity Contact Pressure

Rank 3 1 2
Error 0.008 0.037 0.011
Ratio 1.372 6.363 1.978

Table 5. Sensitivity analysis for the validation set.

Parameter Sliding Speed Oil Viscosity Contact Pressure

Rank 3 1 2
Error 0.009 0.028 0.010
Ratio 1.902 5.800 2.032

According to the response surfaces, the sliding speed has little effect on the change
in the coefficient of friction (Figure 12b,c). As the sliding speed increases, the value of
the friction coefficient decreases. Similar results were obtained by Tamai et al. [62] and
Wang et al. [63], who studied the influence of the sliding speed on the coefficient of friction
of galvanised steel sheets. As the sliding speed increases, the real contact area decreases,
limiting the mechanical interaction of the surfaces in contact. The value of the coefficient of
friction under lubrication conditions consists of two factors, the coefficient of friction of
the solid, and the coefficient of friction of the lubricant [64]. Increasing the sliding speed
increases the thermal effect at the summits of the asperities, causing a decrease in the
viscosity of the lubricant and thus a decrease in the lubricant’s coefficient of friction. As a
result, as the sliding speed increases, the coefficient of friction decreases. This effect has
also been observed for dry friction conditions. At low sliding speeds, the contact surface is
dominated by the elastic contact of the surface asperities, favouring the formation of the
phenomenon of fluctuated slip, called the stick-slip phenomenon. A clear tendency of the
COF to decrease with increased oil viscosity was observed (Figure 12a,c).

With the increase in the sliding speed, the fluctuations between the slip and friction on
the contact surface decrease, with the stabilisation of conditions at higher speeds favouring
a reduction in the value of the COF [65]. Increasing the viscosity of the oil reduces the COF
(Figure 12a). Viscosity affects the value of the COF in combination with contact pressure.
At low pressures, the high-viscosity oil is able to separate or reduce the metallic contact
between the tool surface and the sheet metal. In the high-pressure range in the sheet metal
formation of the relatively soft workpiece material and the hard tool, metallic contact
is unavoidable, but the hydrostatic pressure of the oil is created in the closed lubricant
pockets, which acts as a lubricating cushion, separating the rubbing surfaces. Therefore, a
loss of lubricating properties of oils occurs faster at higher pressures.
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Figure 12. Response surfaces for the effect of (a) oil viscosity and contact pressure, (b) sliding speed
and contact pressure, and (c) sliding speed and oil viscosity on the value of the coefficient of friction.

4. Conclusions

This paper presents the friction test results of as-received AW-6082-T6 aluminium alloy
sheets in strip draw tribological tests. The tests were carried out for lubricants commonly
used in sheet metal forming with viscosity varying between 21.9 and 81 mm2/s. The
synergistic effect of input parameters (oil viscosity, contact pressure, and sliding speed) on
the COF was analysed using multilayer perceptron. Based on the results of experimental
investigations, including analyses using ANNs and SEM observations, the following
conclusions can be drawn:

• The lowest value of the coefficient of friction was recorded when lubricating the sheet
metal surface with SAE 5W40 C3 engine oil, which is characterised as the most viscous
of all tested lubricants.

• In general, the coefficient of EOL for both analysed sliding speeds was similar and
varied between 16.0 and 28.9%, 19.2% and 33.8%, and 28.9 and 40.2% for LHL 32
hydraulic oil, LAN 46 machine oil, and 5W40 C3 engine oil, respectively.

• When considering the effect of contact pressure on the lubrication efficiency, it can be
said that at high pressures the lubrication efficiency is lower than at low pressures.
This is due to the intensification of surface flattening in high contact pressures and the
reduced volume of the valleys (also known as lubricant pockets) on the sheet surface
that can hold the lubricant.

• In dry friction conditions, a decreasing trend of the coefficient of friction with increas-
ing contact pressure was observed.

• In lubricated conditions, the value of the coefficient of friction was more stable in
the range of contact pressures between 4 and 9 MPa; after exceeding this value, the
lubricant film was broken and a slight increase in coefficient of friction was observed.

• SEM micrographs revealed that the main friction mechanism of tested sheets in contact
with the surface of the cold-work tool steel is the flattening of surface asperities.

• The trained model of MLP was characterised by high Pearson correlation (R2 > 0.98)
for both training and validation sets. The sensitivity analysis of the input parameters
on the value of coefficient of friction revealed that oil viscosity has the greatest impact
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on the value of the coefficient of friction, followed by contact pressure and sliding
speed.

Author Contributions: Conceptualization, T.T.; methodology, T.T.; investigation, T.T., J.S. and M.V.;
validation, T.T., J.S., L’.K. and I.G.; formal analysis, T.T., J.S., L’.K., I.G. and M.V.; resources, J.S., L’.K.,
I.G. and M.V.; data curation, T.T., J.S., L’.K. and I.G.; writing—original draft preparation, T.T. and J.S.;
writing—review and editing, T.T. and J.S.; project administration, J.S.; funding acquisition, J.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Slovak Research and Development Agency and Polish
National Agency for Academic Exchange, project title: Research into innovative forming and joining
methods of thin-walled components”, project numbers: SK-PL-21-0033 and BPN/BSK/2021/1/
00067/U/00001. The authors are also grateful for the support in the experimental work to the Grant
Agency of the Ministry of Education, Science, Research, and Sport of the Slovak Republic (grant
number VEGA 1/0539/23).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Huber, G.; Djurdjevic, M.B.; Manasijevic, S. Determination some thermo-physical and metallurgical properties of aluminum

alloys using their known chemical composition. Int. J. Heat Mass Transf. 2019, 139, 548–553. [CrossRef]
2. Hattori, C.S.; Almeida, G.F.C.; Gonçalves, R.L.C.; Santos, R.G.; Souza, R.C.; da Silva, W.C.; Cunali, J.R.C.; Couto, A.A. Microstruc-

ture and fatigue properties of extruded aluminum alloys 7046 and 7108 for automotive applications. J. Mater. Res. Technol. 2021,
14, 2970–2981. [CrossRef]

3. Puga, H. Casting and forming of advanced aluminum alloys. Metals 2020, 10, 494. [CrossRef]
4. Xiang, P.; Jia, L.J.; Shi, M.; Wu, M. Ultra-low cycle fatigue life of aluminum alloy and its prediction using monotonic tension test

results. Eng. Fract. Mech. 2017, 186, 449–465. [CrossRef]
5. Shaha, S.K.; Czerwinski, F.; Kasprzak, W.; Friedman, J.; Chen, D.L. Improving high-temperature tensile and low-cycle fatigue

behavior of Al-Si-Cu-Mg alloys through micro-additions of Ti, V, and Zr. Metall. Mater. Trans. A 2015, 46, 3063–3078. [CrossRef]
6. Rao, K.P.; Wei, J.J. Performance of a new dry lubricant in the forming of aluminum alloy sheets. Wear 2001, 249, 85–92. [CrossRef]
7. Yang, T.S. Prediction of surface topography in lubricated sheet metal forming. Int. J. Mach. Tools Manuf. 2008, 48, 768–777.

[CrossRef]
8. Bay, N.; Olsson, D.D.; Andreasen, J.L. Lubricant test methods for sheet metal forming. Tribol. Int. 2008, 41, 844–853. [CrossRef]
9. Meiler, M.; Pfestorf, M.; Geiger, M.; Merklein, M. The use of dry film lubricants in aluminum sheet metal forming. Wear 2003, 25,

1455–1462. [CrossRef]
10. Skoblik, R.; Wilczewski, L. Technologia Metali. Laboratorium; Wydawnistwo Politechniki Gdańskiej: Gdańsk, Poland, 2006.
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Krzysztof Żaba 1,* and Tomasz Trzepieciński 2,*
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Abstract: The paper presents the results of an analysis of the process of drawing AISI 321 stainless
steel thin-walled seamless tubes on a floating plug. The influence of the geometry of dies and plugs,
drawing velocity, and lubricants on the possibility of carrying out the pipe drawing process without
a loss of strength of the lubricating film and, consequently, disturbance of the forming process and
tube cracking, and also on the temperature in the drawing process, the mechanical properties of
the tubes drawn, and the microhardness and roughness of the inner and outer surface of the tubes
was investigated. The parameters of the drawing tools used were as follows: angle of drawing dies
α = 16◦ and floating plugs with angles of inclination of the conical part of the plug β = 11.5◦, 13◦, and
14◦. The drawing dies and floating plugs were made of G10 sintered carbide. Drawing speed was
varied over the range 1 to 10 m/min. The study used several lubricants. Tubes with dimensions (outer
diameter D0, wall thickness g0 before drawing process) D0 = 19 mm, g0 = 1.2 mm and D0 = 18 mm,
g0 = 1.2 mm were drawn to produce tubes with dimensions (outer diameter Dk, wall thickness gk

after drawing process) Dk = 16 mm, gk = 1.06 mm on a drawbench with the same total elongation,
while the diameter and wall thickness were changed. During the process, continuous measurements
were made of the drawing force and temperature in the deformation zone and on the tube surface.
It was found that the drawing process causes a decrease in the roughness parameters Ra and Rz of
the inner surface of the tubes. Moreover, after drawing, an increase of 30–70% was observed in the
microhardness of the tube material in relation to the microhardness of the charge material. Based
on the test results, it can be concluded that the work of frictional forces is the main direction of
optimization of tube drawing on a floating plug process of hard-deforming materials.

Keywords: cold tube drawing; floating plug; AISI 321 stainless steel; lubricants; mechanical properties;
microhardness

1. Introduction

Tube drawing using a floating plug is an important and widely-used technology. A
characteristic feature of the process is high intensity heat emission in the deformation zone,
especially during drawing hard-deforming materials with high yield strength and work
hardening [1,2]. Therefore, the potential of the process depends on operations to minimise
the amount of heat emission while improving the quality of the lubricant, thus ensuring a
high resistance to very high unit pressure and high temperature in the deformation zone [3].
There are three designs of plug that could be of interest to a producer of stainless steel
tubing: a ceramic plug, an oscillating plug, and an adjustable plug [4]. The advantage of
the floating-plug drawing (FPD) process is the possibility of using a very high velocity of
drawing and the ability to achieve a very high productivity [5].

The frictional forces in the FPD process occur at the contact of the outer surface of
the tube and the die in the zones of free reduction of diameter, the zone of simultaneous
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reduction of the diameter and the tube wall, and in the calibration cone of the drawing
die. The internal friction surface is the zone of simultaneous reduction of the diameter, the
wall of the tube, and the surface of the cylindrical part of the plug in the calibration zone
(Figure 1).
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Figure 1. Schematic diagram of the FPD process with marking free reduction of diameter zone (I),
drawing zone on the conical (II) and cylindrical (III) plug parts, outer diameter and wall thickness of
the tube before (D0, g0) and after (Dk, gk) the drawing process, as well as die (α) and plug (β) angles.

The work of frictional forces on the above-mentioned surfaces is completely trans-
formed into heat, resulting in a local increase in the temperature of the drawing die, tube,
and floating plug, as well as the lubricating film on the outer and inner surfaces of the
tube [6,7]. The intensity of the heat released is a function of the following factors [8,9]:

- kind of tube material drawn, its yield point, and the intensity of work hardening,
- friction conditions and tribological properties of the lubricant used,
- drawing speed,
- geometric parameters of the deformation zone (the angle of the die cone, the angle

of the conical zone of the floating plug, the material strain in the diameter reduction
zone and in the zone of simultaneous diameter reduction and wall thinning, and the
width of the calibration strip.

- A feature that distinguishes the process of drawing tubes with a floating plug is
the high speed of drawing tubes made of materials with a low yield point, low
work hardening intensity, and the need to reduce the drawing speed of hard-to-
deform materials.

Analysis of the issues shows that previously proposed solutions related to the influence
of various factors on the stability of the plug in the deformation zone [10,11], the impact
of dependency and the geometrical dimensions of dies and plugs on the intensification
of deformation and process velocity [5–7,10,12,13], tool materials [6], minimising stress
during drawing [14,15], and the influence of friction and lubricants applied by various
methods in carrying out the process [16–19]. After introducing the technology of tube
drawing with a floating plug into production, it was often believed that tube drawing was
only possible under the condition that DT > D1 (where DT is the plug head diameter and
D1 is the diameter of the die) [20]. However, it was found [7,21] that thick-wall tubes can
be drawn, but only under the condition that DT < D1.

Floating plug drawing has been the research topic of many authors in terms of the
improvement of the shape and dimensional accuracy of tubes, ensuring adequate lubrica-
tion, the improvement of the surface finish, and the minimisation of drawing forces [22].
Danckert and Endelt [23] proposed a new plug with a circular profiled plug instead of
a conventional cylindrical plug, which forms a cylindrical bearing channel between the
die and the plug. The results of numerical FE-based analysis showed that the drawing
force can be reduced and that the drawing force is nearly independent of the length of the
die and of small variations in the angle of the die. Damodaran et al. [24] recommended a
short bearing channel in order to increase the stability of the drawing process. Yoshida
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and Furuya [25] determined an optimal shape for the plug using the finite element method
(FEM). They investigated the fabrication of fine tubes used in catheters and stents by means
of plug drawing and mandrel drawing. Experiments using a ball-type plug, different
from the conventional conical plug, allowed the frequency of breaks during drawing to be
reduced. Wang et al. [26] proposed a new mathematical model to predict the behaviour
of tube drawing with a floating plug in hollow copper tubes. This model incorporates the
plug semi-angle, die semi-angle, wall thickness reduction ratio, and friction coefficient. The
results confirmed that the model developed is more accurate than the conventional slab
model, especially at reduction ratios of up to 40%. Şandru and Camenschi [27] developed
a theory of high speed tube drawing with a floating plug. Schrek et al. [28] focused on
an analysis of factors negatively affecting the FPD of tubes made from austenitic stainless
steel. The results obtained showed very good agreement between the simulations and the
experimental results.

Partial or comprehensive research on the process of drawing tubes on a floating plug
was carried out for relatively easily deformable materials (aluminium [23], copper [29,30],
brass [15,31–33], cobalt–chromium alloys [34], carbon and alloy steel [23,35]) and with the
use of tools and lubricants appropriate for these materials and drawing speeds. These
studies do not answer a number of questions about the same process using hard-to-
deform materials.

In order to reveal the effect of the area of the friction contact surface on the work
of external frictional forces and the surface temperature, it was decided to change the
difference in the cone angles of the die α and the angle of inclination of the conical part
of the plug β within the range (α − β) = 2◦ − 4.5◦, determined on the basis of previous
research. Literature analysis and information collected from lubricant manufacturers made
it possible to select the appropriate lubricants. Strain gauge measurement of the drawing
force, continuous multi-point measurement of the surface temperature of the die, and
contact measurement of the temperature of the tube surface behind the drawing die were
the tasks selected to evaluate the influence of the parameters of the drawing process on the
value of the work of the friction force. An evaluation of the influence of the parameters of
the FPD process on tubes was made on the basis of measurements of surface roughness,
microhardness, and the mechanical properties of the tubes.

2. Experimental

Drawing tests were carried out on AISI 321 steel tubes with the following outer
diameter D0 and wall thickness g0 (D0 = 19 mm, g0 = 1.2 mm, D0 = 18 mm, g0 = 1.2 mm).
The outer surface of the tubes was prepared by grinding after etching (Figure 2a,b). These
treatments were carried out to create lubricant pockets on the outer surface of the tube,
allowing more lubricant to be delivered to the deformation zone. The purpose of the
application of this treatment was to improve the lubrication conditions, which resulted in
the reduction of the amount of heat released during the drawing process, as well as the
reduction of the irregularity of the deformation and a reduction of the residual stresses.

Tubes were drawn on a floating plug using a drawing machine with a maximum
drawing force of 70 kN. The final outer diameter of tubes was Dk = 16 mm, and the wall
thickness was gk = 1.06 mm. The elongation ratios in diameter were λD = 1.19 and λD = 1.12,
and the elongation ratios in wall thickness were λg = 1.13 and λg = 1.2. Maintaining the
same total elongation values at different elongation ratios resulted in the reduction of
the diameter and the tube wall thickness, giving the possibility of differentiating the total
friction surface and revealing the stress in the tube material due to the reduction in diameter.
As a drawing tool, a tungsten carbide G10 die was used with a half angle of α = 16◦ and a
diameter of D = 16 mm.

Drawing dies were fabricated with special holes on the ring to allow the temperature
to be measured (Figure 2c,d) at four points in the deformation zone using thermocouples.
During the trials, the temperature of the outer surface of the tube was also continuously
measured at the outlet of the die using a Flir TG54 pyrometer (Teledyne FLIR Company).
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Floating plugs were made of G10 tungsten carbide with a half angle of the angle of inclina-
tion of the conical part of the plug β = 11.5◦, 13◦, and 14◦, which enabled various angles
between the die and the plug to be obtained in the range (α − β) = 2◦ − 4.5◦ (Figure 2e–h).
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Figure 2. AISI 321 stainless steel tube with ground surface: (a) macro and (b) micro observation,
(c) drawing die with holes to allow temperature measurement in the deformation zone, (d) view of
dies with holes drilled in them, (e) schematic drawing of a floating plug, (f) sample of floating plug,
floating plugs dimension according to the scheme of tube drawing (g) D0 = 19 mm, g0 = 1.2 mm and
Dk = 16 mm, gk = 1.06 mm, and (h) D0 = 18 mm, g0 = 1.2 mm and Dk = 18 mm, gk = 1.06 mm.

During the tests, the drawing velocity was varied in the range 1–10 m/min. WISURA
DSO 7010, Fuchs Oil Corp., further in the text marked as (W), Prolong EP 2, Prolong
Super Lubricants (P), Ferokol EPS-220, Naftochem, Corp. (F), Masterdraw 7194AC, ETNA
Products, Inc. (M), and Tubol 1962JR, Metalube Limited (T), lubricants were used in the
drawing experiments. The lubricants selected for testing are recommended for drawing
tubes by world-renowned manufacturers. To measure the force and the temperature, a
measuring circuit consisting of a force sensor, a Spider 8 Hottinger Baldwin Messtechnik
measuring amplifier, K-type thermocouples, and a personal computer Dell Latitude 5520
were used. The outer diameter of the pipes was measured using an electronic calliper. The
wall thickness was measured using an electronic micrometer. In addition, for comparison
and verification, the outer diameter of the tubes and the wall thickness were measured
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using the Atos Core 200 optical 3D scanner from GOM company. The surface topography
and roughness of the inner and outer surfaces of the tubes were measured using LEXT
OLS4100 confocal laser microscope with 405 nm UV laser light (Leica Microsystems).
Surface roughness results are presented by the two most commonly used parameters, i.e.,
Ra—arithmetic average of the absolute values of the profile heights over the evaluation
length and Rz—the average value of the absolute values of the heights of five highest-profile
peaks and the depths of five deepest valleys within the evaluation length. The ground
surface of the batch material and the surfaces of the tubes after drawing were analysed.
Vickers microhardness measurements were made using a Shimadzu HMV-2T tester. The
investigations of mechanical properties were carried out using a Zwick Roell Z005 uniaxial
tensile test machine. The microstructure studies were carried out on the Olympus GX51
light microscope. The test specimens were cold mounted in a Struers FixiForm container
using Struers EpoFix epoxy resin. The samples prepared in this way were then ground
on sandpaper with a grit of 240–2000. For polishing, diamond suspensions were used:
DP-Suspension P 9 µm, 3 µm, 1 µm. The specimens were made on a RotoPol-11 grinder–
polisher with a RotoForce-1 Struers head. Finishing polishing was carried out with the
OP-S polishing slurry from Struers. To reveal the AISI 321 stainless steel microstructure,
the specimens were electrolytically etched in 10% nitric acid at a voltage of 1.5 V for 20 s at
room temperature.

3. Results and Discussion
3.1. Drawing Force and Temperature

The results of the drawing force and the temperature at various angles β between
the die and the floating plug (a drawing velocity vc in the range of 1–10 m/min with (W)
lubricant) are presented in Tables 1 and 2. An increase in the drawing velocity caused
an increase in the value of the drawing force, reaching a value of Fmax = 30.15 kN for a
drawing velocity of vc = 6 m/min (Table 1).

Table 1. Drawing forces and maximum temperature of tube and drawing die—D = 19 mm, α = 16◦,
(W) lubricant.

β, ◦ vc,
m/min

Fmax,
kN

Fśr,
kN

Tmax
(Drawing Die),

◦C

Tmax
(Tube),
◦C

Comment

11.5 1 41.5 34.9 - -
The phenomenon of periodic

pulsation of force (the so-called
“bamboo” effect). Tube breakage.

11.5 2 27.2 25.7 78.3 112.3
Partial phenomenon of periodic
pulsation of force (the so-called

“bamboo” effect).
11.5 3 27.5 25.6 77.8 104.8
11.5 4 27.7 24.8 81.4 109.4
11.5 6 30.2 27.6 84.4 133.2
11.5 10 28.6 26.7 78.3 111.1
13 1 34.1 29.1 70.2 85.1
13 2 29.1 25.3 74.4 101
13 4 31.3 27.3 83.9 123.1
14 1 28.6 26.4 69.5 77.7
14 2 27.4 24.6 75.9 96.9
14 4 25.4 24.9 77.8 111.2
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Table 2. Temperature of die in points T1–T4—D = 19 mm, α = 16◦, (W) lubricant.

β, ◦ vc, m/min T1, ◦C T2, ◦C T3, ◦C T4, ◦C

11.5 1 - - - -
11.5 2 78.2 77.1 70.4 67.4
11.5 3 77.7 73.8 71.5 68.7
11.5 4 81.4 75.5 71.8 65.3
11.5 6 84.4 78.4 71.9 68.7
11.5 10 76.5 74.5 58.8 54.9
13 1 70.2 70.2 66.7 64.9
13 2 74.4 74.7 71.5 65.6
13 4 83.9 78.1 74.8 69.2
14 1 69.5 68.5 67.1 64.3
14 2 75.9 74.5 67.6 65.2
14 4 77.8 76,1 69.2 66.4

A large friction surface between the plug and the inner surface of the tube was
associated with differences in the angles of the die α and the angle of inclination of the
conical part of the plug β (α − β) equal to 4.5◦. This causes an increase in unit pressure
and a deterioration in friction conditions. In addition, for such a difference in the angles,
too big a gap is formed between the barrel surface of the plug and the inner surface of the
tube, preventing the development of a hydrodynamic effect at low drawing velocity.

Graphs of the course of the temperature change and drawing strength allow one
to assess the stability of the drawing process as a function of time, and they also contain
information about disturbances, which prove to be linked to the interruption of the lubricant
film. Analysing the maximum and average drawing force and the tube surface after
drawing using the lubricant W showed that the “bamboo” effect occurred with drawing
conditions α = 16◦, β = 11.5◦, and vc = 1 m/min. A partial “bamboo” effect occurred with
velocity vc = 2 m/min (Figure 3). On the other hand, there was no such effect for velocity
vc = 3 or 4 m/min (Figure 4) and 6 m/min. This may indicate a major impact of drawing
velocity, die geometry, and the floating plug and temperature emissions on the occurrence
of instabilities during the process.
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Variation in temperature and drawing force for the die angle α = 16◦ and plug angles
β = 13◦ and 14◦ are similar to the curves shown in Figure 4. When drawing using dies with
an angle α = 16◦ and plug angle β = 13◦, first, a clear decrease and then an increase in draw-
ing force occur with an increase in drawing velocity. The strongest force Fmax = 34.1 kN
was for the velocity vc = 1 m/min, while the weakest force Fmax = 29.1 kN was for a velocity
v = 2 m/min (Table 1). For the velocity vc = 4 m/min, there is an increase in drawing force
to the value of Fmax = 31.3 kN. For angles α = 16◦ and β = 13◦ and velocity vc = 2 m/min,
the average drawing force is Fav = 25.2 kN. For drawing with a die angle α = 16◦ and
plug angle β = 14◦, an increase in drawing velocity causes a decrease in the maximum
drawing force, which takes the value Fmax = 28.6 kN for vc = 1 m/min and Fmax = 25.3 kN
for velocity vc = 4 m/min (Table 1).

Analysis of the temperature occurring in the die and on the tube surface indicates
that, for α = 16◦ and β = 11.5◦, 13◦, and 14◦, there is an increase in those temperatures
with increasing drawing velocity. The lowest maximum temperatures, Tmax = 69.5 ◦C
in the die and Tmax = 77.7 ◦C on the tube surface, were measured for the angle α = 16◦

and β = 14◦ with a drawing velocity vc = 1 m/min (Table 2), while the highest maximum
temperatures, Tmax = 84.4 ◦C in the die and Tmax = 133.2 ◦C on the tube surface, were
recorded for α = 16◦ and β = 11.5◦ at a drawing velocity vc = 6 m/min. This demonstrates
that the parameter having the largest impact on the temperature emitted during the process
is that of drawing velocity. A small temperature difference between the die and the tube
surface (15 ◦C for α = 16◦, β = 13◦, and vc = 1 m/min) proved sufficient for the die and
lubricant to release heat. With an increase in drawing velocity, a distinct difference was
observed between the temperature in the die and on the tube surface (50 ◦C for α = 16◦,
β = 11.5◦, and vc = 6 m/min). This indicates that it is impossible for both the die and the
lubricant to give up heat due to the lack of die cooling and the fact that the heat capacity of
the lubricant is too small.

Temperature change tends to increase during drawing. This increase is greater at
lower drawing velocity. With an increase in drawing velocity, the curves are flatter. But,
they failed to achieve a constant temperature during the drawing of tubes with lengths of
2000 mm, thus providing the conditions for a stationary process.

When the “bamboo” effect occurred, which presented a periodic build-up on the tube
surface (Figure 5a), an oscillation of temperature was observed (Figure 3). The temperature
curves are composed of characteristic “teeth”, corresponding to the oscillations of the
drawing force, starting and ending with the “bamboo” effect.
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During tube drawing on dies with angles α = 16◦ and β = 11◦30′, 13◦, and 14◦ over the
complete range of drawing velocity using lubricants (P) and (F), unsatisfactory results were
obtained. Tube breakages were observed after 50 s from the start of the drawing process,
i.e., after the tube was drawn for about 1.5 m (Figure 5b). The occurrence of tube breakages
is a problem during drawing, with an approximate 20% rate in production [24].

Materials 2023, 16, x FOR PEER REVIEW 8 of 19 
 

 

were obtained. Tube breakages were observed after 50 s from the start of the drawing 
process, i.e., after the tube was drawn for about 1.5 m (Figure 5b). The occurrence of tube 
breakages is a problem during drawing, with an approximate 20% rate in production 
[24]. 

A characteristic feature of the loss of lubricant properties was a clear increase in the 
temperature in the die and a corresponding increase in force (Figure 6a). Thus, a clear 
deterioration in physical properties and the viscosity of the lubricant under the influence 
of an increase in temperature can be observed in the deformation zone, revealing a rup-
ture of the lubricant film and an increase in the drawing force. 

  
(a) (b) 

Figure 5. (a) “Bamboo” effect formed on the tube surface as a result of the instability of the process 
conditions, and (b) view of the broken tube with a floating plug inside. 

 
(a) 

 
(b) 

Figure 5. (a) “Bamboo” effect formed on the tube surface as a result of the instability of the process
conditions, and (b) view of the broken tube with a floating plug inside.

A characteristic feature of the loss of lubricant properties was a clear increase in the
temperature in the die and a corresponding increase in force (Figure 6a). Thus, a clear
deterioration in physical properties and the viscosity of the lubricant under the influence of
an increase in temperature can be observed in the deformation zone, revealing a rupture of
the lubricant film and an increase in the drawing force.

Completely unsatisfactory results were obtained when drawing tubes with a dimen-
sion D0 = 19 mm, g0 = 1.2 mm using a die with dimensions α = 16◦ and β = 11.5◦, 13◦, and
14◦ while using the lubricants (M) and (T) (Figure 6b).

When analysing the influence of the strain values applied, it should be noted that
positive test results were obtained for the drawing of tubes with dimensions D0 =19 mm,
g0 = 1.2 mm into tubes with dimensions Dk = 16 mm, gk = 1.06 mm, while unsatisfactory
results were obtained for the drawing of tubes from dimensions D0 = 18 mm, g0 = 1.2 mm
into dimensions Dk = 16 mm, gk = 1.06 mm, with the same total strain amounting to λ = 1.34.
The difference was in the partial deformations of the wall thickness and diameter of the tube.
Satisfactory results were obtained for the drawing of tubes from dimensions D0 = 19 mm,
g0 = 1.2 mm into dimensions Dk = 16 mm, gk = 1.06 mm, because it was possible to obtain
conditions allowing the production of natural back-tension, thus lowering the pressure of
the metallic workpiece on the die and the plug with no increase in the drawing force.

The intended use of the lubricants used is strictly defined, not only in terms of strength
properties, viscosity as a function of temperature, and the wettability of the surfaces on
the tube, drawing die, and floating plug, but also due to the use of a specific material with
specific properties. The (W) lubricant can be successfully used for drawing tubes made of
AISI 321 steel on a floating plug. On the other hand, (T) and (M) lubricants did not fulfil
their task completely when drawing this type of austenitic steel, despite the fact that they
are successfully used for drawing copper and brass.

The parameter determining the feasibility of the FPD process is the strength of the
lubricating film on the external and internal friction surfaces. The strength of the lubricant
film depends on the type of lubricant and the concentration of surface-active agents in
the lubricant, and, most of all, on the temperature in the friction zones. If the critical
temperature is exceeded, the lubricating film is ruptured and the tube is almost immediately
ruptured. Thus, in the case of drawing tubes made of both soft and hard-to-deform
materials, the necessary condition for the drawing process is to ensure that temperatures
in the deformation zone are lower than the critical temperature for the lubricant used.
Optimisation of the geometry of the tools in order to ensure that the minimum work of
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frictional forces is fully converted into heat will minimise the drawing stress, permitting
the FPD process to be carried out.
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Figure 6. Variation of temperature and of drawing force during drawing at α = 16◦, β = 14◦,
vc = 2 m/min, and with the use of (P) lubricant (a) and (T) lubricant (b).

3.2. Microstructure

Table 3 shows examples of the topography of the outer and inner surfaces, as well the
microstructure, on the cross section of tubes before and after drawing with β = 11.5◦, 13◦,
14◦, α = 16◦, vc = 4 m/min, and with the use of (W) lubricant.

Microstructural observations of the charging tubes revealed large grains in the central
part of the cross-section, with refined grains on the inner and outer surfaces of the tubes.
This indicates a poor selection of heat treatment parameters (supersaturation) in the process
of preparing the material for drawing. This is also confirmed by the results of the average
microhardness measurements on the cross-section of the charge tubes. Microhardness in
the middle part of the wall thickness was 160–173 HV, while the microhardness in the
vicinity of the inner and outer surfaces of tube was 180–190 HV.
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Table 3. Topography of outer (a, d, g, j) and inner (b, e, h, k) surfaces with roughness measurement
lines, as well microstructure (c, f, i, l) of tubes before and after drawing with β = 11.5◦, 13◦, 14◦,
α = 16◦, vc = 4 m/min, and with the use of (W) lubricant.

Topography of Outer Surface
of Tubes

Topography of Inner Surface
of Tubes Microstructure

Charge
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3.3. Surface Roughness 
3.3.1. Experimental Results 
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Grinding the outer surface of the charge tubes causes the formation of lubricant pockets
that allow more lubricant to be supplied to the deformation zone, improving the frictional
conditions of the process (reducing the temperature and the amount of heat generated
during drawing). Microscopic observation showed that the scratches forming transverse
to the tube axis after grinding remain visible on the surface of the product regardless
of the drawing process conditions; however, they are clearly flattened. Longitudinal
scratches visible on the inner and outer surfaces of the finished product indicate a lack of
the appropriate amount of lubricant or the fact that the fine particles remaining after the
grinding process caused a roughening of the tube surface. Varying the geometry of the
tools used for drawing and changing the speeds of the process do not significantly change
the microstructure of the tubes.

3.3. Surface Roughness
3.3.1. Experimental Results

The results of the mean roughness Ra and Rz measured on the inner and outer
surfaces of the tubes, depending on the angle of the floating plug and the drawing speed,
are presented in Table 4 and Figures 7 and 8. Surface roughness parameters were measured
on the tubular surfaces in the axial direction.

Table 4. Roughness parameters Ra and Rz of inner and outer surfaces of tubes—D = 19 mm, α = 16◦,
(W) lubricant.

Angle of Floating
Plug β, ◦

Drawing Speed
vc, m/min

Outer Surface Inner Surface

Ra, µm Rz, µm Ra, µm Rz, µm

11.5

1 - - - -
2 0.491 4.794 0.136 1.391
3 0.475 5.382 0.185 2.067
4 0.639 6.146 0.233 2.762
6 0.734 6.471 0.267 2.904

10 0.762 6.455 0.302 3.348

13
1 0.458 4.699 0.116 1.583
2 0.461 4.631 0.264 2.677
4 0.475 4.572 0.353 2.711

14
1 0.432 4.776 0.232 2.104
2 0.614 5.733 0.247 2.138
4 0.539 5.272 0.255 2.746
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Figure 8. Micro-geometry of the outer surface of the tubes (D = 19 mm, α = 16◦, (W) lubricant).

The roughness measurements of the tubes after drawing confirmed the significant
influence of the process parameters on the surface roughness of the inner and outer surfaces
of the tubes. After the drawing process, there was a significant improvement in the
smoothness of the (especially inner) surface of the tubes in relation to the smoothness of
the surface of the charging tubes. In the case of the charging tubes, the mean roughness
of the internal surface was Ra = 1.25 µm, and, for the external surface, was Ra = 0.7 µm.
After drawing, the mean roughness of the tube surface was between Ra = 0.43 µm and
Ra = 0.93 µm for the outer surface of the tubes and Ra = 0.09–0.35 µm for the inner surface
of the tubes. The mean roughness and 10-point peak–valley surface roughness of the inner
surface of the tubes was significantly reduced (Figure 7). The drawing process led to a
reduction in the surface roughness parameters Ra and Rz measured on the outer surface of
the tubes, but only for the angles of floating plug β = 13◦ and β = 14◦ (Figure 8).

With the use of the die angle α = 16◦ and the angle of floating plug β = 11.5◦, 13◦, and
14◦, along with the increase in the drawing speed, the roughness of the inner surface of
the tube increases, which demonstrates the improvement of the lubrication conditions and
the increase in the thickness of the lubricating film. FPD of tubes significantly improves
the roughness of the inner surface of the tubes in relation to drawing the tubes without a
floating plug, in which the circumferential compressive stresses promote an increase in
the roughness of the inner surface. The contact of the inner surface of the tube with the
floating plug leads to a radical improvement in roughness. It can be concluded that the
increase in speed and angle of the die increases the effect of hydrodynamic drawing, which
results in a reduction of the friction coefficient that mainly occurs on the inner surface of
the tube [12,13].

3.3.2. Analysis of Variance

First, analysis of variance was used to model the relation between the angle of floating
plug β, the drawing speed vc, the measurement side (inner and outer surfaces of tubes),
and the value of the roughness parameter Ra. THe measurement side is considered to be a
categoric variable.

The model F-value of 66.04 implies the model is significant (Table 5). The model terms
are significant when p-values are less than 0.0500. In this case, B and C are significant terms.
Values greater than 0.1000 indicate the model terms are not significant. A signal-to-noise
ratio (an adequacy precision ratio) of 21.288 indicates an adequate signal for the model
(Table 6). If the adequacy precision is greater than 4, the ANOVA model can be used to
navigate the design space. The predicted R2 of 0.8178 is in statistically reasonable agreement
with the adjusted R2 of 0.8610.
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Table 5. Results of ANOVA for the roughness parameter Ra.

Source Sum of
Squares

Degrees
of Freedom Mean Square F-Value p-Value Meaning

Model 0.6451 2 0.3225 66.04 <0.0001 significant
A—drawing speed 0.0915 1 0.0915 18.72 0.0004
B—measurement side 0.5536 1 0.5536 113.35 <0.0001
Residual 0.0928 19 0.0049
Total correlation 0.7379 21

Table 6. Fit statistics of the regression model for the roughness parameter Ra.

Standard deviation 0.0699 R2 0.8742
Mean 0.3895 Adjusted R2 0.8610
Coefficient of variation. % 17.94 Predicted R2 0.8178

Adequacy precision 21.2885

The relation between the input parameters and the roughness parameter Ra (in terms
of the coded factors) is as follows:

Ra = 0.4400 + 0.1161A + 0.1586B (1)

The analysis of variance was also used to model the relation between the angle of
floating plug β, the drawing speed vc, the measurement side (inner and outer surfaces of
tubes), and the value of the roughness parameter Rz. The measurement side is considered
to be a categoric variable.

The model F-value of 69.94 implies the model is significant (Table 7). The model terms
are significant when p-values are less than 0.0500. In this case, C, AB, B2 are significant
terms. Values greater than 0.1000 indicate the model terms are not significant. A signal-
to-noise ratio (an adequacy precision ratio) of 22.6581 indicates an adequate signal for the
model (Table 8). If the adequacy precision is greater than 4, the ANOVA model can be
used to navigate the design space. The predicted R2 of 0.9274 is in statistically reasonable
agreement with the adjusted R2 of 0.9426.

Table 7. Results of ANOVA for the the roughness parameter Rz.

Source Sum of
Squares

Degrees
of Freedom Mean Square F-Value p-Value Meaning

Model 54.52 5 10.90 69.94 <0.0001 significant
A—angle of floating plug 0.5763 1 0.5763 3.70 0.0725
B—drawing speed 0.0229 1 0.0229 0.1472 0.7063
C—measurement side 48.04 1 48.04 308.14 <0.0001
AB 0.9475 1 0.9475 6.08 0.0254
B2 1.22 1 1.22 7.82 0.0129
Residual 2.49 16 0.1559
Total correlation 57.01 21

Table 8. Fit statistics of the regression model. for the roughness parameter Rz.

Standard deviation 0.3948 R2 0.9562
Mean 3.88 Adjusted R2 0.9426
Coefficient of variation. % 10.19 Predicted R2 0.9274

Adequacy precision 22.6581
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The relation between the input parameters and the roughness parameter Rz (in terms
of the coded factors) is as follows:

Rz = 4.18− 0.5062A + 0.1367B + 1.48C− 1.04AB− 1.01B2 (2)

3.4. Microhardness
3.4.1. Experimental Results

The results of microhardness measurements of the tubes show a significant increase
of 30–70% in the microhardness value on the cross-section of the tubes after drawing,
in relation to the microhardness of the charge material. A characteristic feature is the
differentiation in the amount of microhardness across the thickness of the wall. In the
middle zone of the wall, this increase in value is less than for the values in the outermost
zones. The differentiation of angles of the dies and floating plugs, as well as the drawing
speed, do not significantly affect the microhardness value (Figure 9).
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Figure 9. Micro-hardness across the tube cross section (D = 19 mm, α = 16°, (W) lubricant). Figure 9. Micro-hardness across the tube cross section (D = 19 mm, α = 16◦, (W) lubricant).

The average microhardness of the tubes after drawing is in the range of 240–310 HV.
Higher values of microhardness 250–310 HV occur for the die angle α = 16◦. With the
increase in the difference (α − β), microhardness values increase—the largest occur for
α = 16◦, β = 11.5◦ (α − β = 4.5◦) (Figure 10). This is due to the greater share of bending
forces at tube entry and at the exit of the tube from the die.
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Figure 10. Effect of drawing speed vc on the microhardness across the tube cross section (D = 19 mm,
α = 16◦, β = 11.5◦, (W) lubricant).

3.4.2. Analysis of Variance

The model F-value of 12.93 implies the model is significant (Table 9). The model terms
are significant when p-values are less than 0.0500. In this case B, A2, C2 are significant
terms. Values greater than 0.1000 indicate the model terms are not significant. A signal-
to-noise ratio (an adequacy precision ratio) of 12.8640 indicates an adequate signal for the
model (Table 10). If the adequacy precision is greater than 4, the ANOVA model can be
used to navigate the design space. The predicted R2 of 0.4470 is in statistically reasonable
agreement with the adjusted R2 of 0.5248.

Table 9. Results of ANOVA for the hardness.

Source Sum of
Squares

Degrees
of Freedom Mean Square F-Value p-Value Meaning

Model 7122.09 5 1424.42 12.93 <0.0001 significant
A—angle of floating plug 2.72 1 2.72 0.0247 0.8757
B—drawing speed 495.39 1 495.39 4.50 0.0391
C—distance from outer
surface 19.66 1 19.66 0.1784 0.6746

A2 447.17 1 447.17 4.06 0.0495
C2 5494.81 1 5494.91 49.87 <0.0001
Residual 5399.40 49 110.19
Total correlation 12,521.49 54

Table 10. Fit statistics of the regression model.

Standard deviation 10.50 R2 0.5688

Mean 268.51 Adjusted R2 0.5248
Coefficient of variation. % 3.91 Predicted R2 0.4470

Adequacy precision 12.8640

The relation between input parameters and microhardness (in terms of the coded
factors) is as follows:

HV = 254.11− 0.3038A + 6.38B− 0.8455C + 7.02A2 + 23.89C2 (3)
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3.5. Mechanical Properties

The ultimate tensile stress of the tubes after drawing is almost doubled as compared
to the charge material (Figure 11). On the other hand, plastic properties decrease more
than three times (Figure 12), which proves a significant work hardening of the material has
taken place during the drawing process.
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Figure 12. Elongation A5 of the tube material (D = 19 mm, α = 16◦, (W) lubricant).

There is no clear correlation between the parameters of the drawing process and
the results obtained for the mechanical properties. When analysing the influence of the
floating-plug drawing process on the mechanical properties of the material, it should be
noted that, for the total deformation of λ = 1.34, the strength properties increase from the
level of Rm ≈ 560 MPa for the charge material to Rm ≈ 900−960 MPa for the tubes after
drawing, with a simultaneous decrease in elongation from A5 = 62% to A5 = 12.5–20%.
This demonstrates a huge increase in the strengthening of cold-processed material with a
decrease in plastic properties.
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Analysis of Variance

In this section, two models of ANOVA were considered. First, analysis of variance
was used to model the relation between the angle of the floating plug β, the drawing speed
vc, and the value of uniaxial tensile strength Rm. In the second model, the elongation A5
was used as the output. In both cases, the model F-values imply that the models are not
significant relative to the noise. Therefore, the influence of the input parameters on the two
analysed mechanical parameters can be described by the average value of these parameters.

4. Conclusions

The following conclusions can be drawn on the basis of the analysis of the results obtained:

- The application of an appropriate deformation in the reduction zone of the drawing
die results in the creation of back tension, which reduces the pressure of charge metal
on the die and plug.

- The reduction of unit pressure, as a consequence, reduces the work of forces of
external friction.

- The use of higher values of the angles of the die and floating plug, while maintaining
the difference between the angles (α − β) = 4.5◦, reduces the friction surface and the
work of friction forces.

- An increase in the drawing speed, while maintaining an appropriate gap between
the inner surface of the tube and the cylindrical part of the floating plug, significantly
improves the friction conditions due to the increasing effect of the hydrodynamic
lubrication phenomenon.

- An increase in the roughness of the inner surface, with an increase in the drawing
speed for high values of angles of the die and plug, demonstrates the hydrodynamic
effect during the drawing process.

- It is recommended that the materials used for tools should guarantee a small value of
coefficient of friction.

- It is recommended that lubricants be used that have tribological properties that create
conditions ensuring adequate strength of the lubricating film at a temperature of
90–150 ◦C.

- The drawing process causes a decrease in the roughness parameters Ra and Rz of the
inner surface of the tubes.

- The surface roughness of the outer surface of the tubes does not change much in
relation to the surface roughness of the charging tubes. The lowest values of the Ra
and Rz surface roughness parameters measured on the outer surface of the tubes occur
for the die angle α = 16◦ and the floating plug angle β = 13◦.

- For the die angle α = 16◦ and plug angles β = 11.5◦, 13◦, and 14◦, the values of the
roughness parameters increase with an increase in drawing speed, although this
increase is small. This demonstrates the increase in the thickness of the lubricating
film and, thus, the improvement of the lubrication conditions.

- After drawing, an increase of 30–70% was observed in the microhardness of the tube
material in relation to the microhardness of the charge material. In the middle zone
of the wall thickness, the increase in microhardness is less than in the outer zones.
The different angles of the dies and plugs, as well as the drawing speed, do not
significantly affect the microhardness value.

- The value of ultimate tensile stress doubled compared to the property in the charge
material. However, the plastic properties decreased by more than three times due
intensive strengthening of the material. At the same time, no correlation was observed
between the drawing process parameters and material properties.

- Limitations of the floating-plug pipe drawing method result from plug geometry and
improperly selected lubricants.

- Future works will focus on the possibility of increasing the drawing speed and on the
selection of both lubricants and lubrication methods, which determine the possibility
of intensifying and increasing the efficiency of the drawing process.
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Abstract: Ensuring adequate reliability of the production process of packaging closures has made
it necessary to study the effect of annealing and varnishing variants on the strength and structural
properties of the stock material. As a test material, EN AW-5052-H28 aluminium alloy sheets with a
thickness of 0.21 mm were used. The surface treatment of the test material involved varnishing the
sheet metal surface using various varnishes and soaking the sheet metal. The coefficient of friction
and the abrasion resistance of the coatings were determined using the T-21 ball-and-disc tribotester.
The tested sheets were subjected to tribological analysis by the T-05 roller-block tribotester using
countersamples made of Caldie and Sverker 21 tool steels. The results of the tests showed differences
in mechanical and structural properties depending on the method of sample preparation. Based on
the test results, significant differences in the adhesion of anti-wear coatings were found. The results
revealed that the most favourable friction conditions are provided by the CrN coating. The (AlTi)N
interlayer in the (AlTi)N/(AlCr)N coating adheres to the substrate over the entire tested area and
no detachment from its surface was observed, which proves good bonding at the substrate/coating
interface. The tested AlTiN/TiAlSiXN coating is characterised by a more homogeneous, compact
microstructure compared to the (AlTi)N/(AlCr)N coating.

Keywords: aluminium alloy; coefficient of friction; surface topography; wear; wear resistance

1. Introduction

The possibility of shaping the properties of materials by heat treatment and the
selection of chemical composition is limited for structural steel materials. Improvement
to these properties is possible by applying modifications to the surface layer [1]. One
possibility is to create protective coatings on the surface of the material. Physical Vapour
Deposition (PVD) and Chemical Vapour Deposition (CVD) methods differ primarily in
process parameters, temperature and time, as well as their mechanisms of protective layer
formation [2,3]. PVD methods are practically used to cover the surfaces of tools with
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titanium nitride TiN (less often with titanium carbide TiC) in order to achieve an increase
in their durability. The increase in the tool’s durability can be obtained as a result of
complex treatments, e.g., nitriding with additional TiN coating or alternating coating with
different layers of TiN + TiC [4]. The layers obtained by the PVD method have a thickness of
about 3–5 µm and a hardness of about 2000–3500 HV [4]. Tools coated with PVD methods
have a far longer service life than tools manufactured conventionally without protective
coatings [5]. Coatings produced by the PVD process can be divided into simple (consisting
of a single material, metal or phase) and complex, which consists of more than one material.
Composite coatings include multi-component, multi-layer, multi-phase, composite and
gradient coatings [6].

The application of protective coatings on tools for plastic working processes is pri-
marily aimed at increasing wear resistance [7]. The wear process of plastic-forming tools
carrying high mechanical and friction-wear loads is a complex phenomenon [8]. The pro-
cess of tool wear consists of mechanical and thermal fatigue. Improper design of tools can
be a source of stress accumulation, which initiates cracks under the influence of dynamic
loads [9,10]. Another parameter-determining tool wear is the wrong selection of substrate
material. Knowledge of the abrasion resistance of thin coatings can help in their correct
selection for applications where abrasion plays a major role in their degradation [11]. The
basic methods used to determine the durability of coatings are tribological tests using
scratch tests [10] or tribotesters with various types: ball-on-disc [12], pin-on-disc [13],
block-on-ring [14], etc.

Improving the anti-wear properties of AlTiN coatings has been the subject of many
works over recent years. Wang et al. [15] found that the high coefficient of friction of AlTiN
coatings was caused by the formation of a tribo-film on the wear track. Meng et al. [16]
indicated that the synergistic effect of micro-textures and AlTiN coatings enhanced the anti-
wear properties. The hybrid AlxTi1−xN (x = ~0.65) coatings fabricated using cathodic arc
evaporation and magnetron sputtering exhibited enhanced wear resistance and mechanical
properties [17]. He et al. [18] investigated the tribological properties of the AlTiN coatings
with different Al/Ti atomic ratios (73/27, 70/30, 67/33, 60/40, 50/50) and it was found that
all coated inserts possessed an improved wear behaviour under wet cooling conditions. The
indentation and wear tests on CrN-coated M50 disks indicated the relationships between
applied loads and material removal patterns [19]. Biava et al. [20] experimentally analysed
the high temperature corrosion behaviour of CrN, AlCrN and TiAlN coatings deposited by
the arc evaporation PVD process onto Waspaloy Ni-based superalloy. The TiAlN and AlCrN
and coatings showed a higher elastic modulus and hardness than the CrN coating. The
wear investigations conducted by Navinšek and Panjan [21] indicated that a CrN coating
(approx. 5 µm thick) with a Cr intermediate layer 0.2 µm thick between the substrate and
the coating improved the quality of the surface finish of the products and increased tool life.
Polok-Rubiniec et al. [22] found a correlation between hardness and adhesion of the CrN
PVD coatings to the plasma-nitrided X37CrMoV5-1 and heat treated steel substrates. The
analysis of the structure of CVD and PVD TiAlSiN coatings deposited on cemented carbide
tools indicated that both coatings consisted of nanocrystals embedded in amorphous
SiNx [23]. Schulz et al. [24] deposited wear-resistive TiAlCrSiN coatings on a WC/Co metal
substrate. The TiAlCrSiN coating showed a significant reduction in coefficient of friction
due to the addition of Cr and Si to the coating which reduces adhesion. The wear behaviour
of PVD coatings (TiN, TiAlN, TiC, TiAlN and Si3N4/AlTiN) in three ball-on-disc tests was
analysed by Merklein et al. [25]. The TiC and TiAlCN coatings revealed a higher wear
resistance than the coatings of AlCrN and TiN. The tribological performance of the AlTiN-
TiSiN deposited by the PVD process was investigated by Claver et al. [26]. The experimental
tests using the pin-on-disc test revealed that the combination of the nitriding process with
the bonding layer deposited by high-power impulse magnetron sputtering improved the
adhesion properties of AlTiN-TiSiN coatings. Das et al. [27] developed a nanocomposite
AlTiSiN coating deposited using scalable pulsed-power plasma, which improved the
surface finish of AISI D6 steel samples during turning. Liu et al. [28] investigated the
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microstructure and oxidation resistance of three nanocoatings (TiAlSiN/AlCrN multilayer,
AlCrN monolayer and TiAlSiN monolayer). It was found that the AlCrN coating has the
highest adhesion strength, while the TiAlSiN coating has the lowest adhesion strength
among the coatings tested. Previous studies on AlCrN and TiAlSiN coatings were focused
on thermal stability [29], high-temperature friction [30], microstructure [31], mechanical
properties [32,33] and oxidation resistance [34,35]. Sousa et al. in a review paper [36]
indicated the wear mechanisms of TiAlN-based coatings. Both AlCrN and AlTiN coatings
are characterised by high oxidation resistance due to the formation of aluminium oxide
surface layers [37].

This article attempts to characterise the coatings used on tools that form the pull-off
caps made of EN AW-5052-H28 [38] aluminium alloy sheets. The technological process to
produce food closures usually consists of precise cutting and stamping operations. The
parameters of the input material, such as the coefficient of friction, are very important
to ensure the proper course of the production process. In the food industry, particular
emphasis is placed on product quality [39]. In this paper, the effect of the surface treatment
of the EN AW-5052-H28 aluminium alloy sheets, consisting of varnishing the sheet metal
surface using various varnishes and soaking the sheet metal, on the tribological properties,
drawability, mechanical properties and wear resistance of test sheets is investigated. So far,
there are no such studies available in the literature regarding EN AW-5052-H28 aluminium
alloy sheets used in the food industry. The results of the tests showed differences in
the mechanical and microstructural properties of the sheet depending on the method of
varnishing. Based on the experimental results, significant differences in the adhesion
of anti-wear coatings were found, despite the analogous method of preparing the steel
substrate. The tests also showed fundamental differences in the microstructure of the
coatings, and for some of them defects in the form of cracks parallel to the substrate and
material losses were identified. The results of ball-on-disc tests concluded that the most
favourable friction conditions among tested coatings are provided by the CrN coating. The
low CoF of the CrN coating is associated with the smallest coefficient of volumetric wear of
the sample and ball-shaped countersample.

The obtained results will allow for future research in industrial conditions aimed at
determining the impact of the use of selected anti-wear coatings on the geometric quality
of products and, consequently, on their application.

2. Materials and Methods
2.1. Test Material

The test material consisted of uncoated EN AW-5052-H28 aluminium alloy sheets with
a thickness of 0.21 mm (Table 1), which were subjected to appropriate surface and/or heat
treatment (Table 2). Selecting the appropriate sheet preparation technology is crucial in
the manufacturing of pull-off caps (Figure 1) from the test material. The surface treatment
consisted of varnishing the sheet metal surface using various varnishes and soaking the
sheet metal at a temperature between 185 ◦C and 200 ◦C for 13 min. The inner surface of
the pull-off cap was varnished. However, the outer surface was not varnished. To simplify
the identification of lacquered samples, the sides of the sample are marked with colours:
‘white’ for non-lacquered surfaces and ‘yellow’ for lacquered surfaces. As a reference, the
as-received sheet metal (sample no. 1 in Table 2) was used.

Table 1. Chemical composition [% wt.] of the EN AW-5052-H28 aluminium alloy.

Si Fe Cu Mn Mg Cr Zn Ti

0.4 0.5 0.1 0.5–1.1 1.6–2.5 0.3 0.2 0.1
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Table 2. Parameters of surface treatment of samples.

Number
of

Sample

Lacquering Soaking Temperature and Duration Colour
of Surface

Adhesive
Varnish Salchi

VI 1106

Coating
Varnish Salchi

ANC 6001

Overprint
Varnish Salchi

VE2028

200 ◦C,
13 min

190 ◦C,
13 min

185 ◦C,
13 min Inner Side Outer Side

1 no no no no no no ‘white’ ‘white’
2 yes no no yes no no ‘yellow’ ‘white’
3 yes yes no yes yes no ‘yellow’ ‘white’
4 yes yes yes yes yes yes ‘yellow’ ‘white’
5 no no no yes no no ‘white’ ‘white’
6 no no no yes yes no ‘white’ ‘white’
7 no no no yes yes yes ‘white’ ‘white’
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Figure 1. Exemplary geometry of lacquered pull-off cap.

2.2. Surface Roughness Measurement

Surface roughness of the samples was measured on a laboratory stand equipped
with a T1000 (Hommel-Etamic Jenoptik, Jena, Germany) roughness-measuring instrument.
Surface roughness results are presented by the two most commonly used parameters, i.e.,
Ra—arithmetic average of the absolute values of the profile heights over the evaluation
length and Rz—the average value of the absolute values of the heights of the five highest-
profile peaks and the depths of the five deepest valleys within the evaluation length. The
surface roughness measurement was carried out over a length of 4.8 mm. The test was
performed for three orientations of the sample in relation to the sheet rolling direction: 0◦,
45◦ and 90◦. Five measurements were made for each direction. The tests were carried out
for both sides of the analysed specimens.

2.3. Abrasion Resistance Roller-Block Test

The abrasion resistance test of various grades of tool steels against the EN AW-5052-
H28 aluminium alloy countersample was carried out on the T-05 roller-block tester. The
abrasion resistance of samples presented in Table 2 was also tested. The measurement was
carried out at an ambient temperature with translational motion in dry friction conditions.
The principle of operation of the tester is shown schematically in Figure 2. The self-adjusting
attachment of block (1), which is the sample holder (4) and the hemispherical insert (3),
ensures that the block adheres to the roller (2) and evenly distributes the pressure on the
contact surface. The tester used for the tests enables tests to be carried out in accordance
with the ASTM D 2714, D 3704, D 2981 and G 77 standards. Countersamples from cold-
work tool steels Caldie and Sverker 21 manufactured by Uddeholms AB (Hagfors, Sweden)
were used in the tests.
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During the abrasive test, the friction force FT was continuously recorded, which was 
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to the friction path and the applied load. The mass loss expressed in grams was deter-
mined in accordance with Equation (2), while the mass percentage of loss was determined 
in accordance with Equation (3). 

Figure 2. Principle of operation of T-05 roller-block tester: 1—block, 2—roller, 3—insert, 4—sample
holder, F-friction force, L-load, n- rotation speed.

The test samples were in the form of sheet metal strips with dimensions 20 × 4 × 0.25 mm.
The average value of the average roughness Ra of the test samples, measured using a confocal
microscope in accordance with ISO 21920-1:2021 [40], was 0.665 µm. Ring countersamples with a
diameter of 49.5 mm made of Caldie and Sverker 21 steels applied with various coatings (Table 3)
were used in the test. All measurements were performed at a constant ring rotational speed of
136 rpm. During the tests of the aluminium alloy samples (Table 2), a load of FN = 10 N was used
and the friction path was 100 m. While testing the countersamples of Caldie and Sverker 21 steel,
the load was 20 N and the friction path was 50 m.

Table 3. Types of coatings used on Caldie and Sverker 21 steel samples.

Sample Designation Type of Coating

PR1 MTec (AlTi)N

PR2 CrN

PR3 MPower (AlTiN/TiAlSiXN).
X = Cr, B, Y

PR4 MForce ((AlTi)N/(AlCr)N)

During the abrasive test, the friction force FT was continuously recorded, which was
used to determine the CoF µ according to Equation (1).

µ =
FT

FN
(1)

The measure of abrasion resistance is the mass loss of the tested material in relation to
the friction path and the applied load. The mass loss expressed in grams was determined
in accordance with Equation (2), while the mass percentage of loss was determined in
accordance with Equation (3).

∆m = mp − mk (2)

∆m =
mp − mk

mp
·100% (3)

where mp is the initial mass of the sample and mk is the final mass of the sample.
Observations of the surface morphology after friction test, measurements of surface

roughness and identification of friction mechanisms were carried out using the LEXT OLS
4100 confocal microscope (Olympus Europe SE & Co. KG, Hamburg, Germany). The device
is fully automatic in a simple, bottom-table arrangement for observation in reflected light.
This microscope uses UV laser light with a wavelength of 405 nm.

2.4. Determination of the Coefficient of Friction (Ball-on-Disc Tribometer)

The CoF and the wear index were determined in accordance with the ISO 20808 standard.
For this purpose, a T-21 ball-on-disc tribotester ((Łukasiewicz Research Network—Institute
for Sustainable Technologies, Radom, Poland) designed to study the tribological properties of
cooperating materials during sliding friction was used. The scheme of the T-21 ball-and-disc
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tribotester is shown in Figure 3. It consists of a rotating disc (sample) and a statically fixed
countersample in the form of a pin with a spherical tip made of Al3O4. The pin is loaded with
the force F.
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Figure 3. Schematic diagram of the ball-on-disc tribotester, Fn-pressure force, r-distance from the
axis, n- rotation speed.

During the test, the values of the friction force, rotational speed of the disc and depth
of the wear track were recorded using a computer program. The normal load Fn is applied
with weights placed on the countersample mounting lever. After the tests were completed,
the samples were cooled to the ambient temperature and cleaned, and then the wear tracks
were examined with a profilometer to determine the coefficient of volumetric wear Wv
according to the Equation (4):

Wv =
V

Fn·s

[
mm3

N·m

]
(4)

where V is volume of the used material [mm3] and s is friction path [m].
The test was carried out with the following parameters: normal force Fn = 5 N, number

of sample revolutions—15,000, radius of friction path r = 4, 5 and 6 mm. The volume of the
worn material was determined based on the measurement of the cross-sectional area of the
wear track. Measurements of the track profile after wear tests were carried out using an
optical interferometric profilometer ProFilm3D (Filmetrics, San Diego, CA, USA).

2.5. Mechanical Properties

The basic mechanical properties of the sheet metals were determined in a static
tensile test using the Zwick/Roell Z020 uniaxial tensile testing machine (Zwick/Roell,
Ulm, Germany). The tests were carried out in accordance with the EN ISO 6892-1:2022
standard [41]. The tests were carried out for samples cut in the following directions: per-
pendicular, parallel and at an angle of 45◦ to the direction of sheet rolling. Three samples of
each type were tested and average values of the mechanical parameters were determined.

2.6. Analysis of Microstruture

The analysis of the microstructure of the samples was carried out using a metallo-
graphic microscope Axio Vert.A1 Mat equipped with an Axiocam 305 (ZEISS,
Jena, Germany) camera, a metallographic microscope GX51 (Olympus Europe SE & Co. KG,
Hamburg, Germany) and a scanning electron microscope SU 70 (Hitachi Ltd., Tokyo, Japan).
The analyses of the chemical composition in the form of maps of the distribution of elements
and of micro-areas of individual materials were performed using the energy dispersion
spectroscopy (EDS) method.

Samples for microstructural analysis were cut out and then positioned in epoxy resin
by Struers (Copenhagen, Danmark). Samples for optical microscopy were ground with #220,
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#500, #800, #1200, #2000 and #4000 grit SiC papers. Then the samples were polished with
MD MOL (Struers) woven wool metal-backed polishing cloths using diamond powders
with diameters of 6 µm and 3 µm. Finally, the specimens were polished for 2 min using
metal-backed coarse- and fine-ground MD cloths in the presence of a suspension of silicon
dioxide, organic solvents and water OP-S (Struers).

2.7. Hardness Testing

Nanohardness tests were carried out using the Step 500 device (Anton Paar Gmbh,
Ostfildern, Germany), which is equipped with the nanoindenter NHT3 module (nanohard-
ness tester) meeting the requirements of the ASTM-E2546-15 standard [42]. Hardness was
determined by the Berkovich method at a load of 20 and 50 mN. The standard Berkovich
indenter geometry with a centerline-to-face angle of 65.3◦ was used.

3. Results
3.1. Surface Roughness of Samples

The tests showed significant differences in the surface roughness of the sample materi-
als. It was found that the Ra and Rz roughness parameters of the analysed samples depend
on both the material and the sample orientation in relation to the sheet rolling direction
(Figures 4–6). In the case of samples no. 2–4, the side (‘white’ or ‘yellow’) of the sheet that
was tested was also important. In general, it was found that, in the case of non-lacquered ma-
terials (samples no. 1, 5–7), the average values of the roughness parameters on both sides of
the sheet are similar (Figure 5). For samples no. 2 and 4, Ra and Rz were higher for the ‘yel-
low’ side, while the ‘white’ side of sample 3 was characterised by much higher roughness.
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Figure 5. Values of the roughness parameter Ra depending on the orientation angle in relation to the
sheet RD on (a) ‘white’ and (b) ‘white’/‘yellow’ sides.

For all the analysed sheets, a significant influence of the measurement direction on the
value of surface roughness parameters was found, especially for the side without varnish.
For samples no. 1 and 5–7, this relationship was observed for both non-lacquered sides of
the samples. The lowest values of roughness parameters were recorded for the orientation 0◦

in relation to the sheet rolling direction (RD). For the remaining orientations (45◦, 90◦),
the values of Ra and Rz were similar (Figures 6 and 7). The values of surface roughness
parameters of the lacquered samples no. 2–4 was different from the other samples and
differed depending on the surface of the samples tested. In the case of sample 3, it can be
concluded that there are no significant differences in the values of the Ra and Rz parameters
for the tested directions in relation to the RD. Only slightly lower values of roughness
parameters were observed for the 90◦ orientation and the ‘yellow’ side of the sample. In
the case of samples no. 2 and 4, lower values of roughness parameters were found for the
RD and the ‘white’ side of the sheet. On the other hand, for the ‘yellow’ side, the values of
Ra and Rz were close to each other.
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1 0.03599 0.03587 0.00012 0.33 0.03940 0.03927 0.00013 0.33 
2 0.04083 0.04042 0.00041 1.00 0.03879 0.03823 0.00056 1.44 
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Figure 7. Mass loss of the countersample material.

The tested sheets, especially without the varnish layer (samples no. 1, 5–7), are
characterised by different values of roughness parameters depending on the orientation
relative to the sheet RD. The surface roughness of the lacquered sheets (samples no. 2–4)
was greater than that of the non-lacquered surfaces, although the distribution of Ra and
Rz values on their surface was more even. The transparent varnish (Salchi VE2028) causes
a significant increase in the surface roughness of the tested material, regardless of the
orientation angle in relation to the sheet RD. For this situation, the Ra and Rz parameter
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values are also the highest. To sum up, the application and curing of the varnish have a
significant impact on the surface roughness of samples.

3.2. Wear Resistance and Coefficient of Friction (Roller-Block Test)

Table 4 shows the mass loss of the materials under a load of 20 N. In addition, the
results of mass loss and average CoF are shown graphically in Figures 7 and 8, respectively.
Analysing the presented results, for most of the tested sheets (samples 1–6), smaller mass
losses were clearly recorded for the countersample of Caldie steel. Samples 1 and 5 without
a varnish coating and sample 4 with a varnish coating are characterised by the lowest
wear. The greatest difference in the CoF, approximately 50%, when testing with analysed
countersamples, was observed for samples no. 5 and 6 (Figure 9). In turn, the smallest
difference in the value of the CoF was observed for samples no. 4 and 7. Figures 9 and 10
show the variation of the friction force during friction testing. In the case of Caldie steel
countersample the friction force is at the most stable level and reaches the lowest values for
sample 4. On the other hand, the highest CoF occurs in the case of contact of samples no. 1
and 6 with the countersample made of Sverker 21 steel. Test results with the Sverker 21
steel countersample (Figure 10) appear to show a more stable friction process compared
with the Caldie steel countersample (Figure 9). For most of the samples (no. 2, 3, 4 and 7),
the value of the friction force varies slightly throughout the test period and is much lower
than for the as-received sheet metal (sample no. 1). No clear relationship was observed
between the surface roughness of the samples and the course of the friction process.

Table 4. Mass loss of test countersamples.

Sample
Number

Countersample Material

Caldie Sverker 21

m1, g m2, g ∆m, g ∆m, % m1, g m2, g ∆m, g ∆m, %

1 0.03599 0.03587 0.00012 0.33 0.03940 0.03927 0.00013 0.33
2 0.04083 0.04042 0.00041 1.00 0.03879 0.03823 0.00056 1.44
3 0.03865 0.03845 0.0002 0.52 0.04063 0.03992 0.00071 1.75
4 0.04148 0.04138 0.0001 0.24 0.03993 0.03953 0.0004 1.00
5 0.03746 0.03731 0.00015 0.40 0.03548 0.03443 0.00105 2.96
6 0.03593 0.03557 0.00036 1.00 0.03388 0.03314 0.00074 2.18
7 0.03800 0.03731 0.00069 1.82 0.03693 0.03630 0.00063 1.71
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Figure 10. Changes in friction force as a function of test time for the Sverker 21 steel countersample.

The course of changes in frictional force is more unstable for the Caldie steel counterex-
ample; however, the lapping time is shorter for this counterexample, with a maximum of 72 s,
where for the Sverker 21 steel it is up to 100 s. The Caldie steel counterexample caused deep
scratches on the surface of the sheet, especially on painted samples. It seems to show some
affinity with the varnish and cause it to detach from the surface, as the friction force stabilises
after rubbing through the varnish. In some of the curves showing changes in frictional force
as a function of test time, we observe abrupt changes in force over very short time periods,
especially for tests with a countersample made of Caldie steel (Figure 9). This is due to the
presence of aluminium in the friction node, which causes adhesion to occur. This mechanism
is related to the formation and breaking of adhesive joints formed at the friction node. A
stable course after degradation of the varnish layer is observed for samples no. 3 and 4
(Figures 9 and 10). The behaviour of the samples in contact with Sverker 21 steel is completely
different; only samples 1 and 5 show significant, abrupt changes in force during the entire
tribological test. The surfaces of selected samples after the friction process, depending on the
type of counterexample material, are shown in Figures 11–14.

87



Materials 2023, 16, 6465

Materials 2023, 16, x FOR PEER REVIEW 12 of 24 
 

 

the friction force stabilises after rubbing through the varnish. In some of the curves show-
ing changes in frictional force as a function of test time, we observe abrupt changes in 
force over very short time periods, especially for tests with a countersample made of 
Caldie steel (Figure 9). This is due to the presence of aluminium in the friction node, which 
causes adhesion to occur. This mechanism is related to the formation and breaking of adhesive 
joints formed at the friction node. A stable course after degradation of the varnish layer is ob-
served for samples no. 3 and 4 (Figures 9 and 10). The behaviour of the samples in contact with 
Sverker 21 steel is completely different; only samples 1 and 5 show significant, abrupt changes 
in force during the entire tribological test. The surfaces of selected samples after the friction 
process, depending on the type of counterexample material, are shown in Figures 11–14. 

By analysing the friction surfaces shown in Figures 11–14, it can be concluded that 
the typical wear mechanism in these materials is abrasive wear, with scratching and 
ploughing identified. Locally, adhesive wear and the accumulation of wear products in 
the form of sticker patches are also observed (Figure 11b). For sample 1, the Sverker 21 
counterexample results in the accumulation of more wear products on the surface, which 
consist of oxides chipped from the surface. The main differences for samples 2 and 3 can 
be identified in terms of the depth of the scratches and grooves on the surfaces after fric-
tion (Figures 12 and 13); deeper grooves were observed after using the counterexample 
made of Caldie steel. After using a counterexample made of Sverker 21 steel, the surfaces 
of the samples are ‘smoother’ and wear products adhering to the surface are also observed. 
Sample no. 4, for which the friction surfaces are summarised in Figure 14, differs from 
those presented in Figures 11–13. In addition to the scratches, areas that are locally de-
formed are visible. This may be related to the disruption and overspray of the painted 
layer. This phenomenon is more pronounced for countersamples made of Caldie steel. 
Similar wear mechanisms after analysing the surfaces of the specimens were observed for 
unpainted specimens no. 5–7, where the dominant wear mechanism was abrasion of the 
sheet surface through scratching and grooving. 

  
(a) (b) 

Figure 11. The surface of sample no. 1 after the friction process with countersample made of (a) 
Caldie and (b) Sverker 21 steel. 
Figure 11. The surface of sample no. 1 after the friction process with countersample made of
(a) Caldie and (b) Sverker 21 steel.

Materials 2023, 16, x FOR PEER REVIEW 13 of 24 
 

 

 
(a) (b) 

Figure 12. The surface of sample no. 2 after the friction process with countersample made of (a) Caldie 
and (b) Sverker 21 steel. 

 
(a) (b) 

Figure 13. The surface of sample no. 3 after the friction process with countersample made of (a) Caldie 
and (b) Sverker 21 steel. 

 
(a) (b) 

Figure 14. The surface of sample no. 4 after the friction process with countersample made of (a) Caldie 
and (b) Sverker 21 steel. 

To sum up, depending on the method of surface preparation of the samples and the 
grade of countersample material, fundamentally different results of mass loss and CoF 
were obtained. The course of changes in the friction force is less stable for the Caldie steel 
countersample, while a stable course after rubbing through the varnish layer was ob-
served for samples no. 3 and 4. In the case of samples no. 1–6, smaller mass losses were 

Figure 12. The surface of sample no. 2 after the friction process with countersample made of
(a) Caldie and (b) Sverker 21 steel.

Materials 2023, 16, x FOR PEER REVIEW 13 of 24 
 

 

 
(a) (b) 

Figure 12. The surface of sample no. 2 after the friction process with countersample made of (a) Caldie 
and (b) Sverker 21 steel. 

 
(a) (b) 

Figure 13. The surface of sample no. 3 after the friction process with countersample made of (a) Caldie 
and (b) Sverker 21 steel. 

 
(a) (b) 

Figure 14. The surface of sample no. 4 after the friction process with countersample made of (a) Caldie 
and (b) Sverker 21 steel. 

To sum up, depending on the method of surface preparation of the samples and the 
grade of countersample material, fundamentally different results of mass loss and CoF 
were obtained. The course of changes in the friction force is less stable for the Caldie steel 
countersample, while a stable course after rubbing through the varnish layer was ob-
served for samples no. 3 and 4. In the case of samples no. 1–6, smaller mass losses were 
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Figure 14. The surface of sample no. 4 after the friction process with countersample made of
(a) Caldie and (b) Sverker 21 steel.

By analysing the friction surfaces shown in Figures 11–14, it can be concluded that
the typical wear mechanism in these materials is abrasive wear, with scratching and
ploughing identified. Locally, adhesive wear and the accumulation of wear products in
the form of sticker patches are also observed (Figure 11b). For sample 1, the Sverker 21
counterexample results in the accumulation of more wear products on the surface, which
consist of oxides chipped from the surface. The main differences for samples 2 and 3 can be
identified in terms of the depth of the scratches and grooves on the surfaces after friction
(Figures 12 and 13); deeper grooves were observed after using the counterexample made
of Caldie steel. After using a counterexample made of Sverker 21 steel, the surfaces of
the samples are ‘smoother’ and wear products adhering to the surface are also observed.
Sample no. 4, for which the friction surfaces are summarised in Figure 14, differs from those
presented in Figures 11–13. In addition to the scratches, areas that are locally deformed
are visible. This may be related to the disruption and overspray of the painted layer. This
phenomenon is more pronounced for countersamples made of Caldie steel. Similar wear
mechanisms after analysing the surfaces of the specimens were observed for unpainted
specimens no. 5–7, where the dominant wear mechanism was abrasion of the sheet
surface through scratching and grooving.

To sum up, depending on the method of surface preparation of the samples and the
grade of countersample material, fundamentally different results of mass loss and CoF
were obtained. The course of changes in the friction force is less stable for the Caldie steel
countersample, while a stable course after rubbing through the varnish layer was observed
for samples no. 3 and 4. In the case of samples no. 1–6, smaller mass losses were recorded
for the Caldie steel countersample. Non-lacquered samples no. 1 and 5 and sample no. 4
exhibited the lowest wear. The CoF is stable and reaches the lowest values for sample no. 4
for both countersample materials. The highest CoF occurs when samples no. 1 and 6 meet
the Sverker 21 steel countersample.

3.3. Mechanical Properties

Figure 15 presents the results of the mechanical properties of sheets cut perpendicular,
parallel and at an angle of 45◦ to the RD. Depending on the treatment method, the yield
stress and ultimate tensile strength varied between 235.3 and 264 MPa, and between 272
and 301.3 MPa, respectively. However, all samples showed a decrease in these parameters
compared to the as-received sample (sample no. 1). As-received material is characterised
by the following mechanical parameters: yield stress Rp0.2 = 279.3, ultimate tensile strength
Rm = 315 MPa and elongation A = 5.4%. The highest mechanical properties are exhibited
by sample no. 1, and the lowest by sample no. 4 which was soaked at 200 ◦C. So, soaking
has been shown to reduce the strength of EN AW-5052-H28 aluminium alloy sheet. All
sheets are characterised by high anisotropy, with the lowest tensile strength being shown
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by samples cut at an angle of 45◦ to the RD and the highest by sheets cut perpendicular to
the RD.
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H/E ratio will be higher for the proposed coatings, and thus the expected wear resistance 
will also be higher. This is confirmed by the results of tribological tests presented in the 
further part of the work in Figure 16. For the applied loads of 20 and 50 mN, no coating cracks 
were observed, which is also evidenced by the lack of pop-ins on the indentation curves. 
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3.4. Hardness of Coatings

Coatings with high hardness and low modulus of elasticity can carry a significant
load that does not plasticise the coating [14]. Ensuring both high hardness and hard-
ness to Young’s modulus ratio with adequate substrate stiffness is particularly impor-
tant for thin coatings; however, in their tribological applications, the value of the CoF
should also be considered.

For the assumed indenter loads of 20 and 50 mN, the penetration depth loads were
significantly less than 1/10 of the coating thickness, which allows us to conclude that the
obtained values are the properties of the tested coatings and the substrate had no effect
on deformations. All coatings with the exception of MForce are characterised by greater
hardness than the reference TiN coating. For the MPower shell, this value is more than twice
as high. However, their Young’s modulus is slightly higher. This indicates that the H/E
ratio will be higher for the proposed coatings, and thus the expected wear resistance will
also be higher. This is confirmed by the results of tribological tests presented in the further
part of the work in Figure 16. For the applied loads of 20 and 50 mN, no coating cracks
were observed, which is also evidenced by the lack of pop-ins on the indentation curves.
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Figure 16. Hardness (a) and Young’s modulus (b) of the coatings at the maximum loading force of
20 mN and 50 mN.

3.5. Coefficient of Friction and Wear Coefficient (Ball-on-Disc Test)

Figure 17 presents a summary of the average values of the CoF of the analysed coatings.
The highest value of the average CoF was observed for samples coated with CVD-TiN and
MTec coatings. The most favourable friction conditions are provided by the CrN coating,
for which the value of the CoF is about 36% lower than that of the CVD-TiN coating. The
low CoF of the CrN coating is also associated with the smallest coefficient of volumetric
wear of the sample (Figure 18a) and countersample (Figure 18b).
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Figure 17. Average values of the CoF for analysed coatings.
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Figure 18. Coefficient of volumetric wear of the samples (a) and of the countersample (ball) (b).

92



Materials 2023, 16, 6465

The sample coated with CVD-TiN showed the highest coefficient of wear index
(87.2476·10–6 mm3/Nm). The coefficient of volumetric wear of the remaining coatings was
less than 6.2·10–6 mm3/Nm. The value of volumetric wear for MPower, MTec, MForce and
CrN coatings corresponds well with the value of volumetric wear of countersample (ball).
The greater the value of volumetric wear of the sample (Figure 18a), the greater the value of
volumetric wear of the countersample (Figure 18b). This relation does not apply to the CVD-
TiN countersample. Despite the high value of the volumetric wear of this countersample,
the ball wears at a similar level as during the wear test with MPower coatings. This proves
the low wear resistance of the CVD-TiN coating. The greatest wear of the countersample
concerned cooperation with the sample coated with MTec (1.3233·10–6 mm3/Nm).

Topographies of friction tracks of the coated samples are shown in Figures 19 and 20.
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3.6. Wear Resistance of Countersamples (Pin-on-Disc Tribometer)

Several countersamples with different properties in tribological contact with sam-
ples made of EN AW-5052-H28 aluminium alloy sheet were tested. The materials were
analysed for their wear resistance, CoF and the morphology of worn surfaces in condi-
tions of dry friction. The tests were carried out at ambient temperature (about 21 ◦C)
and at about 30% humidity.

Tribological tests were carried out using countersamples with as-received surfaces.
The highest mass loss (2.18%) was observed for the countersample with the MTec coating.
The countersamples coated with MForce and CrN coatings turned out to be the most
wear resistant (Figure 21a). Despite the lowest mass loss, the CrN-coated countersample
showed the highest CoF value, µ = 0.398 (Figure 21b). Among all the coatings tested, the
difference in the CoF value is less than 10%. Despite fluctuations in the friction force, the
countersamples coated with MTec, MPower Nano, CrN and MPower exhibited a stable
average friction force throughout the test. Only the MForce-coated countersample showed
a continuous increase in the friction force over the entire test period. This may indicate
premature rupture of the coating and intensification of the wear processes. On the other
hand, the value of the friction force during the test with this countersample was the most
stable without large fluctuations.
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and some fragments of coating were identified (Figure 23). It should be noted that where 
the coating is present, it is homogeneous and adheres well to the surface of the substrate. 

Figure 21. (a) Mass loss, (b) CoF and (c) variation of the friction force during the testing of coated
countersamples against EN AW-5052-H28 aluminium alloy sheet.

The highest wear was recorded for the MTec-coated countersample at over 2% with a
CoF of about 0.3. Practically no wear was observed on the surface of this countersample;
there are trace scratches, while much greater abrasive wear from scratching and ploughing
was found on the surface of the EN AW-5052-H28 aluminium alloy sheet. The course of
changes in the friction force is quite unstable, and may be related to the accumulation of
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wear products on the surface of the sample. In the case of the MForce-coated countersample,
its wear in contact with the EN AW-5052-H28 aluminium alloy sheet was insignificant
and was within the measurement error limit, while almost the smallest mass loss of the
countersample was recorded at over 1.16% with a slightly higher CoF (0.33) than in the
case of the MTec-coated countersample.

A high coefficient of friction can increase wear on stamping tools, which increases
production costs. Tools must be wear-resistant and durable to maintain the efficiency of
the stamping process. In addition, the low coefficient of friction will improve the tool’s
guidance due to a reduction in the heat released during work.

3.7. Microstructure

The results of microstructural analyses of the tested coatings are summarised in
Figures 22–25. Using metallographic microscopy, thin protective coatings were identified
on the surface of the substrate. In the case of the first tested sample, the MTec coating is
unevenly deposited on the surface of the substrate, and it occurs only in small fragments
over the entire area of the tested material (Figure 22). The SEM micrographs confirmed the
uneven deposition of the coating on the surface of the steel substrate. Non-coated areas
and some fragments of coating were identified (Figure 23). It should be noted that where
the coating is present, it is homogeneous and adheres well to the surface of the substrate.
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The thickness of the other two coatings, CrN and MPower, was, respectively, 0.8
and 2.5 µm (Figures 24 and 25). The CrN (Figure 23) and MPower (Figure 24) coatings
researched have a flat and smooth structure. Funnel-like artefacts were observed for the
MPower coating locally owing to the presence of a droplet phase embedded in the coating,
which is connected with the nature of the employed coating deposition CVD process
(Figure 25). No microstructural defects were observed for either CrN or MPower coatings.
In a few areas, for the CrN coating, delamination between the coating and the substrate was
visible (Figure 23). Other areas where the coatings adhered well to the substrate surface
are characterised by tight adherence to the substrate material. Small areas of delamination

95



Materials 2023, 16, 6465

should not affect the quality and strength of the coating. This can be confirmed by the
results of the study of the coefficient of friction and wear coefficient (Figure 18).
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chemical composition (wt. %) of the MForce coating and the substrate (EDS-SEM) (c).

The MForce multi-layer coatings reveal dense structures with not-visible delamination
and defects. The coating was uniformly distributed over the entire width of the test
sample. For a more accurate microstructural analysis, SEM measurements were performed,
confirming the presence of two superimposed layers. The thickness of the main layers of
the MForce (AlTi)N/(Al,Ti)N coating were equal 0.7 and 2.4 µm (Figure 25). In the tested
areas of the coating, the point analysis using an X-ray energy dispersive spectrometer EDS
indicated the presence of such elements as Al, Ti and N (Figure 22c, Figure 23c, Figure 24c,
Figure 25c). The * symbol indicates the place of point analysis of chemical composition.
Analysis of the chemical composition showed that the interlayer is rich in Ti, Al and N. The
overlying coating contains Cr, Al and N. In the tested areas, the outer layer shows areas
where microstructural defects in the form of cracks and material losses were identified. The
coating shows good adhesion to the substrate surface.

4. Conclusions

This article presents the results of tribological and microstructural studies of coatings
applied to tools for forming pull-off caps. As a test material, EN AW-5052-H28 aluminium
alloy sheets with different surface treatments were used. Measurements of surface rough-
ness of sheet metals and basic mechanical properties of sheet metals and hardness of
coatings, as well as wear tests and formability tests using the Erichsen method, were car-
ried out. Based on the comprehensive tribological and microstructural investigations, the
following conclusions can be drawn:

• It was found that the Ra and Rz roughness parameters of the analysed samples depend
on both the material and the sample orientation in relation to the sheet RD. The lowest
values of roughness parameters were recorded for the orientation 0◦ in relation to the
sheet RD.

• For most of the tested sheets (samples 1–6), smaller mass losses were recorded for the
countersample made of Caldie steel.

• Lacquered and/or soaked samples showed a decrease in yield stress and ultimate
tensile strength compared to as-received sample. Samples are characterised by high
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anisotropy, with the lowest tensile strength being shown by samples cut at an angle of
45◦ to the RD and the highest by sheets cut perpendicular to the RD.

• Based on SEM micrographs and EDS mapping, it was found that the microstructure of
the test sheets is characterised by the existence of precipitates that are rich in Fe, Si,
Mn, Mg and Si.

• The results of ball-on-disc tests concluded that the most favourable friction conditions
are provided by the CrN coating. The low CoF of the CrN coating is associated with the
smallest coefficient of volumetric wear of the sample and ball-shaped countersample.

• The tests of the chemical composition using the EDS method confirmed the composi-
tion of all applied coatings.

• The microstructure of the MForce coating is two-layered, and the analysis of the
chemical composition confirmed the presence of (AlTi)N/(AlCr)N layers.

• The (AlTi)N interlayer in the MForce coating adheres to the substrate over the entire
tested area and no detachment from its surface was observed, which proves good
bonding at the substrate/coating interface.

• Metallographic tests showed that, in the case of the (AlTi)N coating, there are defects
in the form of discontinuities.

• In the tested areas of the MForce (AlTi)N/(AlCr)N coating, defects in the form of
cracks parallel to the substrate and material losses were identified.

• The tested CrN and MPower (AlTiN/TiAlSiXN) coating is characterised by a homoge-
neous, compact microstructure.

• The occurrence of funnel-shaped artefacts resulting from the existence of a droplet
phase embedded in the coating was found. A few areas with delamination between
the coating and the countersample substrate were also observed.

• Future work will include research in industrial conditions on the impact of the use of
anti-wear coatings selected on the basis of tests of the geometric quality of products.
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Abstract: The article presents research results related to assessing the possibilities of applying
modern filtration methods to diagnosing measurement signals. The Fourier transformation does
not always provide full information about the signal. It is, therefore, appropriate to complement the
methodology with a modern multiscale method: the wavelet transformation. A hybrid combination
of two algorithms results in revealing additional signal components, which are invisible in the
spectrum in the case of using only the harmonic analysis. The tests performed using both simulated
signals and the measured roundness profiles of rollers in rolling bearings proved the advantages of
using a complex approach. A combination of the Fourier and wavelet transformations resulted in the
possibility to identify the components of the signal, which directly translates into better diagnostics.
The tests fill a research gap in terms of complex diagnostics and assessment of profiles, which is very
important from the standpoint of the precision industry.

Keywords: wavelet transformation; Fourier analysis; surface texture; rolling bearings; roundness;
surface quality

1. Introduction

Metrology 4.0 is undoubtedly an important component of the fourth industrial rev-
olution which is entering a dynamic phase. Measurements and a proper analysis of the
acquired data constitute an integral part of the process and the functioning of systems. As
part of Metrology 4.0, a number of measurement devices have been developed and im-
proved, which can execute requested processes in an automatic manner in real-time using
artificial intelligence and make decisions in an autonomous way, based on the acquired data.
In recent years, new solutions were also introduced in the aspect of surface topography,
allowing for a more detailed and comprehensive assessment and prediction [1,2]. Modern
multiscale methods constitute an important contribution to the development of modern
surface metrology, and they contribute to a considerable increase in the possibilities of its
assessment [3,4]. When surfaces are observed on numerous scales, there is a possibility
to observe and highlight their characteristic features. The surface texture of the produced
elements is described as a set of periodic and aperiodic irregularities. This distribution
depends on the procedures to which the surface was subjected, while taking into account
the parameters of specific machining processes. There are a number of algorithms used to
assess, filtrate, or detect certain important information included in such surfaces; however,
the application of traditional algorithms often does not allow for the identification of all
the components of a signal. It is, therefore, desirable to eliminate the shortcomings of
the individual transforms and to analyze the measurement data in a more efficient way.
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The hybrid application of several known methods in a proper order allows for a better,
comprehensive evaluation of the signals.

The nature of irregularities of rotating elements is evaluated using a roundness profile
transformation based on the Fourier transformation. In accordance with this approach,
the individual profiles are described as a composition of periodic functions with a defined
magnitude of the amplitude and period, which provide information on possible errors in the
manufacturing process. Based on the magnitude of the individual harmonic components,
it is possible to draw a conclusion about the prevalent deviations of the shape profile and
about their potential impact on the subsequent work of an element. Nonetheless, in the case
of local defects existing on the surface, a harmonic analysis does not provide a complete
image. The values of the individual components of the signal are considerably disrupted
by scratches or cracks. As a supplement to the Fourier transformation, one can suggest
the concept of using an additional method developed at the turn of the 21st century: the
wavelet transformation.

The wavelet transformation is one of the multiscale methods which allow for decom-
posing a signal and presenting it in individual ranges. Currently, it is also increasingly
used to analyze 2D and 3D surface profiles. These profiles are a composition of periodic
and aperiodic irregularities; therefore, they should be assessed as non-stationary signals
and analyzed with the use of proper methods. Such methods include wavelet transfor-
mation, allowing for simultaneous localization in the time and frequency domain, which
is its unquestionable advantage. However, this transformation also has disadvantages,
such as, among other things, shift sensitivity, poor directionality, and the lack of phase
information [5]. The discrete wavelet transform used in the study is based on the use
of two types of filters, i.e., high-pass and low-pass. The particular combination of them
allows for the evaluation of surface topography in a specific frequency band, the size
of the scale. In addition, a wide spectrum of mother wavelets with different properties
allows for their appropriate use, which translates into better diagnostics and detection of
characteristic features of the signal which are invisible in the results of the analysis carried
out by other methods. When analyzing the literature, it can be concluded that in surface
metrology, a number of uses have already been found for the wavelet transformation, e.g.,
for correcting temperature errors [6], diagnosing, characterizing, and identifying charac-
teristic features [7–9], decomposition the profile into components (roughness, waviness,
form) [10–12], and estimating surface roughness parameters using image processing [13].

Therefore, it was desirable to compare the possibilities of using the developed wavelet
approach and Fourier transformation in the aspect of analyzing various types of signals.
Research pointing to the drawbacks and advantages of specific methods using the example
of the surface profiles of rotating elements are described in [14]. In [15], the authors compare
both methods in the aspect of assessing muscle fatigue, while in [16], the Fourier transform,
the windowed Fourier transform, and the wavelet transform methods were applied to
fringe pattern processing. Research intended to identify the error components influencing
the measurement accuracy of the system using the Fourier transformation and the wavelet
transformation is presented in the paper [17]. Based on the current state of the art, it
should be concluded that both methods can complement each other; therefore, a proper
combination of both methods can be used successfully for proper diagnostics of signals.
A proper combination of both algorithms has been used to identify defects of bearings
in [18–20]. Nonetheless, the use of a hybrid method based on the time-scale-frequency
analysis to diagnose measurement signals provides potentially vast possibilities, and it
requires a broader analysis. The novelty of the work is the application of a comprehensive
approach to the evaluation of surfaces using the modern, multiscale, hybrid method
including the analysis of its parameters. The tests fill a research gap in terms of complex
diagnostics and assessment of profiles. Despite the many studies relating to the evaluation
of wavelet transformation parameters and their impact on results, further comprehensive
analysis of their applicability is required [21–24]. The relationship between the surface
texture, which is influenced by the parameters of both the process and the measurement,
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and the methods of analysis, is very important in the context of a comprehensive analysis
of surface quality, as shown in Figure 1. It should be pointed out that there is no research
aimed at assessing the possibilities of using the wavelet transform to analyze the roundness
profiles, in particular in the elements of rolling bearings. It should be added that this type of
shape deviation has a considerable impact on the operating parameters of rolling bearings,
and new methods of their assessment should be sought [25].
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Figure 1 presents a schematic interpretation of the production and measurement
process, taking into account the technological [26–31] and measuring process [32–39], with
particular emphasis on the wavelet [40–43] and Fourier transformation [44–49].

2. Metrological Approach

This paper presents simulation tests intended to assess the possibilities of identifying
signal disruptions using a time-scale-frequency analysis (Figure 2). The hybrid approach
methodology is based on the performance of a spectral analysis of signals generated at
the subsequent stages of the wavelet decomposition. Assessment of the signal, taking into
account the scale of irregularities, will allow for the identification of disruptions that are
invisible in the input signal spectrum.
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Figure 2. Diagram of the hybrid method of the time-scale-frequency analysis.

The tests were implemented using the concept of combining the Fourier transformation
and the wavelet transformation. The paper presents a comparative analysis of various types
of signals. To this end, simulation tests were performed for signals being a composition
of periodic functions with various amplitude sizes and various periods (x1, Equation (1),
Figure 3), with noise from a periodic function with a relatively small amplitude and period
(x2, Equation (2), Figure 3), and a signal with noise from a series of coefficients with
random values (x3, Figure 3). The functions presented in Figure 3 are almost identical,
differing only in additional relatively small disruptions, which cannot be distinguished in a
visual manner.
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x1(t) = 2 sin(6πt) + 3 cos(10πt) + 0.3 cos(30πt) + 0.7 cos(60πt) + cos(75πt) + 0.07 cos(90πt) (1)

x2(t) = x1(t) + 0.018 cos(100πt) (2)
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Figure 3. Analyzed surface profiles—simulated tests.

Experimental tests were performed to verify the results of simulation tests. Measure-
ments of the roundness profiles of a series of rollers in rolling bearings were performed
with the use of the Talyrond 365 measurement system. It is a precise measurement system;
the operating principle of which is based on the method of measuring changes in the radius
(radial method) with a rotary table. Talyrond 365 is commonly used in the bearing industry
to analyze the quality of production of cylindrical elements [50,51]. On the other hand, the
deviation of roundness and waviness of bearing rollers is of key significance, since its ex-
cess values cause the generation of additional vibrations of the rolling bearings. Moreover,
they can also cause assembly problems. Figure 4a presents the measurement of a bearing
roller using the example of Talyrond 365, while Figure 4b presents a sample-assessed
roundness profile.
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additional information. Correct assessment of the signals is particularly important in 
terms of diagnosing a process or a product. At the initial stage of the destabilization of 
production processes in the individual signals received from machines and devices, there 
are indeed low resulting distortions, deviations from the nominal signal which should be 
identified as fast as possible in order to prevent deterioration of the process, which directly 
affects the quality of the manufactured elements. Therefore, it can be concluded that the 
use of the Fourier transformation only results in the lack of certain information about the 
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Figure 4. (a) A Talyrond 365 measurement of roundness profiles in a bearing roller and (b) a
roundness profile with waviness components.

3. Results
3.1. Simulated Tests

A harmonic analysis was performed for the signals presented in Figure 3 (Figure 5).
The resulting values of amplitudes for the individual harmonics resembling with each
other, and they correspond to the modeled values of signal components. Based on either a
visual assessment of the signal or the resulting values of its components, it is not possible
to clearly distinguish between the individual signals. Based on the below figure, it cannot
be concluded whether the signals are different, and optionally which ones of them contain
additional information. Correct assessment of the signals is particularly important in terms
of diagnosing a process or a product. At the initial stage of the destabilization of production
processes in the individual signals received from machines and devices, there are indeed
low resulting distortions, deviations from the nominal signal which should be identified as
fast as possible in order to prevent deterioration of the process, which directly affects the
quality of the manufactured elements. Therefore, it can be concluded that the use of the
Fourier transformation only results in the lack of certain information about the signal in
the produced results. The use of solely the Fourier transformation causes the loss of certain
important features.
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In order to streamline the diagnostic process and obtain better, more precise, and com-
prehensive (with a broader range) information about the investigated signal, it was deemed
purposeful to perform an analysis on many scales by means of the wavelet transformation.
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The use of the discrete wavelet transformation followed by the Fourier transform will allow
for analyzing the signal in its individual frequency bands. This will allow for focusing
more on high-frequency information about small amplitudes which have been lost in the
spectrum presented in Figure 5. In order to perform the analysis, the db2 mother wavelet
was chosen, which due to its short support width, should be sensitive to small but rapid
changes in the values of the coefficients describing the signal. Figure 6 presents the results
of the analysis of details generated at the first level of decomposition of signals, while
Figure 7 presents the results of filtration for seven levels. Red color indicates differences in
the spectrum for particular signals.
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An assessment of the resulting signal spectra indicated that there are components
that have been made additionally visible in the signal spectra of details created after the
performance of the wavelet analysis. For each of the assessed signals, at the initial stages
of the analysis, different values were obtained for certain harmonic components. When
assessing the possibilities of detecting a disturbance in the form of a periodic function, it
should be concluded that a disturbance corresponding to the parameters of the additional
component of the signal was noticed in high-frequency signals at the four initial levels of
the analysis. Therefore, on this basis, it is possible to draw conclusions about its frequency.
At the following levels of decomposition, the spectra for signals x1 and x2 do not exhibit
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any significant differences. The additional component has been filtered out. Analogical
conclusions can be drawn based on an analysis of the noisy signal (x3). In this case,
differences between the nominal (x1) and the noisy signal can be noticed in a broader
range of harmonics in the assessed spectra. Nonetheless, the nature of the disruption is
indicated by the fact that most disruptive components were filtered out at the first stage of
the analysis. Moreover, there is a considerable difference in the resulting values of spectrum
coefficients at the two initial levels of the analysis.

3.2. Analysis of Roundness Profiles

Analogical tests were also performed for the actual roundness profiles of rollers in a
rolling bearing (x4). The sample surface profile presented in Figure 4b is characterized by a
completely different, irregular, and aperiodic distribution of irregularities. In order to assess
the possibilities of the proposed approach, it was also deemed reasonable, analogically to
the case of simulation tests, to add to the analyzed profile an additional periodic function
with a relatively small amplitude and period (x5), and a signal defined as a series of
coefficients with random values (x6). For a comprehensive assessment, thirty roundness
profiles were selected for the tests.

A harmonic analysis was performed for the sample profile presented in Figure 3 (Figure 8).
The introduction of additional components in the form of a periodic function or noise
caused no noticeable changes in the values of amplitudes in the resulting spectra. Based
on the resulting data, it is not possible to clearly distinguish between the individual
signals. The detection of changes and any deviations from the nominal assumptions is
particularly important in the case of the bearing industry. It should be noted that an
erroneous interpretation of the predominant harmonic in the roundness profile of a bearing
roller can result in the wrong assessment of the stability of the production process. In
this case, unnecessary correction procedures can be introduced, which may result in the
propagation of the already existing deviations. Moreover, the excess deviation values
for roundness and surface waviness of bearing rollers cause the generation of additional
vibrations and noises in the rolling bearings, which is an unpreferable phenomenon [52,53].
Due to this, in the case of surface profiles, a combination of two transformations was used
in order to diagnose surface topography.
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Surface profiles being a composition of periodic and aperiodic irregularities in the
generated spectrum are defined by a significantly higher number of harmonic components.
The assessment of irregularities in the individual bands will allow for narrowing down the
scope of the analysis, which at the initial stages of decomposition results in an analysis of
fast-changing information corresponding to the introduced disruptions. Figure 8 presents
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the results of the analysis of details generated at the first level of decomposition of signals,
performed by means of the db2 wavelet. In this case, differences in the amplitude values
were recorded for a single harmonic corresponding to the value of the modeled function. In
the case of noise, a similar distribution of amplitude values can be observed; however, the
values are proportionally higher (Figure 9). At the subsequent stages of the analysis; the
resulting spectra contain no clear information about the signal. It was, therefore, deemed
reasonable to use a different mother wavelet, the support width of which is even shorter, i.e.,
db1. The dbN family of wavelets (Daubechies), where N refers to the number of vanishing
moments and wavelet order, is characterized by 2 N-1 compact support [54]. For the db1
wavelet, information in the detail signals was acquired in a clearer manner (Figure 10).
Therefore, it can be concluded that for non-stationary signals, the use of wavelets with
possibly short support width results in better diagnostics of the signal. In the upper part
of Figure 10, there are noticeable differences for the 50th harmonic between the surface
profile resulting from the measurements and the signal resulting from the addition of
an additional function. There is also a noticeable level of decomposition, for which the
additional component has been removed. In the case of noise, it is also possible to record
the level of decomposition for which it has been filtered out. Since the wavelet analysis is a
lossless transformation [55], the signal can be reconstructed, and the possible causes of the
resulting defect can be analyzed to a given level.
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4. Discussion

The continuing industrial revolution and the dynamically developing industry necessi-
tate an increasingly accurate and comprehensive assessment of the process and the quality
control of the final elements. Modern production technologies entail modern methods for
analyzing measurement data. The currently widely developed multiscale methods con-
stitute significant supplementation of the traditional algorithms used for the metrological
assessment of measurement data. One of these methods is the wavelet transformation.
The combined use of the wavelet and Fourier transformations allowed for extending the
range of information about the assessed roundness profiles. The method can be useful in
diagnostic processes for fast and comprehensive evaluation of surface topography irregular-
ities. Feature extraction, detection of small signal changes, and additional relatively small
components in signals/profiles, which in the further operation of the mechanisms can cause
a real reduction in efficiency, durability, and applicability of particular elements, is a real
benefit of this solution. The tests fill a research gap in terms of diagnostics and assessment
of profiles, which is very important from the standpoint of the precision industry.

Understanding the possibilities of detecting individual morphological features and de-
termining the scale on which the irregularities occur required a comprehensive assessment
and verification of the assumed procedure. The combination of both algorithms resulted
in the identification and the possibility of a detailed analysis of the important aspects of
geometry, which could influence the subsequent operation of the elements of machine parts.
In this aspect, the traditional perception of roundness profiles seems insufficient.

The tests indicated vast potential application possibilities for multiscale methods in
order to supplement the currently used traditional methods. A multiscale analysis using
discrete one-dimensional wavelet transformation indicated both the prevalent components
of surface irregularities, as well as additional components which had not been properly
filtered out based on the Fourier transformation. An assessment of the distribution of
irregularities on multiple scales allowed for better diagnostics of the roundness profiles,
taking into account the scale of the individual features. The tests performed for a wide
spectrum of mother wavelets and roundness profiles allowed for verifying the impact of
the mother wavelet and its properties on the filtration process, positively verifying the
adopted concept. Moreover, no significant diversity of the resulting values of the spectrum
was obtained as a function of profile change.

The conducted tests also came with certain limitations, to be analyzed as part of
research in the future. In particular, future studies should focus on a greater diversity
of surface types, in particular functional surfaces, and on taking into account a broader
range of types of wavelet transformations, since the individual approaches and types of
the mother wavelet are characterized by different properties. This results in highlighting
other characteristic morphological features on the surface [56–58]. In future research, it is
planned to include machine parts that will contain certain surface irregularities created
after a certain work cycle. The research will help to develop modern diagnostic systems
allowing for fast control of the key produced industrial elements.

5. Conclusions

The paper assesses the possibilities of utilizing modern filtration methods for diag-
nosing signals. The tests were performed both for simulated irregularities distributions,
as well as for the actual roundness profiles of rollers in rolling bearings. The application
of an algorithm is a combination of two currently used signal analysis methods, i.e., the
Fourier transformation and the wavelet transformation, which results in a better, more
comprehensive analysis of data. The proposed hybrid algorithm allows for the detection
of signal components that are invisible in the spectrum created in the case of performing
the analysis using the Fourier transformation only. The combination of the two methods
allows for providing additional information about the characteristic harmonics in the signal.
There is a possibility to identify the disruptions and the occurrence of noise, as well as
the parameters which describe them, which are hindered when using the Fourier trans-
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formation only. The individual values can be noted in the figures presented in the paper,
where the resulting differences in spectrums are marked. Differences in amplitude values
were noted for individual numbers of harmonic components, as shown, for example, in
the values of the fiftieth harmonic component. Moreover, it has been noticed that the use
of wavelets with a shorter support width result in better, clearer filtration at the initial
stages of decomposition of additional high-frequency disrupting components. The tests
performed for numerous profiles with a diverse distribution of irregularities indicated that
the resulting spectra contained important additional modeled components, which were
properly identified, which proves the effectiveness of the proposed approach.
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Nomenclature

x1
A function that is a composition of periodic functions with various amplitude sizes and
various periods.

x2

A function that is a composition of periodic functions with various amplitude sizes and
various periods, with additional noise from a periodic function with a relatively small
amplitude and period.

x3
A function that is a composition of periodic functions with various amplitude sizes and
various periods, with additional noise from a series of coefficients with random values.

x4 The roundness profile of rollers in a rolling bearing.

x5
The roundness profile of rollers in a rolling bearing, with additional noise from a periodic
function with a relatively small amplitude and period.

x6
The roundness profile of rollers in a rolling bearing, with additional noise from a series of
coefficients with random values.

N The number of vanishing moments.
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Abstract: The paper presents the results of research aimed at evaluating the surface topography
including the analysis of the number of unmeasured points of the samples 3D printed using four
additive technologies (i.e., PolyJet Matrix, fused deposition modeling, selective laser sintering, and
selective laser melting). The samples were made in three variants of location on the printing platform
of 3D printers. Measurements of the samples’ surface topography were carried out using a Talysurf
CCI Lite optical profilometer and a Talysurf PGI 1230 contact profilometer. The percentage of non-
measured points for each sample and the parameters of the surface topography were determined.
Then, the non-measured points were complemented and the topography parameters for the corrected
surface were recalculated. In addition, to perform comparative measurements, each surface was
measured using a contact profilometer Talysurf PGI 1230. Preliminary results of the research showed
that the measurement of the surface topography of the samples made using selective laser sintering
technology with the Taysurf CCI optical measuring system is very unreliable, as the number of
non-measured points for the analyzed samples was higher than 98%. The highest accuracy of optical
measurement was obtained for PJM technology and three variants of location on the printing platform
of the 3D printer.

Keywords: non-measured points; surface topography; 3D printers; additive technology; optical
measurement

1. Introduction

Additive technologies are becoming increasingly popular in the ongoing Industry 4.0
revolution [1]. In the beginning, they were mainly used for the construction of prototypes
and models. However, currently, due to the decrease in the prices of 3D printers and
printing materials, they are used in various sectors of the economy (i.e., in foundries,
automotive, space, textiles, and medicine [2–7]. Along with the dynamic development of
3D printers, the dimensional and shape accuracy and mechanical strength of the elements
printed using additive technologies are constantly improving [8,9]. This allows for the
production of finished (precise) products without the need for further machining [10]
as well as using the tools of reverse engineering [11]. Therefore, there is a need for a
comprehensive analysis of the surface topography of such elements using contact or optical
profilometers [12].

The main materials used in additive manufacturing technologies for the printing of
functional elements are plastics, but recently also metal alloys (steel, aluminum alloys) [13–15].
In the case of some types of additive technologies and the materials used for 3D printing, there
is a problem with the measurement and analysis of the surface topography. Additionally, the
use of functional coatings can pose measurement problems [16,17]. For example, the elements
made using SLS technology (selective laser sintering) have a low yield point [18]. The surface
topography of such elements should not be analyzed using contact methods due to the risk
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of scratching (destruction) the measured surface [19]. In such cases, the use of non-contact,
optical methods of measurement is recommended [20]. However, due to the layered nature
of the 3D print and anisotropy of the surface, there is a very large number of non-measured
points. This problem technically makes it impossible to use this type of measuring instrument
for the analysis of surface stereometry. Therefore, other methods of evaluating the surface
topography of elements made using some additive technologies should be sought.

The main purpose of the research presented in this paper was to analyze the number
of non-measured points for selected additive technologies by taking into account the 3D
printing direction, and to assess the impact of non-measured points on the accuracy of the
surface topography parameters.

There have been some research projects dealing with the problem of measuring the
surface topography of some materials using optical profilometers, however, these projects
have mainly been based on elements made using conventional methods of production [21].
The study in [22] presented research aimed at assessing the impact of undetected points on
the accuracy of the measurement of the surface of elements subjected to various surface
machining methods (i.e., milling, honing, and polishing). In addition, the effect of the
lighting intensity setting of the Talysurf CCI measuring device on the number of undetected
points was tested. The research has shown that even a small number of undetected points
significantly affects the accuracy of the 3D roughness parameter determination. The authors
in [23] analyzed the surface topography of the faces of seal rings made of silicon carbide
and carbon graphite by using three different measurement systems. A contact profilome-
ter, an optical profilometer, and an atomic force microscope were used for comparative
analysis. The research showed that for the silicon carbide ring, surface texture measure-
ments using atomic force microscopy and optical instruments more accurately represented
the actual topography than the measurements determined by the stylus profilometer. A
research project was also performed to determine the optimal method for measuring the
surface roughness in medical applications (i.e., assessing the surface roughness of a femoral
head) [24]. The test results proved significant discrepancies between the values of the 3D
roughness parameters (St, Ssk, and Sku) by using optical and contact profilometers. In [25],
practical issues related to optical measurements were presented. In [26], they presented the
experimental research of a preloaded asymmetric multi-bolted connection.

The analysis of the literature showed that there are many works related to the analysis
of contact and optical methods of surface topography measurement. However, there
have been no research projects on the selection of the optimal method for evaluating the
surface topography of elements 3D printed using commonly used additive technologies.
Moreover, most works on optical measurements do not mention the number of non-
measured points, which is a critical issue when it comes to the accuracy of determining the
surface topography parameters. It should be noted that the so-called “good measurement
practice” is not always adhered to and metrologists “blindly” trust the software, which
does not indicate the percentage of the measured points. Sometimes, especially in industrial
applications, previously prepared measuring programs (templates) are used to control
the surface of mass-produced elements. Then, the non-measured points are filled in
automatically (without the operator’s involvement). This is an important problem that has
been overlooked in many publications.

Therefore, the present paper presents studies aimed at the evaluation of the percentage
of non-measured points depending on the type of additive technology, printing material,
and the way the samples are located on the 3D printing platform in the XZ axis. In
addition, an assessment of the impact of supplementing non-measured measurement
points using DigitalSurf’s MountainsMap® software on the values of selected types of
surface topography parameters was performed. The types of tested parameters were
selected in such a way as to define in detail the nature of the surface irregularities. To
obtain reference values for the analyzed surface topography parameters, each surface was
tested using a Talysurf PGI 1230 contact profilometer. The contact measurement details
were compared with the results of the optical measurements.
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2. Materials and Methods

The experimental research conducted in relation to this study was carried out in two
stages. The first stage involved making samples using four additive technologies (PJM,
FDM, SLS, SLM), taking into account three directions of the models’ location on the printing
platform in the XZ axis (i.e., Pd = 0◦, Pd = 45◦ and Pd = 90◦). The second stage involved
surface topography measurements using two measuring systems: a Talysurf CCI optical
profilometer and a Talysurf PGI 1230 contact profilometer.

2.1. Sample Preparation

The below CAD model was used to make samples for all of the analyzed additive
technologies. Then, the CAD model was approximated using a triangle mesh into an STL
(stereolithography language) file. The approximation parameters were selected in such a
way that the accuracy of the STL model was greater than the accuracy of the most accurate
printer used to print the sample (PJM printer). Due to the geometry of the samples, each
possible notation approximated the 3D models with 12 triangles. The STL model prepared
in this way was sent to each 3D printer. Samples located on the printing platform were
made for each printing technology in three variants in the XZ axis (Figure 1).

Figure 1. Location of the samples on the 3D printing platform.

A different material and a different method of connecting individual layers of the
material were used for each of the researched printing technologies. Samples were printed
using PolyJet Matrix (PJM) Technology with a Stratasys Connex 350 machine and liquid
resin—FullCure 720 material. The layer thickness used was Lt = 0.016 mm. To implement
fused deposition modeling (FDM) technology, a 3D printer Dimension 1200es (Stratasys)
and ABS P430 material were used. The thickness of a single layer of the printing material
was Lt = 0.254 mm. A Formiga P100 printer (0.1 mm layer thickness) was used to print the
sample using selective laser sintering (SLS) technology. To make samples with this tech-
nology, polyamide powder PA2200 based on polyamide PA12 was used. A Concept laser
M2 printer was used to print the sample using powder laser sintering (SLM) technology.
The printing material was a 316L tool steel powder. The thickness of a single layer of the
material applied using SLM technology was Lt = 0.060 mm. Figure 2 shows the 3D printers
used for the research.

Due to the different chemical and physical properties of the materials used to print
the samples, the selected mechanical properties of the tested materials are given in Table 1.
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Figure 2. The 3D printers used to 3D print the samples. (a) Connex 350, (b) 3D Dimension 1200es,
(c) Formiga P100, (d) Concept laser M2.

Table 1. Selected mechanical properties of the materials used to print the samples [18,27,28].

Type of Additive
Technology Material Tensile Strength, MPa Young’s Modulus, MPa Hardness

PJM FullCure 720 60 2870 83 (Shore scale D)
FDM ABS P430 37 2320 76 (Shore scale D)
SLS PA2200 48 1700 75 (Shore scale D)
SLM 316 L grade steel 615 200·103 20 HRC

2.2. Metrological Measurements

The first step of the research procedure was the measurement of the surface topography
of the samples using a Talysurf CCI optical profilometer. This measurement system is
equipped with a set of lenses (×2.5; ×10; ×20; ×50) and enables the analysis of the surface
texture with a vertical resolution of up to 0.01 nm. The horizontal resolution achieved by
the device was of the order of 0.33 µm (for a ×50 lens). The measuring range in the Z axis
was 2.2 mm. Measurements of samples were made on an area of 1.66 mm × 1.66 mm. The
sampling interval was as follows: ∆X = 1.62 µm, ∆Y = 1.62 µm. Based on the measured
surfaces, the parameters of the 3D surface topography (i.e., Sa, Sq, Sz, Ssk, Sku) were
determined. Parameter Sa is known as the arithmetical mean height and it expresses, as an
absolute value, the difference in height of each point compared to the arithmetical mean of
the surface. Parameter Sq is the root mean square height and it represents the root mean
square value of ordinate values within the definition area. The parameter Sz indicates the
maximum height. This parameter is defined as the sum of the largest peak height value
and the largest pit depth value within the definition area. Ssk (skewness) values represent
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the degree of bias of the roughness shape (asperity). The kurtosis parameter (Sku) value is
a measure of the sharpness of the roughness profile.

The non-measured surface points were then filled using MountainsMap® software
options called “smooth shape calculated from the neighbors—optimize for space points” to
assess the effect of the procedure of filling the non-measured points on the values of the 3D
roughness parameters. The parameters of the surface topography for the same surfaces
were determined again once the procedure of filling the points of the non-measured surfaces
was complete. In addition, to obtain reference results (reference values), each surface at the
same locations was measured using the Talysurf PGI 1230 contact profilometer. Due to the
laser interferometer mounted in the “z” axis of the Talysurf PGI 1230 measurement system,
the measurement resolution in the z axis was up to 0.8 nm. The measuring range in the
“z” axis of Talysurf PGI 1230 was 12.5 mm. The measurement parameters were selected
in such a way as to correspond to the measurements carried out using the Talysurf CCI
optical system.

3. Results and Discussion

Table 2 presents the measurement results obtained using the Talysurf CCI optical
device without filling the non-measured points (before filling) and after applying the filling
procedure called “smooth shape calculated from the neighbors”. In addition, the table
includes the type of additive technology used and the 3D printing direction (Pd).

Table 2. Measurement results obtained for the Talysurf CCI optical profilometer.

Technology SLS PJM FDM SLM

Printing direction, Pd 0◦ 45◦ 90◦ 0◦ 45◦ 90◦ 0◦ 45◦ 90◦ 0◦ 45◦ 90◦

Non-measured points,% 99.6 99.6 98.8 9.91 12.2 1.5 88.8 89.8 60.4 72.9 30.1 40.7

Sa, µm
Before filling 22.2 21.46 20.50 3.23 3.96 2.03 9.5 2.91 6.17 10.55 6.08 5.27

After filling 16.18 17.46 19.03 3.22 4.02 2.04 8.69 3.19 7.46 11.81 6.36 5.30

Sq, µm
Before filling 29.00 26.66 26.72 3.59 4.51 2.47 12.15 3.59 7.87 14.43 8.24 6.67

After filling 20.93 22.46 23.82 3.6 4.56 2.47 11.06 4.18 9.79 15.54 8.56 6.75

Sz, µm
Before filling 200.7 217.4 181.0 41.88 30.72 46.44 72.36 54.65 76.82 111.8 94.51 106.1

After filling 198.1 207.2 178.7 41.88 30.77 46.41 69.01 54.99 77.01 112.6 94.82 106.2

Ssk
Before filling −1.01 −0.45 1.07 0.19 0.65 0.23 −0.19 −0.19 −0.38 1.42 0.94 −0.02

After filling −0.72 −0.44 0.52 0.25 0.54 0.21 0.15 −0.77 −0.87 1.08 0.89 −0.06

Sku
Before filling 4.67 3.58 3.58 1.73 2.01 2.85 2.63 4.04 4.00 6.87 5.37 3.37

After filling 4.79 3.96 2.9 2.06 1.92 2.81 2.76 5.47 4.05 4.85 5.15 3.30

When analyzing the results presented in Table 2, one can note that some surfaces of
the elements printed using selected additive technologies were “immeasurable” using the
Talysurf CCI optical profilometer (about 1% of the measured surface). For example, for
selective laser sintering (SLS) technology, depending on the selected print direction, the
number of non-measured points was in the range of 98.8–99.6%. This is closely related to
the nature of the surface of the elements printed using SLS technology and the properties of
the material in terms of light absorption. The sintered powder creates a surface that scatters
light to a large extent, which makes it much more difficult to carry out optical measurements.
This means that the selected surfaces technically cannot be measured using optical devices
and other measurement methods (e.g., contact measurements) should be sought. The same
is true for the most popular additive technology, namely, FDM technology. Here, for the
printing direction Pd = 45◦, the number of non-measured points was 89.8%, while for the 3D
printing direction of Pd = 90◦ (i.e., perpendicular to the surface of the printing platform), the
number of non-measured points was 60.4%. Considering the results obtained for selective
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laser melting (SLM) technology, relatively divergent results were obtained depending on
the printing direction. The best results were obtained for the printing angle of Pd = 45◦

(30.1%), and the worst for Pd = 0◦ (72.9%). Due to the method of laying successive layers of
material by the printer, the direction of Pd = 45◦ is the most recommended. The best results
were recorded when using photo-curing of liquid polymer resin technology—PJM. Using
this technology, for the print angle Pd = 90◦, only 1.5% of the points were not measured. It
should be added that the surface of the elements printed using PJM technology is highly
reflective, which greatly facilitates the measurements performed with the Talysurf CCI
profilometer. Therefore, it can be concluded that optical measurements can be used to
analyze the topography of the surface of elements printed using PJM technology.

Considering the impact of the procedure of filling the non-measured points, one
can note a clear change in the values of the surface topography parameters depending
on the percentage of unmeasured points. For the SLS technology, where the level of
undetected points was the highest and fluctuated around 99%, a clear decrease in the
surface topography parameters Sa, Sqm, and Sz was observed. This was clearly visible,
especially for the print angle Pd = 0◦ and the parameter Sa, where the reduction was about
27%. Similar trends were noted for FDM technology and the printing direction Pd = 0◦,
where the number of non-measured points was 88.8%; however, in this technology, the
reduction in the surface topography parameters was much lower. This may be due to
the fact that clear and regular paths of the printing material are visible when using FDM
technology, which resulted in a higher accuracy of the mapping of the non-measured points.

For the other technologies, where the number of undetected points was significantly
smaller, the values of parameters Sa, Sq, and Sz increased. It should be noted that for the
PolyJet Matrix Technology, where the surfaces were measured with the highest accuracy
(the smallest number of measured points), the procedure of filling the non-measured points
technically did not affect the values of the surface topography parameters. When analyzing
the parameters of surface skewness Ssk and kurtosis Sku, it can be concluded that as a
result of the procedure of filling the non-measured points, similar tendencies (trends) were
observed as for the parameters of height (i.e., Sa, Sq, and Sz). However, the interpretation
of the surface based on the Ssk and Sku parameters, despite a slight change in their values,
did not change significantly.

When analyzing the results presented in Table 2 as a whole, it can be concluded that
in the case of hard-to-measure surfaces, where the number of non-measured points is high,
the procedure of filling them significantly reduces the values of the surface topography
parameters. If this fact is not taken into account when analyzing the surface topography of 3D
printed elements, erroneous conclusions concerning the nature of the surface can be drawn.

However, referring to the results of the surface topography measurements using the
Talysurf PGI 1230 contact profilometer (see: Table 3), one can conclude that the highest values of
Sa and Sq roughness parameters were obtained for FDM technology and the printing direction
of Pd = 45◦. These results are inconsistent with the results of the roughness measurement using
the Talysurf CCI profilometer, where the highest values of the Sa and Sq parameters were
measured when SLS technology was used. The lowest values of the Sa and Sq parameters were
recorded for the technology of PolyJet Matrix (PJM). This is consistent with the results obtained
when using the optical profilometer. It is important to say that for this technology, the highest
number of points was detected. This was confirmed by the fact that the number of non-detected
points directly affects the quality of the surface topography assessment, and consequently, the
values of the roughness parameters. When analyzing the parameter determining the maximum
height of the surface topography (maximum height), it should be stated that for both the optical
and contact measurements, the maximum value of the Sz parameter was obtained for samples
printed using SLS technology at the sample position of Pd = 0◦.

It should be added that for all of the analyzed additive technologies, the smallest
values of the amplitude parameters (Sa and Sq) were obtained for the printing angle of
Pd = 90◦. This is closely related to the way the successive layers of the printing material
are formed. Therefore, this way of positioning the models on the printing platform is
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recommended to lower the roughness of the surface. A certain disadvantage of such a
location of the element on the printing platform is the long printing time.

Table 3. Measurement results obtained for the Talysurf PGI optical profilometer 1230.

Technology
Name SLS PJM FDM SLM

Printing direction 0◦ 45◦ 90◦ 0◦ 45◦ 90◦ 0◦ 45◦ 90◦ 0◦ 45◦ 90◦

Sa, µm 15.75 19.36 15.73 1.89 2.65 1.07 21.17 30.45 8.68 5.68 11.1 5.59
Sq, µm 19.93 23.92 19.92 2.52 3.08 1.32 25.2 35.65 10.73 7.23 14.78 7.13
Sz, µm 167.2 190 153.1 18.57 19.05 9.18 116.9 148.1 63.20 58.10 113.4 65.54

Ssk −0.24 0.09 0.03 0.21 0.14 0.00 −0.41 −0.69 −0.55 0.64 1.16 −0.05
Sku 3.29 2.74 2.91 3.68 1.98 2.68 2.25 2.27 3.07 3.94 5.56 3.39

When analyzing the values of the skewness, namely, the Ssk parameter measured by
the contact method, it can be concluded that in SLS technology and the print directions
Pd = 45◦ and Pd = 90◦, the values of the Ssk parameter were close to zero. This means that
the considered surfaces are symmetrical (i.e., there is a large number of individual peaks
and valleys). This can be proven by the surface topography views given in Figures 3–5. A
similar effect was visible when using PJM Technology for the Pd = 90◦ printing directions.
In the case of FDM technology, the values of the Ssk parameter were negative for all the
analyzed print directions. This indicates that during printing, plateau-shaped surfaces
were created (i.e., with single depressions and a concentration of material around the peaks,
see Figures 6–8). A similar concentration of material around individual peaks was noted
for SLS technology and the printing direction of Pd = 0◦. However, when considering the
surface of the elements printed of metal powder using SLM technology for the printing
directions Pd = 0◦ and Pd = 45◦, it can be concluded that the surfaces had few peaks and
the 3D printing material was concentrated around the valleys. This was also confirmed
by the kurtosis parameter interpretation (i.e., Sku). For SLM technology and the printing
directions Pd = 0◦ and Pd = 45◦, the Sku parameter values significantly exceeded 3. As a
result, the surface was full of sharp peaks.

Figure 3. Surface topography of the element 3D printed using SLS technology (Pd = 0◦). (a) Talysurf
CCI—without after filling non-measured points, (b) Talysurf CCI—after filling non-measured points,
(c) Talysurf PGI 1230.
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Figure 4. Surface topography of the element 3D printed using SLS technology (Pd = 45◦). (a) Talysurf
CCI—without filling non-measured points, (b) Talysurf CCI—after filling non-measured points,
(c) Talysurf PGI 1230.

Figure 5. Surface topography of the element 3D printed using SLS technology (Pd = 90◦). (a) Talysurf
CCI—without filling non-measured points, (b) Talysurf CCI—after filling non-measured points,
(c) Talysurf PGI 1230.
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Figure 6. Surface topography of the element 3D printed using FDM technology (Pd = 0◦). (a) Talysurf
CCI—without filling non-measured points, (b) Talysurf CCI—after filling non-measured points,
(c) Talysurf PGI 1230.

Figure 7. Surface topography of the element 3D printed using FDM technology (Pd = 45◦). (a) Talysurf
CCI—without filling non-measured points, (b) Talysurf CCI—after filling non-measured points,
(c) Talysurf PGI 1230.

121



Materials 2023, 16, 460

Figure 8. Surface topography of the element 3D printed using FDM technology (Pd = 90◦). (a) Talysurf
CCI—without filling non-measured points, (b) Talysurf CCI—after filling non-measured points,
(c) Talysurf PGI 1230.

To visually assess the surface topography of elements printed with selected additive
technologies, views of the surface topography obtained using two measuring systems
(i.e., Talysurf CCI and Talysurf PGI 1230 are presented in the below figures, Figures 3–14).
It should be noted that the Talysurf PGI 1230 measurement system utilizes the contact
measurement method and, in this case, 100% of the measured values were assumed.

Figure 9. Surface topography of the element 3D printed using PJM technology (Pd = 0◦). (a) Talysurf
CCI—without filling non-measured points, (b) Talysurf CCI—after filling non-measured points,
(c) Talysurf PGI 1230.
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Figure 10. Surface topography of the element 3D printed using PJM technology (Pd = 45◦). (a) Talysurf
CCI—without filling non-measured points, (b) Talysurf CCI—after filling non-measured points,
(c) Talysurf PGI 1230.

Figure 11. Surface topography of the element 3D printed using PJM technology (Pd = 90◦). (a) Talysurf
CCI—without filling non-measured points, (b) Talysurf CCI—after filling non-measured points,
(c) Talysurf PGI 1230.
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Figure 12. Surface topography of the element 3D printed using SLM technology (Pd = 0◦). (a) Talysurf
CCI—without filling non-measured points, (b) Talysurf CCI—after filling non-measured points,
(c) Talysurf PGI 1230.

Figure 13. Surface topography of the element 3D printed using SLM technology (Pd = 45◦). (a) Taly-
surf CCI—without filling non-measured points, (b) Talysurf CCI—after filling non-measured points,
(c) Talysurf PGI 1230.
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Figure 14. Surface topography of the element 3D printed using SLM technology (Pd = 90◦). (a) Taly-
surf CCI—without filling non-measured points, (b) Talysurf CCI—after filling non-measured points,
(c) Talysurf PGI 1230.

When analyzing the views of the surface topography obtained using the Talysurf CCI
optical profilometer (Figures 3a, 4a and 5a), one can see that the surfaces were not measured.
This was confirmed by the results presented in Table 2. The procedure of filling unmeasured
points gives a misleading idea of the measured area (see Figures 3b, 4b and 5b). However,
when analyzing the isometric images of the surface topography obtained by using the
Talysurf PGI 1230 contact profilometer, one can note a clear structure distinguished by
a large number of individual peaks and valleys. For each analyzed printing direction,
the characteristics of the surface irregularities were similar. This is due to the way the
SLS technology is implemented by the 3D printer. For each printing direction, a layer of
material (powder) is sintered by a laser beam.

When analyzing the views of the surface topography of elements printed using FDM
technology, one can periodically see occurring hills, related to the direction of the printing
material application. When analyzing Figures 6a, 7a and 8a, we can see that only the top
surface of the peaks was measured. Detailed measurement of the surface of the valleys was
difficult. However, the structure obtained for the angle of Pd = 90◦ (see Figure 8) differed
from the surface topography of the elements printed at the angles Pd = 0◦ and Pd = 45◦.
In this case, more “flattened” surfaces were obtained. It should be added that the largest
number of measured points was obtained for this printing direction.

When analyzing the surface topography view for the samples printed of liquid resin
using PJM Technology, one can see a clear directionality of the structure depending on the
printing direction. Similarly to FDM technology, periodically occurring peaks can also be
seen here (Figures 9–11). In addition, in the case of PJM Technology, in the print direction
Pd = 90◦ (Figure 11), for example, local traces of material curing initiated by UV light
were visible.

When analyzing the views of the surface topography presented in Figures 12–14, one
can see that the nature of the surface irregularities of the metal samples printed using SLM
technology was similar to the surface of the elements printed using SLS technology. This
was due to the similarity of the operation of the printer in both of the analyzed technologies.
In SLS technology, the plastic powder is sintered by a laser, while in SLM technology, metal
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powder is sintered by a laser. However, the surfaces made of metal powders were better
mapped than those made of polyamide. This is due to the fact that metal surfaces are
more reflective, while the polyamide surface diffuses mode light, which directly affects the
number of unmeasured points.

4. Conclusions

The intensive development of additive technologies makes them more and more
popular, and in the future, they may replace conventional manufacturing technologies. The
current state-of-the-art of 3D printers allows for the production of functional machine parts.
Therefore, the accuracy of the 3D printing of such elements should be examined in detail.
However, in the case of responsible machine parts, the quality of the surface layer should
also be tested by measuring and analyzing the surface stereometry parameters.

Due to the different methods of 3D printing as well as the different types of material used
to print the elements, sometimes, the assessment of surface topography using non-contact
measuring systems is difficult to perform or even impossible. Therefore, the main purpose of
the research described in this paper was to analyze the selected measurement factors (i.e., the
number of non-measured points to the values of surface topography parameters).

The results of the research presented in this paper prove that interferometric methods
may not always be useful for assessing the surface topography of elements printed using
some methods of additive technologies. Among all of the analyzed additive technologies,
namely, SLS, FDM, PJM, and SLM, only in the case of PJM Technology and the printing
angle of Pd = 90◦ was the surface measured with relatively high accuracy. The number of
non-measured points was only 1.5%. For the remaining additive technologies analyzed, the
number of non-measured points ranged from 30.1% to 99.6%. The values were significant.
The worst results were obtained when using the technology of the selective laser sintering of
metal powders, where, depending on the printing direction, the number of non-measured
points was in the range of 98.8–99.6%, which excludes the analyzed measurement method
for analyzing the surface topography of elements printed using SLS technology.

By analyzing the values of topography parameters before and after applying the
procedure of filling non-measured points, it can be concluded that this function reduces
the values of the tested surface topography parameters. This reduction depends on the
type of additive technology used, the technological parameters, and the number of non-
measured points.

Therefore, in the case of a large number of non-measured points, the use of the
MountainsMap® software option called “smooth shape calculated from the neighbors—
optimize for space points” may provide an unreliable estimate of the surface topography.

When analyzing the values of the surface topography parameters as a whole, it can be
concluded that the best results were obtained for PJM Technology and the printing direction
of Pd = 90◦, where the value of the parameter Sa = 1.07 µm was obtained. Moreover, for
the analyzed additive technologies, the lowest values of the topography parameters were
obtained for the Pd = 90◦ printing direction. However, the use of this direction is associated
with a longer manufacturing time, which in some cases is unprofitable.

As the aim of further research, the authors will analyze other methods of measuring
the surface topography of elements printed using additive technologies. Among other
things, atomic force microscopy (AFM) will be used for these types of measurements. In
addition, we plan to analyze other factors that may affect the quality of the measured
surface mapping (e.g., the type of light used, the method of removing support material
from the 3D printed samples, etc.).
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Abstract: The article discusses experimental studies assessing the possibility of mapping surfaces
with a characteristic distribution of irregularities. Tests involved surfaces produced using the L-
PBF additive technology, using titanium-powder-based material (Ti6Al4V). An evaluation of the
resulting surface texture was extended to cover the application of a modern, multiscale analysis, i.e.,
wavelet transformation. The conducted analysis that involved using selected mother wavelet enabled
production process errors and involved determining the size of resulting surface irregularities.
The tests provide guidelines and enable a better understanding of the possibility of producing
fully functional elements on surfaces, where morphological surface features are distributed in a
characteristic way. Conducted statistical studies showed the advantages and disadvantages of the
applied solution.

Keywords: wavelet transformation; multiscale analysis; surface texture; L-PBF; additive manufacturing

1. Introduction

The fourth industrial revolution is a concept that covers the technological and organiza-
tional transformation process. Its particularly important aspects are modern manufacturing
techniques, especially 3D printing technologies, which enable rapid production of proto-
types and models with a complex geometry [1]. The development of additive technologies
that allow the production of elements of any complex shape determines the applicability
of these methods over an ever-wider spectrum. The production of fully functional com-
ponents using 3D printing has been implemented in many industrial areas: founding [2],
automotive [3], aerospace [4], or pneumatic and hydraulic industries [5], as well as a basis
for the production of elements with specific properties or as medicinal aspects [6]. Despite
its numerous advantages, these technologies also exhibit disadvantages, which often make
the mapping of a CAD-designed model seem problematic. It is particularly evident in the
case of free-form and rough, irregular surfaces with specific morphological features. Process
limitations, such as minimum layer thickness or aspects of approximating a model with a
triangle mesh (most common STL file), translate directly to the quality of produced features
and their shapes and sizes [7]. The resulting geometrical surface structure is defined by
a number of process parameters (e.g., material, layer thickness, printing direction, laser
power and speed for contour and infill parameters, laser beam diameter and path parame-
ters, gas atmosphere, support material placement, further thermal processes, etc.), but also
by material parameters including chemical composition and powder parameters like grain
distribution and size, which can reach values greater than the layer thickness, depending on
the material [8]. A comprehensive analysis of additively manufactured parts also requires
an assessment of the potential existence of internal defects in the material [9,10].

The development of modern technologies has also determined the need to research
measuring techniques and evaluation methods [11]. It is a common belief that traditional
perception and evaluation of a surface structure through Gaussian transformations (rough-
ness or waviness assessment) is insufficient and does not provide a complex of information
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about morphological surface features [12–15]. Therefore, new methods were developed [16],
as well as hybrid methods that use both classical and multiscale approaches in their data
evaluation [17,18]. Multiscale procedures provide a wider spectrum of information on the
studied surfaces and enable presenting them on many scales, depending on the type and
size of individual surface features [19]. There are currently ongoing studies on the adapta-
tion of multiscale methods for surface texture assessment. Various types of transformations
are developed, including sliding bandpass filters, structural functions [20], geometric meth-
ods [21,22], or wavelet transformations. Wavelet transformations are used in an increasing
number of cases of surface metrology [23–28]. The properties of individual wavelets enable
an effective and comprehensive assessment of non-periodic irregularities [29], assessment,
diagnostics, and indication of the place of occurrence for individual features [30,31], evalu-
ation of manufacturing process parameters [32], tool wear and damage [33], surface texture
extraction [34], engineering surface separation [35], or the estimation of surface roughness
parameters based on surface images [36].

Based on the current state-of-the-art, it should be concluded that wavelet analysis is an
appropriate tool that could be successfully developed to verify the applicability of modern
additive technologies in terms of producing characteristic surface features (surface with a
characteristic irregularity distribution). It potentially provides great opportunities in terms
of measurement signal diagnostics and requires a more in-depth analysis. Please note that
there are no studies aimed at evaluating the applicability of wavelet transformations to
verify surfaces with a characteristic irregularity distribution for diagnosing the production
process, and to assess process errors and irregularity distribution. The previously used,
classical filtration methods exhibit limitations and often do not emphasize significant
irregularities of components, which are crucial for additive processes. The studies fill the
research gap and improve the applicability of modern multiscale methods, which are part
of the Fourth Industrial Revolution, Metrology 4.0.

2. Materials and Methods

Test samples used to model surfaces with a specific distribution of irregularities
were designed in the NX software (Siemens, Plano, TX, USA). Six samples with a surface
defined by specific period and amplitude values were executed. Surfaces No. 1–3 were
defined using a period function with a period equal to 0.2 mm and an amplitude of
0.34 mm. Surfaces No. 4–6 were defined using a composition of four periodic functions
with periods of 0.4; 0.3; 0.25; and 0.2 mm, and amplitudes of 0.5; 0.14; 0.01; and 0.34 mm,
respectively. The samples were saved as .stl files using the SolidWorks software (Dassault
Systèmes SolidWorks Corp., Waltham, MA, USA), with a linear and angular accuracy of
+/− 0.01 mm. Figure 1 shows a visualization of produced surfaces.
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Figure 1. Visualization of produced surfaces (a) No. 1–3, (b) No. 4–6. Figure 1. Visualization of produced surfaces (a) No. 1–3, (b) No. 4–6.

Tests involved surfaces produced using the L-PBF additive technology. The samples
were made from a titanium-powder-based material (Ti6Al4V), produced by EOS (EOS
GmbH, Krailling, Germany) [37]. A 3D printer EOS M290 machine was used to build
the sample. Samples No. 1–3 and No. 4–6 were built as an angle increment function
relative to the building platform (20◦, 45◦, 70◦). The samples were made with the following
technological parameters: Inskin laser power—340 W, laser spot size—100 µm, laser speed—
1250 mm/s, hatch distance—0.12 mm, layer thickness—60 µm. The platform temperature
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was set at a value of 35 ◦C, argon was used as a shielding, the powder fulfilled ASTM F1472
and ASTM F2924 standards, and samples were heat treated (necessary to stress-relieve
treatment) at 800 ◦C for 2 h in an argon inert atmosphere as instructed by EOS. A surface
view of sample No. 6 is shown in Figure 2a.
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Figure 2. Sample No. 6 (a) surface view; (b) measured surface isometric image.

The measurements of the modelled surface irregularities distribution were conducted
using an optical profilometer Talysurf CCI Lite (Taylor Hobson, Leicester, UK) with a verti-
cal resolution of up to 0.01 nm. A magnification equal to ×10 was used for measurements,
resulting in a surface size of 1.64 × 1.64 mm, which was represented by a point matrix of
1024 × 1024. TalyMap Platinum 6 (Digital Surf, Besançon, France) and Matlab software
(The MathWorks, Natick, MA, USA) were used in the study. An isometric view of the
measured sample No. 6 is shown in Figure 2b.

In addition, in order to provide a comprehensive analysis of research samples, the
study was enhanced by analysing the samples using SEM (scanning electron microscope)
and micro-CT (microfocus computed tomography). Microstructure studies were conducted
using a scanning electron microscope JEOL JSM-7100F (JEOL Ltd. Akishima, Tokio, Japan)
with different magnifications. The CT scanning and analysis were carried out using a
computed tomography system (NIKON M2 LES SYSTEM (Nikon, Minato, Tokio, Japan))
that combines three radiation sources, i.e., two micro- and one minifocus X-ray sources
(225 kV, 450 kV, and 450 kV, respectively). The examinations were conducted using a 225 kV
X-ray tube with a 2 mm thick copper filter. The scanning data were then processed and
visualized using VG Studio 3.5.2. software (Volume Graphics GmbH Heidelberg, Germany).
The images were segmented using gray-scale thresholding. The 3D geometry was obtained
using a 3 × 3 median filter. In addition, to remove small voids and inclusions, remove
options were applied for objects up to 2 voxels in size. Measurements were made with
these set parameters: voltage 210 kV, current 195 µA, power 41.0 W, voxel size 30.01 µm,
exposure total 1.42 s.

3. Results

The first analysed aspect involved experimental studies focusing on assessing the
feasibility of mapping surfaces with a characteristic distribution of irregularities using
additive technology. Series with thirty surface profiles perpendicular to the modelled irreg-
ularities distribution were assessed for each sample surface produced at a different angle.
Successively, each of the surface profiles was approximated, i.e., surfaces No. 1–3 with one
periodic function (Figure 3), while for samples No. 4–6, there were four periodic functions
(Figure 4). In addition, the modeled CAD function profile is provided in Figures 3 and 4.
In the figures below, the abscissa axis shows the measurement section while the ordinate
axis shows the height of the irregularity.
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Tests showed that the distribution of irregularities on the evaluated surfaces was
close to nominal. However, the presence of morphological surface features was recorded
due to, among other factors, spreading of the material between individual irregularities
or the incomplete formation and melting of individual irregularities. The occurrence
intensity of such features was variable and depended on the location on the sample.
Approximating surface profiles with periodic functions enabled estimating the possibility
of producing a surface of characteristic irregularities distribution. The studies showed
that, for samples No. 1–3 defined by one period function, the R2 factor for matching the
approximating function to the measured, assessed profile ranged from about 0.7 to about
0.85. It should also be noted that the coefficient value decreased as a function of the
building angle increasing. The differences may have been caused by, among other factors,
difficulties in accurate model mapping and incomplete melting of individual peaks, which
can be seen in, e.g., Figure 3b for the end profile. The causes also included limitations
to the production process in terms of layer thickness and model approximation, which
led to the formation of additional patterns on individual sinusoid waves, for which the
height difference corresponded to the assumed layer thickness. It was also noted that the
values of the defined approximating function were not fully consistent with the theoretical
model. Amplitude values differed relatively by approximately twenty percent on average,
depending on the profile. Additionally, in this case, the value decreased when the angle
increased. However, it should be noted that periodic function values were convergent with
theoretical ones. A relative difference in the values for the assessed profiles was around a
few percent. No significant impact of the positioning angle in the case of assessed surface
profile was recorded for this parameter.

A similar analysis was conducted for the surfaces of samples 4–6, which were defined
by four periodic functions defined by different amplitudes and periods. The R2 matching
coefficient value for these samples was more than 0.95. Similarly like in the case of surfaces
defined by one periodic function, the matching coefficient values decreased together when
the building angle increased; however, these changes were insignificant. The studies
involved assessing amplitude and period values for each of the four functions. However,
please note the presence of one amplitude with a value close to assumed accuracy. It can
be presumed that it will not be correctly mapped on the surface; however, it is important
to approximate the profile based on four sine curve functions, due to the assumed period
of a given function. When analysing the obtained result, it should be concluded that the
relative amplitude for the assessed profiles was about thirty percent on average, while the
average relative difference of the period value was approximately several percent. For a
certain group of surface profiles, the indicated lowest amplitude value was not recorded for
approximated functions, which directly translated to the value of other signal amplitudes.
It cannot be clearly concluded whether the application of more functions resulted in better
or worse mapping of the surface. Analysing the results of surface profile measurements,
and taking into account the influence of powder particles on the profile parameters, it
can be assumed that the chaotic character of surface irregularities of individual valleys
and peaks is determined by the nature of the technological process in which, among other
things, there are areas of not fully melted powder. The analysis carried out in relation
to the measured and approximated profile showed that the function approximates the
tested profile in a very effective way, and the differences between individual points of the
profiles are less than 10 µm for the location of the model on the platform at an angle of 20◦.
For the other angles, the differences reached up to 100 µm. It seems that the location of
manufactured models for smaller angles in relation to the building platform allows for the
manufacture of a much more precise modeled surface with a noticeably smaller number of
technological defects.

In terms of the resulting errors of the manufacturing process, for the samples in terms
of the surface texture based on the analysis carried out using a scanning electron microscope,
several characteristic morphological features can be distinguished. No unmelted powder
grains were found on the tested surfaces (Figure 5a). Only minor impurities were found,
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which, due to their frequency of occurrence and their size, cannot be identified as roughness
or waviness during optical measurements (please see the arrows in the Figure 5b). In
addition, on the surface, there were single areas of melting of agglomerated powder grains
(marked area in the Figure 5c,d), but this phenomenon was very rare (found only at 70◦

samples), such that its influence on the measurement is negligibly small. In this case,
irregularities of up to 50–60 µm in height and 100–110 µm in diameter appeared on the
surface. Due to the rarity of the discussed technological errors on the tested surfaces and
evaluated profiles, the influence of the above features on the profiles of the samples was
not noted.
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Figure 5. The microstructure of an example test sample: (a) surface view, (b) minor impurities,
(c) agglomerated powder grains ×200, (d) agglomerated powder grains ×500.

Additional tests conducted using computer tomography showed that the geometric
structure of the surface and the material on the analysed cross-sections of all measured
profiles did not reveal any material defects related to the technological process of melting
metal powders. No cavities, discontinuities, or inclusions were found. Observations near
the measured surface layer do not indicate a possible influence of technological defects on
the shape of the modeled irregularities. The visualization of the measurement results using
CT for the selected sample is presented in Figure 6.
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Tests focusing on evaluating the possibility of mapping characteristic morphological
surface features using additive technologies indicated the validity of comprehensive assess-
ment of the resulting surface texture. Therefore, it was concluded that the application of
modern, multiscale analysis, i.e., wavelet transformations, was justified. The research was
aimed at assessing the possibility for noise reduction and study production process errors,
as well as determining the size of resulting surface irregularities. A one-dimensional, dis-
crete wavelet transformation was used for this purpose. A number of mother wavelet forms
with different characteristics and properties were selected for the analysis. The following
wavelets were used: db2, db12, db20, coif5, sym2, sym8, bior1.5, bior2.4, bior3.9, bior5.5.
Figure 7 shows examples of surface irregularities distribution for samples No. 1 and 4,
resulting from the application of coif5 and sym8 mother wavelets at the sixth analysis level.
In the figures below, the abscissa axis shows the measurement section while the ordinate
axis shows the height of the irregularity.

When assessing the obtained profile, it can be observed that the matching values for
the coefficients describing the profile and approximating function were much better than for
the profile before filtration. Therefore, it can be inferred that the dominating components of
errors in a profile with a regular feature distribution are small, high-frequency pieces of
information resulting from production process errors and corresponding to surface pores.
Similar tests were conducted for all one hundred and eighty assessed profiles. The studies
showed that, for profiles of samples No. 1–3, the authors obtained a matching coefficient
value that grew with decomposition progress. However, this tendency can be observed up
to the sixth decomposition level. Filtration of further levels for this mother wavelet leads to
profile distortion. The tests covered all selected wavelets. Period and amplitude parameter
values were greatly dependent on the mother wavelet support length. It was observed
that better profile matching coefficients were obtained for mother wavelets with a longer
support and that the obtained relative period difference values for individual wavelets
were lower than nominal, compared to the parameters determined for the non-filtered
profile. Furthermore, signal smoothing and filtering high-frequency information resulted
in a change of the approximating function amplitude value. These values improved by
several percentage points, depending on the applied wavelet.

Similarly, matching coefficient values for samples 4–6 were determined along with the
progress of decomposition. Information that the filtration level leads to profile distortion
from the sixth level for this mother wavelet was obtained for surfaces described by the sum
of periodic functions. In the case of the indicated level, the obtained values for the studied
surfaces were most similar to nominal ones, analogous to samples modelled using a single
periodic function. However, for the assessed mother wavelet forms, these values slightly
decreased together with wavelet support width increase.
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4. Discussion

Modern additive technologies enable producing fully functional models. However,
the key issue is assessing the possibility of producing complex, characteristic morphological
features on the surface of elements, since they directly impact the operation of individual
machine parts at a later stage. Research was focused on evaluating the feasibility of
producing characteristic irregularities distribution on the surface and process control. The
studies were expanded with multiscale assessment of the resulting surface texture, based
on discrete, one-dimensional wavelet transformation. The conducted analysis enabled
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expanding surface diagnostics or process capabilities through a broad and comprehensive
assessment of individual surface features. The research provides hints in terms of producing
elements, as well as indicates possible process errors, filling the research gap in the field of
process diagnostics through assessing additively produced surfaces.

Research carried out using a scanning electron microscope did not indicate the regu-
lar, systematic occurrence of unmelted powder grains or impurities. This is a significant
advantage over other materials where, in the case of additive technologies, the occur-
rence of unmelted particles and other defects causing deterioration of surface quality and
misinterpretation of test results are observed.

Understanding the manner and scale in which a production process impacted mor-
phological features required a comprehensive evaluation of individual processes, in order
to analyse all important geometry aspects that resulted from it. A classic ISO-based percep-
tion of surface textures seems to be insufficient in these aspects [38], due to high process
complexity [39].

Studies assessing the possibility of producing characteristic surface features indicated
high potential applicability of additive technologies. An impact of the building angle
on the resulting feature distribution was observed. Both the value of the matching co-
efficient reduced as a building angle function and the value of parameters describing
individual function on the surfaces reached values that differed relatively from nominal
values by approximately several percent on average. At the same time, it was noted that
increasing the number of functions describing surfaces led to an ambiguous change in the
aforementioned parameters.

Multiscale analysis using discrete, one-dimensional wavelet transformations showed
dominant surface irregularities components. Assessing irregularities distribution on many
scales enabled evaluating the production process in terms of porosity and additional
features formed on the surface. The studies showed that filtering out high-frequency com-
ponents at the initial analysis levels resulted in an improvement of the assessed parameters.
Therefore, it can be inferred that the initial differences in the values were caused by random
micro-roughness. The research covering a wide spectrum of mother wavelets enabled
verifying the impact of a mother wavelet and its properties on the process of filtering
individual surface profiles. It also provided hints on the potential diagnostic possibilities
associated with the wavelet method.

The conducted tests also came with certain limitations, to be analysed as part of
research in the future. In particular, future studies should focus on the greater differentiation
of building angles, materials, process parameters like layer thickness or surface types,
among others, through adding more functions or analysis free-form surfaces and specified,
characteristic locations on individual surfaces. The research will help find functional
dependencies of the production process and will translate to its in-depth diagnostics and
understanding of the production process for individual morphological features.

5. Conclusions

The article assesses the applicability of additive technologies for shaping characteristic
irregularities distribution on surfaces. The study involved using a modern approach
based on wavelet transformation. An analysis of the results presented above led to the
following conclusions:

1. It is possible to manufacture precise models with characteristic morphological fea-
tures of various sizes and shapes using additive technologies. Based on the scanning
electron microscope and computed tomography analysis, it can be noted that there
are no defects caused by the technological process and no unmelted powder grains
on the tested surfaces. The production of surfaces with a much more complicated
shape should not be problematic for additive technologies compared to the limi-
tations known for conventional technologies such as machining. The research has
shown that it is a clear advantage compared to conventional methods, where shaping
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such irregularities and defined morphological features on the surface is hindered or
sometimes impossible.

2. It cannot be clearly concluded whether the application of more surface modelling
functions resulted in better or worse mapping of the model surface. In the case
of surfaces described by a single function (compared approximation function and
measured profile), the differences in the parameters differed relatively by an average
of approximately twenty percent in terms of the amplitude and several percent in
terms of the period, for a matching value of 0.7–0.85, depending on the profile, which
means a correlation dependence according to J.P. Guildford’s classification. In the case
of a surface defined by several periodic functions, these parameters differed by thirty
and several percent, respectively, which for a matching of more than 0.95 proves a
very clear correlation dependence. Moreover, comparing the profile specified in the
CAD model with the profile of the approximating function, there are differences in the
accuracy of the fit depending on the printing direction of the sample models. The most
favorable variant due to amplitude and periodic differences is to place the models
at the smallest possible angle to the building platform: for the assessed samples, it
was an angle equal to 20◦. In this case, the amplitude differences reached only a few
micrometers. A reduction in the surface irregularities mapping quality was observed
with increasing building angle (printing direction), which has a negative effect on the
building time, layer number, and stair-step effect.

3. When analysing the data obtained through wavelet filtration, it can be concluded
that the dominant error component was high-frequency information resulting from
production process errors and corresponding to surface pores. An assessment of the
resulting signals leads to a conclusion that signals from the sixth level upwards do
not contain such information.

4. In the case of mother wavelets with a large support, the obtained profile-matching
coefficients, as well as the approximating function period and amplitude values, were
better. However, they slightly decreased when support increased. This tendency
could be observed up to the sixth decomposition level. Unnatural distortion of the
resulting signals was observed at further levels.

5. The research showed that wavelet transformation can be successfully applied as
a diagnostic tool in surface texture assessment and used as a base to diagnose the
production process. It seems that a significant limitation of the technological process is
that the layer thickness is determined, among other things, by the size of the powder
grains, and in future research, it will be possible to analyse much more precisely
manufactured models using multiscale analysis.
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Abstract: Characterization of surface topography, roughly divided into measurement and data
analysis, can be valuable in the process of validation of the tribological performance of machined
parts. Surface topography, especially the roughness, can respond straightly to the machining process
and, in some cases, is defined as a fingerprint of the manufacturing. When considering the high
precision of surface topography studies, the definition of both S-surface and L-surface can drive
many errors that influence the analysis of the accuracy of the manufacturing process. Even if precise
measuring equipment (device and method) is provided but received data are processed erroneously,
the precision is still lost. From that matter, the precise definition of the S-L surface can be valuable
in the roughness evaluation allowing a reduction in the rejection of properly made parts. In this
paper, it was proposed how to select an appropriate procedure for the removal of the L- and S-
components from the raw measured data. Various types of surface topographies were considered,
e.g., plateau-honed (some with burnished oil pockets), turned, milled, ground, laser-textured, ceramic,
composite, and, generally, isotropic. They were measured with different (stylus and optical) methods,
respectively, and parameters from the ISO 25178 standard were also taken into consideration. It
was found that commonly used and available commercial software methods can be valuable and
especially helpful in the precise definition of the S-L surface; respectively, its usage requires an
appropriate response (knowledge) from the users.

Keywords: surface topography; surface texture; roughness; S-L surface; form removal; measure-
ment noise

1. Introduction

Characterization of surface topography in the manufacturing process can be valuable
in the analysis of the tribological performance of machined parts. Much valuable informa-
tion can be received straightly from the analysis of surface roughness data, such as wear
resistance [1], lubricant retention [2], friction [3], fatigue [4–6], sealing [7], analysis of energy
consumption [8], eco-friendly strategies [9,10], or, generally, functional performance [11,12].
In many cases, surface topography is perceived as a fingerprint of the manufacturing
process [13]. When considering the precision of surface topography studies, there must be
validation of both the measurement and the data processes. Errors that occur when both
operations are provided can cause an erroneous estimation of properties of properly manu-
factured parts leading to their classification as a lack and, unfortunately, their rejection [14].
Many types of errors can be found in surface topography studies. Roughly, they can be
divided into those reflected in the measurement process [15–17] and those connected with
the whole data analysis actions [18].
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It was found in previous studies that even when a highly precise measurement tech-
nique is used, if the process of data calculation and evaluation is selected erroneously,
the whole surface roughness analysis is not provided appropriately. The biggest errors
in data processing can result in the biggest distortion in the whole surface topography
analysis [19]. Considering errors in the field of data evaluation, especially the calculation
of surface roughness parameters, errors in defining an appropriate reference plane are
very often encountered. From the definition, a reference plane is a plane according to
which the surface topography (roughness) parameters are calculated. From that matter,
when defining this plane with unappropriated methods or, respectively, by inappropriate
application of proper procedures, surface roughness parameters can be falsely estimated.
Thus, errors can arise in the validation of the manufactured product [20].

Generally, the surface data, especially those associated with surface topography, can
be roughly divided into form, waviness, and roughness [21]. Surface roughness parameters
of machined parts are calculated after areal form removal, where form includes form and
waviness components. These components of surface data are defined as L-components
and are included in the L-surface [22]. Distortion in a proper definition of L-surface can
be especially visible when analyzing surfaces containing deep or wide features, such
as oil pockets or, generally, dimples [23–25]. It was found that texturing of the surface,
especially when creating additional oil pockets by burnishing techniques, can significantly
improve the properties of the machined surface [26–28]. From that point of view, precise
characterization of multi-process surfaces [29,30] is of great importance.

The reduction in errors in the feature characterization is another encouraging task
to be resolved [31]. In general, each of the actions provided on the surface topography
data, including those with the feature-based characterization, is provided for a more direct
relationship between characterization, manufacturing process, and surface function [32].
The effect of feature size, density, and distribution was found crucial in the validation
of methods for both an areal form removal and high-frequency measurement noise re-
duction [33]. The measurement noise is a type of error, simplifying, added to the output
signal, which occurs when the measuring instrument (e.g., roughness profilometer) is
used [34]. The measurement noise can be analyzed in various domains; the bandwidth
characterization was proposed previously [35]. One of the types of measurement noise is
in the high-frequency domain [36,37].

The measurement noise, described in the high-frequency domain, can be derived from
the instability of the mechanics received by influences from the environment. Nevertheless,
in most cases, the high-frequency measurement noise outcome from the vibration [38].
Those components of the surface data are reflected in the S-components, and the surface in-
cluding those errors can be defined as the S-surface or, respectively, as the noise surface [39].
Usually, the high-frequency spatial components are eliminated by the S-filter [40,41], which
removes small-scale lateral basics from the surface [22]. Small-scale (S-) components can
also be removed by the proposal of the nesting index [42] term; it is an extension of the
concept of cut-off. It was proposed to be the S-nesting index value and should be pro-
posed at a 3:1 ratio with the maximum sampling distance [43–45]. From that matter, the
L-nesting index [46] can be defined for removing the large-scale components (such as form
and waviness) and, correspondingly, the S-nesting index for removing the small-scale
components (e.g., high-frequency measurement errors) from the surface data. However, the
process of selection of the S-filter and L-filter nesting indexes must be studied for each type
of surface separately with consideration of distortion of the surface topography features.
For example, the surface texture of the ink-jet printed THV films was investigated after
the application of an S-filter with a bandwidth (nesting index) equal to 2.5 µm and an
L-filter with a cut-off (nesting index) of 250 µm to remove high-spatial frequency noise and,
respectively, long-scale waviness/form from the raw measured data [47].

Generally, when calculating the roughness parameters, both components (L- and S-)
must be removed from the raw measured data. In the result, the received roughness surface,
after L-filtering and S-filtering, is derived as the S-L surface [48]. Reducing errors in the
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calculation of the S-L surface simultaneously influences the errors in roughness evaluation.
There are many papers considering the selection of methods (S-filters and L-filters) for
roughness evaluation; nevertheless, errors in the false estimation of the S-L surface were not
comprehensively studied. Moreover, even if the selection of the S-L surface depends on the
type of detail considered (machining process and its parameters), the requirements from
the analysis provided in this paper increase. In this paper, a selection of proper procedures
for the definition of the S-L surface of different topographies is presented, especially with
an indication of the distortion of selected features, such as dimples, scratches, and valleys.
It is also considered that the reduction in errors in roughness evaluation has a straight
impact on the values of ISO 25178 parameters.

2. Materials and Methods
2.1. Analysed Details

Various types of surface topographies were considered, as follows: deterministic
one-process turned piston skirts, ground (speed of 28 m/s, in-feed of 10 m/min, cross-feed
of 1 mm/pitch, and depth of 0.02 mm), milled (depth of machining of 0.4 mm, speed of
multi-cut head of 140 rev/min, and feeds of 0.3), laser-textured (with different angles of
texturing, 30◦, 60◦, 90◦, and 120◦), composite, ceramic and, respectively, generally isotropic.
More than 10 surfaces from each type of topography were measured and studied. Further,
some of them were examined and presented in more detail. Additionally, the analyses
were improved by incorporating modeled data. Then, the data were compared to the
measured results in order to make general recommendations. Figure 1 shows examples of
each type of surface (turned (a), laser-textured (b), ground (c), ceramic (d), and composite
(e)) with contour map plots (left column), areal autocorrelation functions (middle column)
and selected ISO 25178 surface roughness parameters (right column).
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Figure 1. Contour map plots (left column), the 3D ACF (middle column) and ISO 25178 surface
topography parameters (right column) of turned (a), laser−textured (b), ground (c), ceramic (d), and
composite (e) surface.

The following ISO 25178 roughness parameters from various groups were measured
and studied: root-mean-square height Sq, skewness Ssk, kurtosis Sku, maximum peak
height Sp, maximum valley depth Sv, the maximum height of surface Sz, arithmetic mean
height Sa from amplitude parameters; areal material ratio Smr, inverse areal material ratio
Smc, extreme peak height Sxp from functional parameters; auto-correlation length Sal,
texture parameter Str, texture direction Std from spatial parameters; root-mean-square
gradient Sdq and developed interfacial areal ratio Sdr from hybrid parameters; peak density
Spd and arithmetic mean peak curvature Spc from feature parameters; surface bearing
index Sbi, core fluid retention index Sci and valley fluid retention index Svi from functional
indices; and core roughness depth Sk, reduced summit height Spk, reduced valley depth
Svk, upper bearing area Sr1, and lower bearing area Sr2 from the Sk family parameters.

2.2. Measurement Process

All of the analyzed surfaces were measured with contact (stylus) and non-contact
(optical) methods to improve proposals for different measurement techniques.

The contact technique was based on a Talyscan 150 stylus instrument (Taylor Hobson,
Warrenville, IL, USA), equipped with a nominal tip radius of 2 µm, approximately, a height
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resolution equal to 10 nm, a measured area of 5 by 5 mm (1000 × 1000 measured points),
the sampling interval 5 µm, and the measurement speed 0.75 mm/s.

The non-contact measurement device was the white light interferometer Talysurf CCI
Lite (produced by Taylor Hobson Ltd., Leicester, U.K., version 2.8.2.95), employed with a
height resolution of 0.01 nm, a measured area of 3.35 by 3.35 mm (1024 × 1024 measured
points), and a spacing of 3.27 µm. A Nikon 5×/0.13 TI objective was utilized.

For both analyses, areal digital filters from the TalyMap Gold (Digital Surf) software
were employed to receive the ISO 25178 roughness parameters. Moreover, all of the
functions proposed and validated in this paper were used from this source as well.

2.3. Applied Methods

For the characterization of surface topography with evaluation (calculation) of the
roughness, both data analysis methods (definition of S-surface and L-surface) must be pro-
vided with error minimization. In this proposal, selected functions available in commonly
used commercial software were utilized.

Often applied for the characterization of surface topography is an Autocorrelation
Function (ACF). This function is described by the ISO standards and many research
items [49]. In many primary studies, the ACF was proposed for the analysis of roughness
isotropy [50] or anisotropy [51], description and realizations of homogeneous and isotropic
two-dimensional Gaussian random processes [52], isotropic exponential and transformed
exponential multiscale correlations [53], measurements of the variance of surface height
obtained in several scattering geometries and also for stylus measurements [54], statistical
computations of the root mean square (RMS) height, skewness (Ssk), and kurtosis (Sku)
of the roughness height distribution [55], direction parallel and perpendicular to grooves,
classification of data (signal) to the individual groups [56], identification of the periodicity
and randomness [57], angular distribution characterization [58], the relationship between
the height of a one-dimensionally rough surface and the intensity distribution of the light
scattered by surface [59], vertical and lateral information about surface roughness [60],
statistical irregularities of the waveguide substrate [61], characterization of the random
component of the surface profile [62], determination of the domination in the frequency
spectrum [63], and, frequently, characterization of the roughness measurement of the
machined surfaces [64].

The ACF can also be valuable in the modeling of surface data [65], such as generating
non-Gaussian surfaces with specified standard deviation [66], modeling bidirectional soil
surfaces [67], influencing surface-induced resistivity of gold films [68], scale-dependent
roughness modeling [69] or horizontal components [70], random generation of rough
surface [71], simulations in ultrasonic assisted magnetic abrasive finishing [72], or in
electro-discharge machining [73] processes when interrelationship between surface texture
parameters and process parameters are emphasized. The ACF can also be valuable in the
analysis of similarity and fractality in the modeling of roughness [74]. In summary, the
ACF describes the dependence of the values of the data at one position on the values at
another position [75].

When measuring the surface roughness, the scan resolution of scanning probe mi-
croscopy must be considered [76]. It was found that the shape of the ACF is sensitive to
the measurement resolution [77]. It was also found that for very smooth surfaces, e.g.,
rolled or harrowed fields, the fractal process can determine mainly the overall shape of
the ACF. Continuing, when considering very rough surfaces, the shape of the ACF can be
determined by the single-scale process as well [78]. The ACF shape at various spatial scales,
with RMS height and correlation length statistics, can be crucial in the analysis of roughness
properties of the different tillage classes [79]. The ACF shape has a strong influence on
the backscatter simulation results [80] as well. The influence of profile length on both the
roughness parameters and the ACF shape was studied. It was assumed that the values of
roughness parameters increase asymptotically with the increasing profile length [81]. The
profile line shapes of the ACF intensities are obtained at different heights, and it is shown
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that the shapes are affected by noise [82], depending on the frequency type of noise [83]. By
studying the shape of the ACF, the detection and reduction in selected types (frequencies)
of measurement errors (noise) can be significantly improved [84].

Similarly to the ACF, also often applied in surface topography characterization, is the
spectral analysis that can be a reliable indicator of roughness [85]. A typical example of this
type of study is the application of the power spectral density (PSD) [86]. It was presented in
the surface analysis that the RMS roughness depends on the length scale used for the mea-
surement so, correspondingly, the RMS value of surface roughness is not a scale-invariant
quantity [87]. From that matter, a precise description of surface morphology requires more
sophisticated tools, and the PSD is classified as such a method [88]. Moreover, the PSD can
be a preferred quantity when specifying surface roughness, especially considering the draft
international drawing standard for surface texture [89].

Compared to the ACF, the PSD can support the modeling of surface roughness [90]
as well. Profile generation [91] is received with an application of Fourier transformation.
In the modeling of the surface roughness of thin films, the PSD was proposed through
selected correlation [92]. Improvements in Fourier techniques to characterize the wavefront
of optical components can also be received through the usage of PSD [93], especially when
considering morphological parameters [94]. The vertical and lateral information of the
surface profile can also be obtained with PSD applications [95]. Combining PSD with other
methods, the profile roughness can be characterized by the PSD curve first and then by
formation mechanisms of different frequency regions analyzed in more detail [96]. The
PSD distribution can be used to explain the influence of tool feed, spindle speed, and,
respectively, material-induced vibrations on surface roughness [97]. Generally, the PSD
characterization can give a full description of the spatial frequency spectrum present on
the surface, which is a result of interactions between all the machining parameters [98].

Both methods, ACF and PSD, were proposed and can be applied. In some cases, the ap-
plications must be provided simultaneously [99], especially when defining an appropriate
L- or S-surface.

2.3.1. Supporting an Areal Form Removal with Thresholding Method

The definition of an L-surface, removing from the raw measured data long-components,
described as form and waviness, can be supported by the thresholding methods. Generally,
the typical thresholding of the surface topography is on its height, considering the segmen-
tation of the analyzed data. However, a simple thresholding method cannot be classified as
stable when surfaces have stochastic content. In this case, it can produce many insignificant
features, so it can cause problems for many parameters, e.g., the number of defects and
the density of features. Consequently, the thresholding method was proposed in many
previous studies considering an analysis of the surface topography. Usage of its with
wavelet decompositions [100,101] or Wiener filtration [102] was proposed for denoising the
roughness measured signal.

The thresholding method was found especially valuable in reducing data processing
errors of surfaces containing deep or wide features, such as dimples [103,104]. However,
the selection of the thresholded value is another task to be comprehensively studied
and adequately resolved. Generally, the application of the thresholding method when
analyzing and defining the L-surface is to reduce the influence of the deep/wide features
on the position (calculation) of the received plane. It was found in previous studies that
size (depth, width) [105,106], density (number) [107], and location [108] (especially edge
distribution [109–111]) have a considerable influence on the areal form removal process.

Figure 2 shows proposals for the selection of thresholding value graphically justified
for the laser-textured surface (measured data in Figure 2a). The presented A1 and A2 values
(Figure 2d) were located in the areas where the amplitude of changes was the greatest. It
can be easily transferred on the Abbott–Firestone (Figure 2c) and material ratio (Figure 2b)
curves. The plane corresponding to the L-surface (Figure 2f) can be more easily calculated
(with reducing data processing errors) and positioned when the analyzed surface data
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do not contain deep and wide features (Figure 2e), such as laser-texturing traces. For the
received surface after an areal form removal (Figure 2g), the values of the Sk parameter,
core roughness depth, calculated as the distance between A1 and A2 values, decreased
from 12.5 µm to 3.25 µm (see Figure 2h).
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Figure 2. Contour map plots of measured laser-textured surface (a), its material ratio (b) and
Abbott−Firestone curves (c), the method of selection of thresholding values A1 and A2 (d), the
thresholded surface data (e), the Poly4 L-surface received from the thresholded surface (f), surface
received by removal of the Poly4 L-surface from the raw measured data (g), and its material ratio
curve (h).

149



Materials 2023, 16, 1865

The thresholding method can also be extremely valuable in validating the areal form
removal algorithms. In Figure 3, the thresholding method was applied after this process.
Removal of the deep features caused a better recognition of the distortion in the theoretically
flat surface. The surfaces after an areal form removal (left column) were thresholded to
remove the valleys (middle column), receiving non-dimple data (right column). The more
the received L-surface was flat, the better the algorithm for form removal was rated.
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Figure 3. Contour map plots (left column), selected profiles (middle column), and A1−A2 thresh-
olded surface (right column) received from the edge area of laser-textured surface topography after
the definition of L−surface by application of Poly2 (a), Poly4 (b), GRF (c), RGRF (d), and SF (e),
cut−off = 0.8 mm.

2.3.2. Improvement and Validation of Procedures for the Definition and Reduction in
High-Frequency Measurement Noise

Considering the improvement in the detection and reduction in high-frequency mea-
surement noise, it was proposed in previous studies to provide multithread analysis. This
approach would help in reducing the errors in both processes. Except for the application
of ACF and PSD functions, both studies, considering an areal (3D) and profile (2D) [112]
characterization, can be valuable. Calculating the ACF and PSD for profiles and surfaces
can indicate the occurrence of high-frequency measurement errors.

It was found in previous studies that, in some cases, the profile definition of noise
can be more reliable than an areal. In practice, an even surface is characterized by an areal
performance, which is crucial in the tribological characteristics of the details properties;
extraction of profiles can be essential. Consequently, the identification of high-frequency
noise for profile PSD and ACF analysis gave more direct results.

Moreover, the influence of the direction of profile characterization has a considerable
impact on the validation of noise removal procedures [19]. The direction has an impact
on the results in such a measurement process. For instance, in atomic force microscopy
(AFM), the direction parallel to the scanning axis is sampled in less than topography
in the perpendicular direction that may take several minutes to measure: the latter is,
therefore, much more prone to artifacts from drift. A proposed solution was repeating the
measurement on the same surface in three different directions: horizontal, vertical, and
oblique. The influence of surface orientation on the variability of measurement results has
already been comprehensively studied [113].

Figure 4 (left column) presents profiles received by extraction (from the ground surface)
in different directions. Except for the traditional horizontal (a), vertical (b), and random
(oblique) (c) directions, the treatment trace (d,e) was utilized. This technique can depend
on the peak or valley location. The treatment trace peak direction is consistent with
the direction of the peak trace on the machined surface, and the treatment trace valley
is in line with the direction of the valley trace. It was found that the validation of the
treatment trace technique depends on the peak and valley details of the type (plateau-
honed, turned, ground, laser-textured, or, generally, textured) of the analyzed surface
topography. From the results obtained for the PSD (middle column) and ACF (right
column), the horizontal, vertical, and oblique directions did not allow for the detection of
high-frequency measurement noise from the results of surface roughness. For the peak
characterization (Figure 4d), the PSD did not justify if the noise existed, but respective
differences in the shape of ACF could indicate some noise occurrence. Both methods (PSD
and ACF) indicated that high-frequency errors can occur in the results of surface roughness
measurements when the treatment trace valley direction was selected (Figure 4e). Response
from that matter is that, if the amplitude of the surface data is relatively high, the detection
of high-frequency measurement errors from the roughness measurement is difficult, even
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when the multithreaded analysis is provided. It is suggested to define the profile with the
lowest height amplitude when detecting the high-frequency measurement noise with the
directional extraction method.
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Figure 4. Profiles (left column), their PSD (middle column) and ACF (right column) received from
the ground surface by extraction in: horizontal (a), vertical (b), random (c), treatment−trace peak (d),
and treatment trace valley (e) directions.

The accuracy in the reduction in high-frequency measurement errors can be lost,
even if the detection is provided appropriately, i.e., the noise removal procedure (e.g.,
digital filtering) can increase the distortion of results. From that issue, an analysis of the
noise surface (NS) was suggested. The NS is a surface that consists of high-frequency
measurement noise. In practice, it is a surface received by S-filtering with an application of
the S-operator [44] or, simplifying, S-filter. It was proposed that precisely defined NS should
consist of only the high-frequency components and, respectively, should be isotropic. In
Figure 5, various NS plots were presented. They were received by various digital filtering
methods, especially those commonly used (available in commercial software). Except for
the analysis of contour map plots (Figure 5b) of the NS, and similarity in the PSD functions
(Figure 5c), the differences indicating the algorithm precision were visible in the texture
direction (TD) graphs calculated for the NS (Figure 5d).
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Figure 5. Contour map plots of the ground surface after S-surface removal (a), defined S−surface
(b), PSDs (c), and TDs (d) of S−surfaces received by application of GRF (left column), SF (middle
column), and FFTF (right column), cut−off = 0.10 mm.

3. Results

Studies of ST were divided into two subsections. Firstly, in Section 3.1, the errors in
the definition of L-surface were presented, and their reduction was proposed. Secondly, in
Section 3.2, proposals of procedure for the minimization of errors in the S-surface definition
were presented. For both methods, results were validated and presented.

The main course of the studies was to, firstly, select an appropriate method (e.g.,
degree of least-square fitted polynomial plane) for an areal form removal (definition of the
L-surface) and then to identify the digital filter (with cut-off value) causing the smallest
errors in processed data (and ISO 25178 parameters). Both operations (definition of L-
surface and S-surface) were improved with an application of commonly used (available in
commercial software) functions, such as ACF, PSD, and TD graphs.

3.1. Reduction in Errors in the Definition of the L-Surface

The definition of an L-surface usually depends on the precision in the minimization
of surface topography feature distortion. The exaggregation of features, such as dimples,
oil pockets, scratches, or, generally, dimples, increased when they were located near the
edge of the analyzed detail. Moreover, when the surface contained deep and wide dim-
ples, distortion increased enormously as well. Some proposals can be found with valley
extraction [110]. Not only the application of the too-large degree of the least-square fitted
polynomial (LSFP) plane [33] can cause a dimple distortion; digital filtration, such as regu-
lar Gaussian regression (GRF), robust Gaussian regression (RGRF), or spline (SF) filters, can
grossly distort selected surface topography features. The bi-square modification of poly-
nomials of the nth degree can reduce those errors; nevertheless, their application requires
mindful users [114]. Considering the distribution of features, the areas located between
deep and wide features and the edge of the analyzed details were also vulnerable to greater
distortion, contrary to the areas where such features were not located. This disadvantage
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was especially visible for digital filtering, even though the bandwidth was enlarged. For
some solutions, the cut-off was proposed to be enlarged; nevertheless, on the other hand, it
may have caused the form was not removed entirely. An exemplary solution can be found
when the features are not distorted, but the out-of-feature [13] surface is completely flat.
To receive these data, features must be excluded from the surface. One of the methods
for extraction (removal) of features from the raw measured data is an application of the
thresholding method, widely presented and proposed in this study.

In Figure 6, selected profiles and their hole/peak area diagrams were presented. They
were received from the surface after an areal form removal by various methods. Increasing
the degree of LSFP resulted in distorted edge-located areas where the dimples occurred.
It was also found that exaggeration was enlarged when the size (depth and width) of
the feature increased. The greater the features, the larger the distortion (Figure 6a–c).
Application of GRF and SF seems to be the most encouraging solution; nevertheless,
not always the entire form, especially waviness, was eliminated. From that matter, the
application of the 2nd degree of LSFP (Poly2) seems to be the most suitable for the definition
of the L-surface. However, it must be considered that a low (e.g., second) degree of a
polynomial would not entirely remove the form from the measured raw data. Some
proposals can be found in the application, firstly the polynomial of the second degree
(removal of shape) and then the usage of digital filtering (e.g., GRF or RGRF) to eliminate
the waviness. However, increasing the number of methods applied can significantly extend
the time of data processing and, unfortunately, enlarge the number of errors in data analysis.
It is best to remove the form (shape and waviness) entirely.
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be flat. The thresholding method can be proposed for both improving the form removal 
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Figure 6. The dimple profiles (left column) and their hole/peak area diagrams (right column) received
from the edge area of laser−textured surface topography after the definition of L−surface by Poly2
(a), Poly6 (b), Poly10 (c), GRF (d), and SF (e), cut−off = 0.8 mm.

Distortion in the features can be particularly noted for the profiles presented in Figure 7
(left column). Except for the exaggregation of features and edge-located areas of details,
tilt can also be found, even if the surface was previously leveled [115] (according to the
guidance provided by the software). It is another interference with the data and, corre-
spondingly, can enlarge the possibility of data distortion. From all of the methods presented
in Figure 7, Poly4 or RGRF seem to give the most encouraging results. However, additional
leveling is required. When defining an appropriate L-surface, firstly, the distortion of
features is not allowed; secondly, the out-of-feature part of the surface should be flat. The
thresholding method can be proposed for both improving the form removal methods and
validation of the approach already applied.
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Figure 7. Selected profiles (left column) and their graphical studies of Rk−group parameters (right
column) received from the laser−textured surface topography after the definition of L−surface by
Poly4 (a), Poly8 (b), Poly12 (c), RGRF (d), and SF (e), cut−off = 0.8 mm.

3.2. Selection of a Method for S-Surface Definition with a Suppression of the High-Frequency Noise

The process of selection of the method for the reduction in a high-frequency mea-
surement noise was proposed with areal (3D), profile (2D), ACF (areal and profile), PSD
(2D and 3D), and TD analyses. It was suggested that all of the required properties should
be studied with a multithreaded characterization. The measurement noise, similar to the
uncertainty [41,116,117], can be reduced by repeating the measurement process of the same
probe (detail). However, noise, especially in the high-frequency domain, can be character-
ized as separated data from those measured raw. The results received after S-filtration were
defined as noise surface (NS) [39]. Some significant properties of the NS were defined and
analyzed, considering the validation of noise removal methods, such as Gaussian (GRF or
RGRF), spline (SF), median denoising (MDF), and fast Fourier transform (FFTF) filters, all
available in commercial software.

According to the first NS property, it should contain only the required noise frequen-
cies. In the considered case, only high-frequency components must be defined in the NS.
Some non-noise features can be received when analyzing the isometric view of the surface.
In Figure 8a, three various NS were presented and obtained after the application of the
GRF, SF, and MDF methods (cut-off = 0.10 mm), respectively, from left to right. From that
analysis, the NS received by GRF and SF filtration included some unwanted elements,
indicated by the arrows, and it seems that the MDF is the most encouraging method.
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Considering the second NS property, it should be in the domain of noise. In the
analyzed example, the NS should be in the high-frequency domain. For validation of
this issue, the PSDs (Figure 8b) were considered. From that matter, all of those three
filters gave suitable results; nevertheless, NS created by the SF accumulated the most
high-frequency components.

As the third issue, the ACF of NS should be isotropic, as the NS itself. In Figure 8c,
the 3D ACFs were presented for each of the NS. The GRF method created NS with ACF
containing non-noise components. Moreover, the ACF consisted of some non-noise features
(identified by the arrows). The ACFs received after SF and MDF filtering seemed not to
contain any non-high-frequency-noise components. For the validation of this property,
the thresholding method for ACF characterization was proposed (Figure 8d). Application
of the thresholding technique, with considerable A1 and A2 values, confirmed non-noise
components on the GRF NS, but it also indicated that NS obtained by MDF filtration
contained the unwanted elements (presented by the arrows). According to those results,
the MDF seems to be unsuitable for the extraction of high-frequency errors from the results
of surface topography measurement of laser-textured surfaces.

The isotropic property of NS can be additionally studied with an analysis of TD graphs.
Figure 8e presents TD graphs of all the three NSs studied in this work. From that issue, all
three compared algorithms (GRF, SF, and MDF) gave no reliable responses. The isotropic
property was not received for each of the filters matched. However, if selection must
be proposed from those methods, the SF seems to give the most appropriate response
(from those analyzed) for the suppression of high-frequency noise from the results of
laser-textured surface topography measurements.

Some improvements in the validation of the method can be obtained when NS enlarged
details are considered. An example of an enlarged detail (0.8 mm × 0.8 mm) was presented
in Figure 9. In this case, the isometric views (Figure 9a) indicated that NS received by
MDF contained non-noise components (it was indicated by the arrow). Contrary to the
analysis of the whole detail (Figure 8), the SF NS did not contain non-noise components; it
could be falsely estimated by the eye-view analysis. From this example, the multithreaded
studies seem to be more justified. In terms of other properties, the PSD validation of the
noise frequency dominance, the exclusion of occurrence of the non-noise feature with ACF
and thresholded ACF studies, and the TD graphs analysis gave similar responses to those
presented for larger detail. This (enlargement) method can validate the analysis of larger
details and help in reducing the errors of the S-surface definition. The selection of an
appropriate method for high-frequency noise reduction can be improved.
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4. The Outlook

Despite the many studies presented, there are still many issues that can be addressed.
There are some examples below:

1. The proposal of selection of cut-off (as the 3× sampling interval for a stylus, or 3×
spacing for optical methods) must be studied and validated for isotropic surfaces. The
validation of this type of topographies can be difficult with the methods proposed;
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2. The analysis of some isotropic surfaces not containing some treatment traces and
directional studies was not comprehensively analyzed. The treatment trace profile
characterization may not respond adequately according to the proposals raised;

3. The definition and selection of the thresholding value must be precise for each of
the surface types separately. Surfaces after different types of machining can receive
various ranges of thresholding values;

4. Errors received by false estimation of thresholding value were not comprehensively
studied in this paper. Distortions for each type of machined surface should be de-
scribed separately as well.

5. Conclusions

From all of the studies presented, the following conclusions can be drawn:

1. The false estimation of L-surface when removing the form (shape and waviness)
from the measured data can cause huge errors in the calculation of ISO 25178 surface
topography parameters and can be the source of classification of properly made parts
as lacks, leading to their rejection;

2. The distortion of L-surface positioning increases when the surface contains some deep
or wide features, such as dimples, oil pockets, scratches, and valleys. The exaggeration
can increase with the enlargement of the feature sizes, density, and distance from the
edge of the analyzed detail. Special care must be taken when such features are edge
located;

3. To reduce the errors in the definition of L-surface, the thresholding method is proposed.
Contrary to the valley-excluding method, the present analysis is faster and does not
require additional digital actions allowing to exclude some errors that can arise when
the user does not entirely select the feature detail;

4. When selecting the thresholding value, reference to the material ratio and the Abbott–
Firestone curves can be advantageous. The thresholding values received for all three
functions should be similar or, correspondingly, the difference must be negligible;

5. When selecting the procedure for the definition of S-surface, functions of power
spectral density, autocorrelation, and texture direction seem to be required. They must
be supported with a mindful analysis of the isometric view of the noise surface;

6. For the characterization of the noise surface properties, thresholding techniques can
be beneficial. Supporting this method with a selection of enlarged details can im-
prove the validation of the approach for high-frequency measurement noise detection
and reduction;

7. The thresholding method can be advantageous in the process of selection of cut-off
values for both the L-surface and the S-surface definitions. Excluding deep or wide
features, e.g., thresholding technique, it can reduce the errors in positioning of the
reference plane (L-surface) and improve the processes of detection (definition) and
reduction (removal) of the high-frequency noise. Moreover, this approach can be
found even more crucial in varying the bandwidth value on the type of analyzed
surface (e.g., laser-textured).
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Parameters and Abbreviations
The following abbreviations (left column) and parameters (right column) are used in the manuscript:

ACF autocorrelation function Sa arithmetic mean height, µm
AFM Atomic Force Microscopy Sal auto-correlation length, mm
FFTF Fast Fourier Transform Filter Sbi surface bearing index
GRF Gaussian regression filter Sci core fluid retention index
L-filter filter used for definition of the L-surface Sdq root mean square gradient
L-surface long-wavelength surface Sdr developed interfacial areal ratio, %
MDF median denoising filter Sk core roughness depth, µm
NS noise surface Sku kurtosis
POLY2 least-square polynomial of the 2nd degree Smc inverse areal material ratio, µm
POLY4 least-square polynomial of the 4th degree Smr areal material ratio, %
POLY6 least-square polynomial of the 6th degree Sp maximum peak height, µm
POLY8 least-square polynomial of the 8th degree Spc arithmetic mean peak curvature, 1/mm
POLY10 least-square polynomial of the 10th degree Spd peak density, 1/mm2

POLY12 least-square polynomial of the 12th degree Spk reduced summit height, µm
PSD power spectral density Sq root mean square height, µm
RGRF robust Gaussian regression filter Sr1 upper bearing area, %
RMS root mean square height Sr2 lower bearing area, %
S-filter removes small-scale lateral components Ssk skewness
S-L surface a surface received after S- and L- filtering Std texture direction, ◦

S-surface small-wavelength surface Str texture parameter
SF spline filter Sxp extreme peak height, µm
TD texture direction (graph) Sv maximum valley depth, µm

Svi valley fluid retention index
Svk reduced valley depth, µm
Sz the maximum height of the surface, µm
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Abstract: The article presents the results of the characterization of the geometric structure of the
surface of unalloyed structural steel and alloyed (martensitic) steel subjected to chemical processing.
Prior to phosphating, the samples were heat-treated. Both the surfaces and the cross-sections of the
samples were investigated. Detailed studies were made using scanning electron microscopy (SEM),
XRD, metallographic microscopy, chemical composition analysis and fractal analysis. The charac-
teristics of the surface geometry involved such parameters as circularity, roundness, solidity, Feret’s
diameter, watershed diameter, fractal dimensions and corner frequencies, which were calculated by
numerical processing of SEM images.

Keywords: SEM; image processing; watershed; shape factor; Feret’s diameter

1. Introduction

Phosphating is the most often used surface treatment and finishing process for ferrous
and non-ferrous metals. This is a low-cost and fast procedure that develops corrosion and
wear resistance on the surface [1–5] while also improving the adhesive and lubricating
properties of the material. For that reason, phosphating plays a very important role in the
automobile, processing and domestic appliances industries [6] to protect steel [7] and its
alloys against corrosion. The use of phosphating on steel has been shown in Table 1.

Other than that, phosphate coatings are also prepared to cover alloys of such metals as
zinc, cadmium, aluminum and magnesium. Phosphating creates a protective layer on the
surface once the metal matrix is immersed in a phosphate solution as a result of chemical
reactions between a dilute solution of phosphoric acid and, for example, zinc, iron and
manganese. The phosphating mechanism is described by Yan et al. in paper [8]:

Fe→ Fe2+ + 2e− (1)

H+ + 2e− → H2 ↑ (2)

HPO2−
4 + Me2+ + yH2O→ MeHPO4·yH2O (3)

2PO3−
4 + xMe2+ + yH2O→ Mex(PO4)2·yH2O (4)

where Me2+ represents metal cations Zn2+, Fe2+, Mn2+ and Ni2+.
The composition of the phosphate bath affects the properties of the resulting coatings.

According to the authors of [9], the addition of sodium molybdate to the bath increased
corrosion resistance of the coatings. They found that the corrosion current decreased with
increased content of Na2MoO4. In this case, the coating was used as an intermediate
protective layer to improve the adhesion of the final paint layer to automobile iron castings.
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The researchers conducted two tests using (a) salt spray and (b) atmospheric species.
The anti-corrosion effect on car castings was demonstrated in both cases. Unalloyed
steels are more often subjected to the phosphating process than alloyed ones, because the
presence of a passive oxide layer on the surface of corrosion-resistant steels makes them
less susceptible to phosphating. However, some research on phosphating alloyed steels
has been conducted [10]. Oskuie et al. [10] reported that tri-cation phosphate coating of Zn,
Ca and Fe was grown electrochemically on 316 steel. A cathodic current was used as an
accelerator for the phosphating process. The higher electrophosphating current density was
shown to cause finer coating crystals that deteriorated the quality of the layer. Manna [11]
tested phosphate coatings on steel with a ferritic–pearlitic structure, tempered martensite
and tempered martensite with an oxide layer. In order to form the coating, a bath free from
nitric acid was used. The test results showed that the structure of the substrate affected
the thickness of the deposited phosphate coating. In turn, Ivanova [12] tested phosphate
coatings based on pure Zn and Zn + Mn mixtures grown on carbon steels to determine
the thickness of the coatings and the extent to which the core of the material (substrate)
dissolved. It turned out that manganese phosphate greatly affected the obtained coating,
reducing its thickness regardless of solution concentration and temperature that ended up
in an increase of the mass of dissolved substrate metal. The coatings deposited in Zn-Mn
baths consisted of the following phases: hopeite, phosphophyllite, quasihopeite, strunzite
and their mixtures. Borko et al. [13] described how Domex 700 steel behaved in a 0.1 M
NaCl environment. Prior to corrosion resistance measurements, the surface of the steel
was sequentially treated by means of (1) grinding, (2) phosphating and (3) shot-peening.
It turned out that the obtained MnP coating evenly and continuously covered the entire
substrate both after grinding and shot-blasting. However, a more uniform layer with
fewer defects was obtained after grinding. In turn, the shot-blasting contributed to the
deterioration of thermodynamic and kinetic stability (corrosion resistance) of the coatings,
with the opposite effect achieved after grinding and manganese phosphating. Taking into
account the morphology and weight of phosphate coatings, three stages of the process can
be distinguished: (1) corrosion of the substrate, (2) nucleation of the isolated phosphate
crystals and (3) growth of the continuous phosphate coating [14]. Deposited coating is
composed of crystals of disubstituted and trisubstituted metal phosphates [7]. On the other
hand, Fang et al. [14] demonstrated that the deposited coating contained many close-packed
lump crystallites mainly composed of (Mn,Fe)5H2(PO4)4·4H2O complexes.

Table 1. Application of phosphate coatings for steel.

Application of Phosphate Coatings

Steel

A layer facilitating cold-forming of steel. The phosphate coating in this case acts as a
layer that prevents contact between the processed steel and the material from which
the tool is made.

Temporary protection of products during transport, storage and operation

Anti-friction layer—reduces the coefficient of friction and also reduces the wear of
interacting parts. This coating prevents welding of mating metals and quiets the
element’s operation system. Moreover, it reduces surface irregularities after
mechanical processing and shortens the running-in period.

Primer layer—increases the corrosion properties and adhesion of paint coatings.
Corrosion resistance increases significantly after covering it with a layer of oil,
paint or varnish.

Insulating layer.

Fractal analysis is becoming increasingly popular in research of the outer surface
layers [15], because it gives insight into various aspects of the geometric structure extending
over several orders of magnitude. It is also possible to learn the relationships between
the fractal and stereometric characteristics of the technological surface layers. In that
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framework, each surface can be characterized in terms of a single parameter—fractal
dimension. Estimation of fractal dimensions is relatively simple and enables the analysis of
surface variability from various images obtained, among others, using SEM microscopy [16].
Rovani et al. in paper [17] published results on phosphating of AISI steels previously
subjected to heat treatment: hardening + tempering followed by shot-blasting. In the
next steps, several different layers were applied: a zinc phosphate, a phenolic resin (base
varnish) and a topcoat based on MoS2. It was shown that phosphating itself significantly
influenced the surface texture of the resin-bonded coating, taking into account changes in
the surface texture ratio (Str parameter). Kurella et. al. in paper [18] showed that fractal
dimensional analysis helps to interpret multi-scale surfaces. Moreover, fractal dimension
analysis allows for the study of the surface of the materials in terms of topographic and
chemical changes [19].

The aim of this paper was application of fractal analysis to SEM images in order to
characterize the geometric structure of the phosphate layer, that is, to show that the quality
of the obtained coatings can be determined through fractal analysis To this end, two steel
samples that differ significantly in their chemical composition were selected and their
spatial structures of the surface layers were determined. Such characterization might be
also useful to optimize manufacturing processes or to identify the degradation effects.

2. Materials and Methods

Two steel samples were investigated in this study: X39Cr13 (corrosion-resistant marten-
sitic steel [20]) and S355J2 (non-alloyed structural steel [21]). The chemical composition of
both materials is presented in Table 2.

Table 2. Chemical composition of the steels under investigation.

Type of Steel Acc. to
Chemical Composition, % Mass.

C Si Mn P S Cr

X39Cr13
analysis 0.42 0.39 0.55 0.020 0.004 13.73

EN 10088-2 [22] 0.36 ÷ 0.42 max. 1.00 max. 1.00 max. 0.040 max. 0.015 12.50 ÷ 14.50

S355J2
analysis 0.16 0.42 1.43 0.021 0.024 -

EN 10025-2 [23] max. 0.20 max. 0.55 max. 1.60 max. 0.025 max. 0.025 -

In the beginning, both steel samples were heat-treated in accordance with the specific
processing guidelines. On one hand, the sample of X39Cr13 steel was hardened for 20 min
at the austenitization temperature of 1050 ◦C followed by tempering for two hours at
300 ◦C. On the other hand, the sample of S355J2 steel was annealed for two hours at a
temperature of 890 ◦C. Then, the surfaces were cleaned to remove residues and contami-
nants and degreased to allow the phosphate coating to be deposited. Prior to phosphating,
prepared surfaces were activated in an aqueous solution (10%) of hydrochloric and sulfuric
acids. Activation took 5 min at room temperature (22 ◦C). Finally, the phosphating was
performed in a bath containing MnHPO4 (3 g/L), Mn(NO3)2 (10 g/L), ZnO (5 g/L), H3PO4
(20 g/L), NaF (1 g/L). The process parameters were as follows: T = 52 ◦C, t = 1 h. The tests
were performed both on the processed surfaces and in the cross-sections of the samples. For
this purpose, square pieces measuring 10 × 10 mm2 were cut out from the samples. The
preparation of the metallographic specimens involved grinding and polishing. Selected
samples were also etched in 5% nitric acid (for non-alloyed steel) and iron chloride (for
alloyed steel). Detailed studies included observations in light microscope (LM Olympus
GX41) and scanning electron microscope (SEM Jeol JSM-6610L) for metallographic exami-
nations, chemical composition analysis and fractal analysis. The XRD experiments were
carried out on a Seiffert 3003T/T diffractometer. A CoKα radiation cobalt lamp was used
(λ = 1.79026 Å). The X-ray tube was operated at 40 kV and 30 mA. The XRD patterns
were collected in 2 ranges between 5◦ and 90◦. SEM images are composed of grayscale
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pixels corresponding to pseudo-heights that can be processed in order to derive various
characteristics of the surface geometry. In the present paper, the two following approaches
were used: (1) fractal analysis that makes use of scaling invariance between samples of
averaged surface profiles [24–30] and (2) statistical approach working on the separated
segments of original images. In the first method, original SEM images (example shown in
Figure 1A) were averaged along the rows of the slow scan axis in order to obtain roughness
profiles (Figure 1B), which were then processed into discrete structure functions according
to the formula [31]:

S(τ) =
1

N −m

N−m

∑
n=1

(zn+m − zn)
2 (5)

where τ is the discrete shift between original profile and its copy, m = τ/∆ is the integer
number, ∆—the scan step, zk—the k-th sample of the mean profile and N—the number
of samples in each profile. Figure 1C shows the plot of the structure function for S355J2
steel under 300× magnification. Thomas and Thomas [32] showed that for sufficiently
small shifts τ, the one-dimensional structure function obeys the power–law dependence
in the form:

S(τ) = Kτ2(2−D) (6)

where D is the unitless quantity referred to as fractal dimension, and K is the scaling factor
referred to as pseudo-topothesy. Any sharp change in the slope of the log–log plot of the
structure function vs. shift establish the corner frequency τc, which separates segments of
different scale-invariance characteristics.
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Figure 1. (A) SEM image of S335J2 steel under ×300 magnification and its row-averaged mean
roughness profile (inset) SEI 20 kV, WD 10 mm, SS 44; (B) row–averaged original SEM image showing
mean roughness profiles; (C) log–log plot of the structure function vs. horizontal shift obtained from
the roughness profile (S is the RMS of pixel intensity). The corner frequency separates horizontally
correlated surface bumps from the uncorrelated ones.

In the second method, surface morphology was analyzed by means of statistical shape
analysis. To this end, SEM images were segmented using the watershed algorithm followed
by determination of shape descriptors for planar figures: circularity, roundness, solidity,
Feret’s diameter and watershed diameter. Circularity is a positive fractional number that
exhibits the deviation from a perfect circle. It is calculated according to the formula:

C =
4πA

P2 (7)

where A—is the segment area and P—its perimeter. When the circularity decays to zero,
the figure becomes increasingly elongated, and when it comes close to unity, a perfect circle
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appears. A similar measure is a roundness that equals the ratio of the lengths of the minor
and the major semi-axes of the best fit ellipse replacing given selection area:

R =
amin

amax
=

A
πa2

max
(8)

where amin, amax are the minor and major semi-axes of the equivalent ellipse, respectively.
In turn, solidity is the ratio of the actual area of the figure and its convex hull:

S =
A

ACH
(9)

For a perfectly convex figure, solidity equals one; otherwise it is less but non-zero. The
last two parameters define specific size of the segments in terms of various lengths. On
one hand, the watershed diameter is the diameter of the equivalent circle (same area as a
given figure):

dWS =

√
4A
π

(10)

On the other hand, Feret’s diameter dF equals the distance connecting any two points
on the boundary of a segment. Among all possible dF values, the minimum and maximum
Feret’s diameters are of special importance for characterization of particle shape and form.

3. Results and Discussion

The structures of the steel samples after heat treatment are shown in Figure 2. The struc-
ture of the X39Cr13 steel was tempered martensite with carbide precipitates (Figure 2A),
while that of S355J2 was ferrite–pearlite (Figure 2B).
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Figure 2. Structure of steel: (A) SEM image of X39Cr13, (B) optical microscope image of S355J2. Figure 2. Structure of steel: (A) SEM image of X39Cr13, (B) optical microscope image of S355J2.

Recorded images were then used to determine the structure of the deposited phosphate
coatings (Figure 3). The thickness of the coating on martensitic steel was one order smaller
(~3 µm) compared to that on non-alloyed steel (~30 µm).

SEM images exhibit the crystalline structure of phosphate coatings that were made
of phosphate crystals in the form of needles. A similar structure of the phosphate layer
was observed by Rovani et al. [17]. Another paper reported that coatings based on zinc
and phosphorus showed a predominance of needle-like crystals [33]. Some researchers
identified the structure of this coating seen in SEM images as scale-like crystal structure [34].
Rossi et al. [35] demonstrated that phosphate-converted samples exhibited highly irregular
surface structures, which turned out typical for this type of coating. Additionally, the
thickness of the layer appeared to be between 5 and 10 µm [35]. Phosphating in an
environment containing zinc and manganese ions resulted in a coating composed mainly
of metal phosphates. Microscopic observations of phosphated steel surfaces showed
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differences in the morphology of these layers. The coating produced on X39Cr13 steel
(Figure 4A) was characterized by much lower density than the coating produced on S355J2
steel (Figure 4B).
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Figure 4. Steel surface after phosphating with a point and area spectrum markings: (A) X39Cr13
steel, SEM (SEI 30 kV, WD 10 mm, SS 46 (B) S355J2 steel, SEM (SEI 20 kV, WD 10 mm, SS 44).

Phosphating of non-alloyed steel resulted in the formation of a much more compact
deposit compared to that on alloyed steel. The results of the chemical analysis of the
surfaces of tested coatings (Table 3) confirmed the microscopic observations.

Significant differences in chemical composition of the deposited coatings were observed
in X39Cr13 steel. EDS spectra taken from the needle (Figure 4A, Spectrum 3) appeared
significantly different from those in the neighboring area (Figure 4A, Spectrum 2). The needles
show significantly lower amounts of such elements as oxygen, phosphorus, manganese and
zinc. On the other hand, an abundance of elements constituting the steel itself, such as iron
and chromium, was observed in these parts of the samples. This shows that the coating made
on alloyed steel is less tight than that on non-alloyed steel. The obtained XRD (Figure 5) results
showed that the phosphate layer was composed of Zn3(PO4)2·4H2O and Mn3(PO4)2·3H2O.
The zinc-based compound predominated to a large extent. Using a phosphorus bath with
a similar chemical composition, Nguyen et al. [36] showed that in coatings with a ZnO
content greater than 3 g/L contains mixed phases. There are, among others, compounds such
as Mn3(PO4)2·3H2O and Zn3(PO4)2·4H2O. The XRD diagram presented by the researchers
shows that there is only one reflection from which the Mn(PO4)2·3H2O phase originates. The
remaining picks come from a zinc-based compound.
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Table 3. Analysis of the chemical composition (EDS) of the surface of the phosphate coating deposited
on X39Cr13 and S355J2 steel samples.

Element

Weight, %

Spectrum 1 Spectrum 2 Spectrum 3

X39Cr13 S355J2 X39Cr13 S355J2 X39Cr13 S355J2

O 22.86 32.87 5.06 31.40 39.76 37.11

P 9.56 15.46 1.17 12.45 17.35 16.72

Si - - 0.35 - - -

Cr 6.43 - 13.66 - - -

Mn 2.75 4.24 0.59 2.10 3.58 3.33

Fe 33.91 10.09 77.90 30.10 1.73 8.80

Ni 0.83 - - 0.36 0.70 0.42

Zn 23.66 36.90 1.27 23.02 36.88 33.19

Ca - 0.45 - - - 0.24

Ti - - - - - 0.19

Cu - - - 0.58 - -
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The thinner phosphate layer on martensitic steel is probably due to its previous
passivation, which in general has a beneficial effect [37]. In this case, however, passiva-
tion adversely affects the applied top layer. Due to the presence of a passive layer, the
phosphating process on X39Cr13 steel was worse. According to the literature [38], the phos-
phating process involves dissolving a given metal in an acidic solution of soluble primary
phosphates. The next process is the hydrolysis of these phosphates, which leads to the pre-
cipitation of insoluble tertiary phosphates. For the phosphating process to proceed properly,
the metal should dissolve at a moderate rate, which will enable the necessary neutralization
and supersaturation of the near-surface solution. Therefore, the phosphating process is
deteriorated due to the presence of elements such as nickel, chromium or molybdenum in
the composition of the steel. A smaller amount of precipitated phosphate is then produced.
The literature states [10] that phosphating would significantly improve by the break of the
chromium oxide layer. In contrast, no such large differences in the chemical composition
of the coating on S355J2 steel were noted (Table 3, Figure 4B, Spectrum 2 and 3). EDS
analysis also exhibits discontinuous coating layer that agrees with previous studies [17].
One possible explanation is the substrate cleaning process, which affects the nucleation and
hence formation of zinc phosphate on the surface. In addition, in different morphologies of
phosphate coatings applied to non-alloyed steel, substrates may be the result of the use
of different phosphating baths. This also affects the different porosity of these coatings.
According to researchers [33], the lowest porosity was in the coating made from a solution
of zinc phosphate with ammonium niobium oxalate and benzotriazole. Significantly greater
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porosity was found in the zinc phosphate coating. In turn, the addition of niobium to the
phosphating baths reduced the porosity of the coatings. Figure 6 presents grayscale SEM
images of the investigated steel specimens: S355J2 (non-alloy quality structural steel) and
X39Cr13 (martensitic stainless steel) viewed at two magnifications: ×75 and ×300.
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Visual comparison of these images reveals the following similarities: both samples
have a coarse surface covered with sharp precipitates, which are otherwise randomly ori-
ented. Apart from that, however, the size, the shape and the alignment of these precipitates
appear notably different. As a matter of fact, in the S355J2 sample shown in Figure 6A,B, the
predominant geometrical forms are oblong polygons distributed evenly over the surface,
the size of which ranges from a fraction of a micrometer up to few tens of micrometers, and
the aspect ratio (the ratio of the shortest and the longest Feret’s diameters) is between 1:3
and 1:5. Unlike that, on the surface of X39Cr13 steel sample in Figure 6C,D such precipitates
can be seen that take on much more diverse and irregular shapes and might be even one
order of magnitude bigger than those in the previous specimen. In addition, they are
not distributed homogeneously over the surface, but instead they appear to agglomerate,
forming clusters few hundreds micrometers in diameter.

Table 4 presents fractal parameters describing surface height variations in terms of
allometric scaling that were derived from SEM images recorded at two magnification levels.

In the case of the S355J2 steel sample, multifractal behavior can be seen related to
alignment patterns at different scale lengths. The lower scaling range, limited by the corner
frequency τ1 and defining the size of the lowest geometrical forms on the surface, extends
up to 1.41 and 8.14 µm, viewed at ×300 and ×75 magnifications, respectively. On the other
hand, the upper scaling ranges established by the corner frequencies τ2 approach 8.34
and 587 µm, analyzed at ×300 and ×75 magnifications, respectively. Note, however, that
when the resolutions are taken into consideration, then the frequencies τ1 in both images
correspond to ca. 5 pixels in each image regardless of the magnification, which might be
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a fingerprint of inevitable signal noise or high-frequency surface roughness. Note also
that the scaling behaviors of the image data at both magnification levels overlap, which
means that the corner frequency τ1 in the low resolution image (×75) equals that of τ2 in
the high resolution image (×300). The same observation can be seen when comparing the
values of fractal dimensions, because the fractal dimension D1 = 2.41 in the low resolution
image (×75) is nearly equal to D2 = 2.42 in the high resolution image (×300). Such a
finding might lead to a conclusion on the average size of the basic bumps on the surface
of S355J2 steel, which take on elongated figures ca. 1 µm wide and ca. 8 µm long. At
lower magnification, however, these bumps are found to agglomerate into clusters almost
two orders of magnitude wider (600 µm in horizontal diameter). The fractal dimension
was also determined by Paun et al. [24] and Kong et al. [25] using SEM images. Results
for X39Cr13 steel presented in Table 3 exhibit significantly different scaling behavior, in
which both corner frequencies and fractal dimensions appear similar regardless of the
magnification: the corner frequency τ1 explaining small bumps approaches ca. 6 µm, while
the corner frequency τ2 corresponding to the larger bumps is ca. 30 µm. As a result, fractal
analysis reveals the appearance of oval bumps, which are around 4 times larger in their
linear dimensions compared to those of the previous sample. Farias et al. [34] showed that
the zinc phosphate coating had a roughness Ra of 0.47 µm and the crystals were 24.3 µm
in diameter.

Table 4. Results of fractal analysis of SEM images of steel samples under investigation: D1, D2—fractal
dimensions, τ1, τ2—corner frequencies.

Sample Magnification Image Resolution
[µm/px]

D1
[-]

D2
[-]

τ1
[µm]

τ2
[µm]

S355J2
×75 4/3 2.49 2.83 8.14 587

×300 1/3 2.19 2.42 1.41 8.34

X39Cr13
×75 4/3 2.16 2.45 7.57 32.4

×300 1/3 2.11 2.35 5.26 29.4

To verify the results of the fractal approach, additional analysis was carried out
relying on the separation of SEM images into a series of touching segments followed by
statistical analysis of their form and size to determine such shape descriptors as circularity,
roundness and solidity, together with specific size parameters such as Feret’s diameter
and watershed equivalent diameter. According to the literature [26], the Feret diameter of
a particle can be defined as the distance between two parallel tangent boundaries of the
object. In particular, the maximum and minimum Feret diameters, are often used for the
characterization of particle sizes [27]. According to the literature [28], the minimum and
maximum Feret diameters of objects are compared according to the aspect ratio, whereas
the axial ratio refers to the best match between the minor and major axes of the ellipse.
Detailed results are summarized in Table 5, where appropriate mean values are presented,
and in Figure 6, where all data points are shown in a graphical form to reveal appropriate
statistical distributions of the quantities under study together with their mean values and
corresponding standard deviations. Note that SEM images with different magnification
were chosen for this analysis (×300/S355J2 vs. ×75/X39Cr13) to ensure similar number of
segments established in the scan area.

Comparison of obtained means proves that the predominant shape of the average
segments does not vary between specimens under study. As a matter of fact, circularity
equal to ca. 0.7 and roundness equal to ca. 0.6 both imply the elongated shape of such
a figure, while solidity larger than 0.8 clearly points at its convex habit. Together, all
three descriptors strongly suggest a nearly oval shape of the average segment. The only
difference lies in the size of the segments, which agrees well with the previous findings
from the fractal analysis. As a rule, both the Feret’s diameter and the watershed diameter
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demonstrate that the size of specific bumps on the surface of S355J2 steel is roughly one
order of magnitude lower than those in X39Cr13 (1.4/2.1 µm vs. 20/12 µm, respectively).

Table 5. Mean shape descriptors of the segments outlined in SEM images using the watershed algorithm.

S355J2
(×300)

X39Cr13
(×75)

Circularity 0.67 ± 0.18 0.73 ± 0.25

Roundness 0.63 ± 0.17 0.60 ± 0.25

Solidity 0.83 ± 0.07 0.83 ± 0.13

Feret’s diameter [µm] 2.1 ± 1.6 20 ± 22

Watershed diameter [µm] 1.4 ± 1.0 12 ± 14

In order to verify how the results for particular segments are distributed, Figure 7
shows half-box plots of the image data. Presented graphs confirm previous findings as to
similarity of the shape descriptors: circularity, roundness and solidity and notable difference
in the size of the established segments. Circularity is an important geometrical parameter
in evaluation of grain shapes, as it might provide an insight into object roundness [28]. As
indicated in the literature [29], surface roughness is combined with irregularity related to
the level of roundness of natural grains. The plot of estimated diameters of the segments on
the surface of S355J2 steel specimen exhibits quite uniform although narrow distribution of
the data points with sharp edges on both sides, which might be concluded in high identity
of the sizes of the segments. In contrast, the distributions of the same data on the surface of
X39Cr13 steel appears strongly asymmetric, with a flat edge at the bottom, but a very long
tail extending up to 100 µm at the top. This notable asymmetry is due to a large variation
in the diameters of the segments, established in the image without any significant change
in their habits according to the results of the shape descriptors. This allows us to refer to
this surface as self-affine (self-similar within a limited range of scale lengths).
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Figure 7. (A) Half-box plots of shape descriptors of the segments outlined in SEM images by means
of the watershed algorithm: circularity (equation number 34), roundness (equation number 7) and so-
lidity (equation number 8) and (B) comparison of the distributions of specific size descriptors: Feret’s
diameter and watershed diameter (equation number 9). Closed dots show data points and straight
lines correspond to mean values, while the heights of the boxes extend to ± standard deviation.

4. Conclusions

Phosphate coatings on alloyed and unalloyed steel samples exhibit crystalline struc-
ture. This coating was composed of Zn3(PO4)2·4H2O and Mn3(PO4)2·3H2O, with a sig-
nificant advantage of the first phase. Much better quality of the phosphate coating was
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obtained on S355J2 steel. Comparative analysis by means of fractal parameters and shape
descriptors reveal morphological differences between specific geometrical features of pre-
dominant forms on the surface of S355J2 and X39Cr13 steel samples. Fractal analysis
uncovers aggregated structure of the surface bumps in S355J2 steel, but self-affine in
X39Cr13 sample; fractal parameters reflect the appearance of oval bumps, which are around
4 times larger in their linear dimensions on the surface of S355J2 compared to X39Cr13.
Statistical analysis of the shapes and sizes of the segments established in SEM images
using the watershed discrimination algorithm generally confirms the findings of the fractal
approach: the average segment takes on an oval shape regardless of the sample; however,
its size on the surface of S355J2 steel is roughly one order of magnitude lower than that of
X39Cr13. As a matter of fact, the surface of S355J2 might be referred to as clustered, while
that of X39Cr13 can be regarded as self-affine. Microstructural tests combined with EDS
analysis allowed for the conclusion that the phosphate coating is more tight and compact
in the case of S355J2 steel. In this case, the formed phosphate layer is characterized by a
strong bond with the substrate. Therefore, it can be used as a base, e.g., for a paint coating.
Geometric characteristics of the structure may be desirable both to optimize production
processes and to understand the effects of material deterioration.
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Abstract: The formation of surface texture in milling is a complex process affected by numerous
factors. This paper focuses on the surface roughness of X37CrMoV51 steel machined by shoulder
milling. The aim of the study was to develop a mathematical model to predict the surface roughness
parameter Ra. The proposed model for predicting the surface roughness parameter Ra in shoulder
milling takes into account the feed per tooth, fz, the corner radius, rε, and the actual number of
inserts involved in the material removal process as well as hmin and D(ξ). The correlation coefficient
between the theoretical and experimental data was high (0.96). The milling tests were carried out
on a three-axis vertical milling machine using a square shoulder face mill. The geometric analysis
of the face mill shows that at a feed rate of 0.04 mm/tooth, cutting was performed by three out of
five inserts, and when the feed rate exceeded 0.12 mm/tooth, material was removed by all inserts.
The minimum chip thickness parameter and the standard deviation of the relative displacement
increased as the feed increased. Over the whole range of feeds per tooth, the displacement increased
by 0.63 µm. Higher cutting speeds resulted in lower minimum chip thicknesses and the average
standard deviation of the relative displacements for the whole range of cutting speeds was 2 µm.

Keywords: milling process; relative displacements; surface roughness; shoulder milling; minimum
chip thickness; surface roughness; tool geometry

1. Introduction

The manufacturing industry is facing higher and higher requirements for the quality
of machine parts produced by machining. For economic reasons, it has become essential
to reduce the number of finishing operations. Much of the research in this area aims to
find some convenient and efficient solutions to these problems. Shoulder milling, which
combines peripheral milling with face milling, may provide an answer to these expectations.
These days, it is one of the most popular milling methods as it is suitable for both roughing
and finishing cuts. Another approach to surface quality enhancement in machining is to
use new materials for cutting tools or apply special coatings in order to improve the cutting
conditions and, consequently, the process efficiency, and, ultimately, the surface quality.
Changes to the tools affect the other factors responsible for the cutting process, especially
the relative displacements, i.e., the displacements in the tool and workpiece system, the
magnitude and distribution of cutting forces, the tool and workpiece temperatures, the
friction in the cutting zone, or the minimum chip thickness. Since some of these factors
largely influence the surface quality of the finished product, many studies devoted to
milling or turning use them to model the surface roughness parameters, particularly Ra
and Rt.

Research into the surface texture formation takes into account the contribution of
various factors. For instance, a permanent change in the chip cross-section may be due
to some axial and/or radial runout of the inserts employed, with this possibly resulting
from insufficient geometrical or dimensional accuracy of the cutter body. The effect of the
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axial runout of inserts is considered in [1]; therein, the theoretical values of the surface
roughness are modeled and compared with the experimental ones. A similar problem
is described in [2]; the analysis concerns the influence of the tool runout on the surface
quality in dynamic milling. The modeling and simulation of the surface topography in
peripheral milling based on the radial and axial runout of inserts are discussed in [3].
Differences in the performance of the inserts employed resulting from their axial and radial
runouts are responsible for the occurrence of displacements in the tool–workpiece system.
Vibration is not a desirable phenomenon in machining because it has a negative effect on
the dimensional and geometrical accuracy of the workpiece and the durability of tools and
machine tool systems. The displacements in the tool–workpiece system are responsible
for lower machine performance and process efficiency. It is, thus, essential to use lower
values of the cutting parameters (especially the cutting speed and feed rate), which makes
the process take longer. There have been many studies on the influence of vibration on
the cutting process. The effects of vibration on the surface roughness parameter Ra are
discussed, for example, in [4]; the research focused on the relationship between the corner
radius and the relative displacements. In a further study [5], a model is proposed to predict
surface topography in milling when affected by tool vibration. The method can be used
to develop a formula to optimize the surface roughness parameters. Wu et al. [6] propose
the use of the cutting parameters and signal features of vibration measured in milling
to predict the surface roughness of S45C steel. Many studies involved using artificial
neural networks or machine learning to predict the roughness parameters. For example,
in [7], a model based on an artificial neural network was employed to determine surface
roughness parameters. The use of machine learning methods to predict surface roughness
parameters in milling was discussed in [8]. Another approach is proposed in [9], where
the Long Short-Term Memory (LSTM) method was applied to predict surface roughness
in milling for S45C steel. Many studies deal with the prediction of surface roughness in
machining. Yan et al. [5] developed a method for predicting the surface roughness in
milling based on the information about the tool vibration. The analysis of the influence of
the process parameters shows that the feed per tooth has the greatest influence on surface
roughness, whereas the effect of the axial depth of cut is the lowest. Many studies have
aimed to determine the influence of the key machining process parameters, i.e., the feed
rate, the cutting speed, and the depth of cut, on the roughness of milled surfaces [10]. Kao
et al. [11] indicate that in milling, surface roughness can be predicted from the cutting forces.
Their research focused on determining the relationship between the cutting force and the
surface roughness of the workpiece machined on a small-size machine tool. The analysis
involved employing machine learning algorithms, multi-dimensional linear regression, and
a generalized neural regression network to determine the relationship between the cutting
forces and surface roughness. In the machining of free-form surfaces, the major parameter
responsible for surface roughness is the shape of the machining path. These days, CAM
systems are used to design the shape of the tool path. Research in this area [12] reveals
that tool path strategies greatly affect the actual milling time and the workpiece surface
roughness. Uzun et al. [13] analyze the influence of the four most popular machining
methods available in CAM systems. In micromachining, the minimum chip thickness
is one of the most important and frequently considered process parameters affecting
the surface roughness parameters. There have been many studies aimed to predict the
minimum chip thickness by using the stagnation point [14], or to determine it through
experiments [15]. Another factor responsible for the surface roughness of the workpiece is
the cutting tool. Surface roughness is dependent on the tool material as well as its micro-
and macrogeometry. Different materials are used for cutting tools, and the choice depends
on the tool application. Recently, with the rapid development of 3D technology, additively
manufactured tools are also available.

Analysis of the literature shows that much attention is given to the prediction of
surface roughness parameters, particularly Ra and Rt, as these are the most popular in
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industry. It can be concluded that the models developed to predict surface roughness are
generally used for one type of material and specific cutting conditions.

The novelty of the current article is the development of a model for predicting the
surface roughness parameter Ra in shoulder milling. The parameter is determined on the
basis of the following factors: the feed per tooth fz, the corner radius, rε, the actual number
of inserts used for cutting, the minimum chip thickness, hmin, and the standard deviation
of the relative displacements in the tool–workpiece system, D(ξ). The additional novelty
of the present work is the description of how to use the surface profile to determine the
minimum chip thickness and how to recognize the selected areas on the profile.

2. Materials and Methods

The material selected for the experiments was X37CrMoV5 hot work tool steel, charac-
terized by good ductility, thermal conductivity, fracture toughness under high temperature
and water cooling conditions, hardenability, and resistance to tempering. The steel is
suitable for die-casting molds and cores, hot scissors and guillotine cutters, press elements,
light-metal forming dies, and plastic molding cores [16]. The material has been purchased
from a commercial source that certifies the chemical composition of the material. The
chemical composition of X37CrMoV51 steel is provided in Table 1.

Table 1. Composition of the alloying elements of the workpiece material, %.

C Mn Si P S Cr Ni Mo W V Co Cu

0.32–0.42 0.2–0.5 0.8–1.2 max. 0.03 max. 0.03 4.5–5.5 max. 0.35 1.2–1.5 max. 0.3 0.3–0.5 max. 0.3 max. 0.3

The cutting was performed using a 490-050Q22-08M milling cutter (Sandvik Coromant,
Sandviken, Sweden) with five 8 mm × 3.97 mm 490–08T308M–PL–1030 inserts. The inserts,
with a corner radius, re, of 0.8 mm, are designed for light roughing to finishing opera-
tions. Although the maximum depth of cut for this type of insert is 5.5 mm, the producer
recommends that it should not exceed 4 mm. The tool was mounted in the machine tool
spindle using an A1B05–4022035 arbor (Sandvik Coromant, Sandviken, Sweden), which is
an ISO 40 taper face mill arbor commonly used in machining centers.

The shoulder milling tests were carried out on a VMC 800 vertical machining cen-
ter (FOP AVIA, Warsaw, Poland). The VMC 800 is a robust and stable machining center
composed of four iron cast elements bolted together. The design of the VMC800 vertical ma-
chining center is based on a cross table moving in the X and Y axes and a horizontal spindle
box moving in the Z axis along the vertical column. During the test, other factors in addi-
tion to the feed rates were controlled, namely, cutting speed, depth of cut, and workpiece
position, and the relative displacement between tool and workpiece was measured.

A test rig was fitted on the machining center to measure the relative displacements
between the tool and the workpiece; the major measuring device was an XL-80 laser
interferometer (Renishaw plc, New Mills Woton-under-Edge Gloucestershire, Kingswood,
UK). The measurement was performed for 20 s at a frequency of 500 Hz. A total of
10,000 measurement points were used in each measurement. The laser was mounted
outside the machine to avoid vibration affecting its position. Before cutting, the tool was
run through to measure any external factors that could affect the results. The displacement
was then measured during cutting. The forward trend was then subtracted from the
measured signal without removing any material.

Before the cutting tests, the insert mounting accuracy was measured using a Heiden-
hain TT120 tool touch probe (Dr. Johannes Heidenhain GmbH, Traunreut, Germany).

The surface topography, including roughness, was analyzed using a Taylor Hob-
son: Talysurf CCI—Lite Non-Contact 3D profiler (Taylor-Hobson Ltd., Leicester, UK)
with a 20×magnifying lens. A measurement area of 0.8 mm × 0.8 mm provided a
1024 × 1024 pixel array. The 2D surface roughness parameters were determined using
a Gaussian filter with a 0.8 cut-off wavelength.
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The primary surface profile measurements for use in determining the minimum chip
thickness, hmin, were performed using a TOPO 01P profilometer (Instytut Zaawansowanych
Technologii Wytwarzania, Cracow, Poland), which is a contact-type instrument equipped
with a non-sliding stylus for measuring surface roughness. The profiles were analyzed
using the Topografia software running on the profilometer. The profile showed two clear
peaks, which corresponded to the scratches made to act as a frame of reference (a system of
coordinates) for a specimen. The distance between the scratches was 3.528 mm. In Figure 1,
the plot is divided into two parts, one representing the average surface profile in milling
and the other the average surface profile in grinding. The angle between the lines was
measured (α = 0◦23′39′′). This angle corresponded to the angle of the workpiece surface
inclination to the tool during a cutting test. The profile obtained for the milled surface was
smoothened in relation to the profile reported for the ground surface so that the former
corresponded to zero on the axis of ordinates. The value of hmin (1.34 µm) was measured
directly on the profile.
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Figure 1. Profile used to determine the minimum chip thickness. Measurement with a TOPO 01P
profilometer with a non-sliding stylus capturing features over a distance of 10 mm, in a range of
40 µm at a resolution of 1 µm.

Because of the principle of operation of the test rig used to measure the displacements,
the machining was performed in the presence of a cutting fluid. A selective static program
was used to determine the effect of each factor separately. One series of the shoulder
milling tests was conducted at a constant depth of cut (ap = 0.2 mm), a constant cutting
speed (vc = 300 m/min), and a variable feed per tooth ranging from 0.02 to 0.22, which
changed every 0.02 mm/tooth. The other series of shoulder milling tests were carried out
at ap = 0.2 mm, fz = 0.1 mm/tooth, and vc = 200–400 m/min changed every 20 m/min.

3. Results

The axial and radial runouts of the tool head were calculated for each insert separately
on the basis of 50 measurements. This required determining the average axial insert
mounting accuracy. For simplicity and greater transparency, it was assumed that the
tool length for the most axially protruding insert was 0 mm. Assumptions about tool
engagement and zero tool length were used for calculations only to assess the radial and
axial runout of the tool. A model of the cutting tool was developed to perform simulations
and assess how many inserts were engaged in the surface texture generation at a given value
of the feed per tooth. The model can be used to calculate the load each insert is subjected
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to, the actual feed per tooth, the instantaneous depth of cut, and the cross-sectional area of
the material removed from each insert. Some of the calculation results are given in Table 2.

Table 2. Theoretical versus actual feed per tooth for each insert.

Theoretical Feed, fz,
mm/tooth

Actual Feed in mm/tooth for Each Insert

1 2 3 4 5

0.02 0.011 0.005 0 0.004 0

0.04 0.019 0.009 0 0.012 0

0.06 0.027 0.013 0 0.019 0.001

0.08 0.035 0.017 0 0.027 0.001

0.1 0.043 0.021 0 0.034 0.002

0.12 0.048 0.025 0.001 0.041 0.005

0.14 0.052 0.029 0.003 0.046 0.01

0.16 0.056 0.033 0.007 0.05 0.014

0.18 0.061 0.037 0.01 0.054 0.018

0.2 0.065 0.041 0.014 0.058 0.022

0.22 0.069 0.045 0.017 0.062 0.027

From Table 2, it can be concluded that the insert mounting accuracy and the feed per
tooth have a substantial influence on the material removal process. As can be seen from
Table 2, only three out of five inserts were engaged in the cutting at a feed of 0.04 mm/tooth.
When, however, the feed exceeded 0.12 mm/tooth, the material was removed by all the five
inserts. The third insert at a feed rate of 0.12 mm/tool removes less material than the value
of the hmin parameter, and at a feed rate of 0.14 mm/tool, the insert exceeds the value of the
hmin parameter. During the cutting tests, the relative displacements in the tool–workpiece
system were measured using an XL-80 laser interferometer (Renishaw plc, New Mills
Woton-under-Edge Gloucestershire, Kingswood, UK). Some relative displacements in the
tool–workpiece system are illustrated in Figure 2.
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Figure 2. Relative displacements in the tool–workpiece system at vc = 300 m/min and
fz = 0.1 mm/tooth.

Figure 2 shows a signal of the relative displacements registered in the tool–workpiece
system during a test measurement under the following cutting conditions: vc = 300 m/min,
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fz = 0.1 mm/tooth, and ap = 0.2 mm. As can be seen, the signal varies over time. During
the first phase, the displacement is stable because this represents the time when the tool
approaches the workpiece and the tool is not engaged in cutting (0–2.7 s). In the second
phase (2.7–6.8 s), when the tool performs shoulder milling, the displacement increases. The
last phase (6.8–11 s) corresponds to the final stage of cutting, during which the tool is no
longer in contact with the workpiece. From Figure 2, it can be concluded that the relative
displacements increase with the depth of cut. Thus, it is clear that the displacements
occurring in the first phase increase with increasing width of cut until the maximum
engagement of the cutting tool is achieved, i.e., the whole diameter of the tool is used. It
was then vital to determine how the cutting speed, vc, and the feed per tooth, fz, affected
the standard deviation of the relative displacements (D(ξ)) for the selected material. Table 3
shows the standard deviation of the relative displacements measured in the tool–workpiece
system, D(ξ), given in µm, for the cutting performed at vc = 300 m/min, ap = 0.2 mm, and a
variable feed per tooth.

Table 3. Variation in the parameter D(ξ) with feed rate and cutting speed.

vc = 300 m/min
ap = 0.2 mm

fz = 0.1 mm/tooth
ap = 0.2 mm

fz, mm/tooth D(ξ), µm vc, m/min D(ξ), µm

0.02 1.07 200 1.75
0.04 1.29 220 1.75
0.06 1.36 240 2.10
0.08 1.53 260 2.6
0.1 1.49 280 1.86

0.12 1.56 300 1.88
0.14 1.61 320 2.03
0.16 1.56 340 1.97
0.18 1.61 360 3.45
0.2 1.48 380 2.04

0.22 1.71 400 1.48

Table 3 shows the values of the standard deviation of the relative displacement in the
tool–workpiece system, i.e., the parameter D(ξ) expressed in µm, for the selected workpiece
material machined at a constant cutting speed, vc, of 300 m/min and a variable feed per
tooth, and also at a constant feed of 0.1 mm/tooth and a variable cutting speed. From
the data in Table 3, it is clear that increasing the feed per tooth had a negative effect on
the D(ξ) parameter. The higher the feed per tooth, the higher the standard deviation of
the relative displacement. In the entire range of feeds per tooth, the displacement rose by
0.63 µm. When the feed varied between 0.02 mm/tooth and 0.08 mm/tooth, the parameter
D(ξ) first increased from 1.07 µm to 1.53 µm and then dropped slightly to 1.49 µm. At
feeds of 0.1–0.16 mm/tooth, D(ξ) improved from 1.49 µm to 1.61 µm to fall slightly at a
feed of 0.16 mm/tooth. When the feed was 0.2 mm/tooth, there was a rapid decline in
the standard deviation of the displacement to 1.48 µm, followed by a significant increase
of 0.23 µm.

At feed rates of 0.10 mm/tooth and 0.16 mm/tooth, D(ξ) decreases because the third
and fourth inserts were involved in surface texture generation and the minimum feed rate
was higher than the hmin parameter.

Two characteristic maximum values of the standard deviation of the relative displace-
ments (2.6 µm and 3.45 µm) can be observed in Table 3. They were registered at cutting
speeds of 260 m/min and 360 m/min, respectively. The points correspond to the two most
efficient ranges of operation of the CoroMill 490 shoulder mill taking into consideration the
displacements in the tool–workpiece system. The smallest displacements were reported at
cutting speeds of 200–220 m/min, 280–340 m/min, and 400 m/min. The average standard
deviation of the relative displacements for the whole range of cutting speeds was 2 µm.
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The experiment consisted of machining 22 samples, 11 at constant feed and 11 at
constant cutting speed. Table 3 shows the values of the standard deviation of the rela-
tive displacement in the tool–workpiece system for the whole range of the cutting path.
Discrepancies in results for the same machining parameters may be the result of material
heterogeneity. The difference in the standard deviation of relative displacements for the
same machining parameters is 0.39 µm.

The next series of tests aimed to determine the influence of the cutting conditions on
the minimum chip thickness (hmin) in shoulder milling. Table 4 shows the values of the
minimum cut thickness measured at different feeds per tooth and cutting speeds.

Table 4. Variation in the values of hmin with feed per tooth, fz, and cutting speed, vc.

vc = 300 m/min
ap = 0.2 mm

fz = 0.1 mm/tooth
ap = 0.2 mm

fz, mm/tooth hmin, µm vc, m/min hmin, µm

0.02 0.706 200 0.8
0.04 0.65 220 0.695
0.06 0.276 240 0.674
0.08 1.113 260 0.465
0.1 0.95 280 0.949

0.12 0.657 300 0.42
0.14 1.312 320 0.508
0.16 1.047 340 0.431
0.18 1.313 360 0.277
0.2 0.713 380 1.07

0.22 1.71 400 1.48

Table 4 shows the influence of cutting speed and feed rate on the minimum chip
thickness, hmin. From the data, it can be seen that in the initial phase, an increase in cutting
speed (vc = 200–260 m/min) contributed to a decrease in hmin. The parameter hmin increased
when the cutting speed exceeded 280 m/min. The downward trend continued until the
cutting speed reached 380 m/min. The parameter remained stable until vc was 260 m/min.
When the cutting speed exceeded this value, hmin increased and then decreased. The
analysis of the influence of the feed per tooth, fz, on the minimum chip thickness, hmin,
for X37CrMoV51 steel shows that the parameter hmin fluctuates up and down. From the
relationship between fz and hmin, it can be concluded that the parameter hmin increases as
the feed per tooth increases.

Another objective of this study was to look at the influence of the cutting process
parameters in shoulder milling on the surface texture of the workpiece. The shoulder
milling tests were carried out on an AVIA VMC800 vertical machining center (FOP AVIA,
Warsaw, Poland). First, the tests were conducted under dry cutting conditions, i.e., without
the use of cutting fluid, under specific cutting conditions assumed for a given series. The
measurement results obtained for different cutting parameters were analyzed thoroughly.
The data in the form of tables, plots, and maps were used to determine the 2D surface
roughness parameters. Some isometric views of the surfaces of the X37CrMoV51 steel
specimens are shown in Figure 3. The surface topography was analyzed using a Taylor
Hobson: Talysurf CCI—Lite Non-Contact 3D profiler measurement interferometer (Taylor-
Hobson Ltd., Leicester, UK).
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Figure 3. Isometric views of surfaces of the X37CrMoV51 steel specimens machined at different
feeds per tooth. (a) fz = 0.02 mm/tooth, fn = 0.1 mm/rev, ft = 191 mm/min; (b) fz = 0.04 mm/tooth,
fn = 0.2 mm/rev, ft = 382 mm/min; (c) fz = 0.06 mm/tooth, fn = 0.3 mm/rev, ft = 573 mm/min;
(d) fz = 0.08 mm/tooth, fn = 0.4 mm/rev, ft = 764 mm/min; (e) fz = 0.1 mm/tooth, fn = 0.5 mm/rev,
ft = 955 mm/min; (f) fz = 0.12 mm/tooth, fn = 0.6 mm/rev, ft = 1146 mm/min; (g) fz = 0.14 mm/tooth,
fn = 0.7 mm/rev, ft = 1338 mm/min; (h) fz = 0.16 mm/tooth, fn = 0.8 mm/rev, ft = 1529 mm/min;
(i) fz = 0.18 mm/tooth, fn = 0.9 mm/rev, ft = 1720 mm/min; (j) fz = 0.2 mm/tooth, fn = 0.1 mm/rev,
ft = 1911 mm/min; (k) fz = 0.22 mm/tooth, fn = 1.1 mm/rev, ft = 2102 mm/min.
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As can be seen from Figure 3, at a feed of 0.02 mm/tooth, random roughness was
observed. The surface roughness increased with increasing feed per tooth; the peak-to-
valley distance corresponded to the distance the tool traveled during a single spindle
rotation (feed per revolution). At fz = 0.06 mm/tooth, there were no sharp peaks; burrs
were observed instead. A further increase in the feed per tooth caused an increase in both
the surface roughness and the surface waviness. From the isometric views, it is evident that
at fz = 0.1–0.16 mm/tooth and 0.22 mm/tooth, a two-directional cut was reported because
the milling cutter milled forward and backward.

Table 5 shows the 2D surface roughness parameters for shoulder milling. The lowest
value of the maximum profile height, Rz, was recorded at a feed rate of 0.1 mm/tooth, while
the highest value was recorded at a feed rate of 0.22 mm/tooth. The profile characteristics,
Rt and Rv, were similar to Rz. The arithmetic mean height, Ra, (Figure 4) increased steadily
with increasing feed from 0.2 µm at 0.02 mm/tooth to 0.321 µm at 0.2 mm/tooth. At a
feed of 0.22 mm/tooth, Ra decreased slightly to 0.304 µm. The root mean square deviation,
Rq, and Rp, the maximum profile peak height, were reported to be identical to Ra over
the whole range of feeds. The mean height of the profile elements, Rc, decreased with
increasing feed. After the feed exceeded 0.06 mm/tooth, Rc fluctuated around 0.55 µm
and then increased when the feed was 0.1–0.18 mm/tooth. At feed rates higher than
0.18 mm/tooth, the parameter Rc decreased. The mean width of the profile elements, RSm,
first increased and then decreased with increasing feed per tooth. At fz = 0.06 mm/tooth,
RSm decreased to 0.03 mm. Then, at feed rates of 0.08–0.12 mm/tooth, RSm increased to
0.048 mm and then decreased to 0.034 mm. A further increase in feed to 0.2 mm/tooth
caused the parameter RSm to reach a maximum of 0.058 mm and then drop to 0.04 mm.

Table 5. Variation in the values of the 2D surface roughness parameters in the shoulder milling of
X37CrMoV51 steel with the feed per tooth.

Feed per Tooth fz, mm/tooth

Parameter Unit 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22
Rp µm 0.961 0.981 1.106 1.135 1.032 0.992 1.164 1.202 1.004 1.225 1.376
Rv µm 1.112 0.759 0.691 0.801 0.661 0.768 0.784 0.891 0.847 0.869 0.970
Rz µm 2.074 1.740 1.797 1.936 1.693 1.760 1.948 2.093 1.851 2.095 2.346
Rc µm 0.646 0.620 0.509 0.521 0.530 0.685 0.675 0.774 0.809 0.751 0.717
Rt µm 2.078 1.748 1.798 1.952 1.696 1.782 2.035 2.114 1.915 2.111 2.352
Ra µm 0.200 0.221 0.213 0.222 0.227 0.260 0.249 0.279 0.290 0.321 0.304
Rq µm 0.272 0.279 0.278 0.285 0.286 0.314 0.315 0.348 0.349 0.402 0.384
RSm mm 0.024 0.032 0.030 0.030 0.036 0.048 0.034 0.043 0.050 0.058 0.040
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Figure 4. Relationship between the feed per tooth and the surface roughness parameter Ra in the
shoulder milling of X37CrMoV51 steel.
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The next stage of the study was to develop a model for predicting the surface roughness
parameter, Ra, in shoulder milling. First, relationship (1) was formulated as a linear function
to link the minimum chip thickness with the feed per tooth. The coefficients used in the
formula were selected in such a way that the feed could be expressed in mm. As there were
substantial fluctuations in hmin, the model took into consideration only the minimum chip
thickness, which increased with increasing feed per tooth.

hmin = 2.6536·fz + 0.58 (1)

Then, relationship (2) was formulated in the form of a power function to calculate the
parameter D(ξ) using the value of the feed per tooth. The coefficient of correlation between
the theoretical results determined from relationship (2) and the experimental data obtained
through tests was 0.89.

D(ξ) = 2.1461·fz
0.1636 (2)

The last stage of the study was to formulate relationship (3), which is the model for
predicting the surface roughness parameter, Ra, on the basis of the number of inserts
engaged, the corner radius, the minimum chip thickness, and the relative displacements.
It was assumed that the relative displacements combined with the geometry of the insert
(wiper for finishing) contribute to lower roughness as they help remove some of the
machining debris.

Ra =
fza

2

8·rε
+

k·hmin

D(ξ)
(3)

where fza is the actual value of the feed per tooth dependent on the actual number of inserts
taking part in the cutting process, za.

fza =
fz·z
za

(4)

k is the material coefficient describing the contribution of the minimum chip thickness
to the surface roughness formation. The material coefficient, k, is the ratio of the average
peak-to-valley distance on a surface profile to the minimum chip thickness.

k =

(
∑n

i=1 an
n

)

hmin
=

( 0.30+0.25+0.29+0.29
4

)

0.75
= 0.373 (5)

The analysis to determine the effect of the selected factors required finding the value
of the material coefficient, k. The average value of this coefficient (k = 0.4) was calculated
using the data from measurements of 11 X37CrMoV51 steel specimens.

The model for predicting the surface roughness parameter, Ra, in shoulder milling was
verified using relationship (3) by substituting the actual feed per tooth with relationship (4),
the material coefficient, k, with relationship (5), and the parameters hmin and D(ξ) with
relationships (1) and (2), respectively. The predicted surface roughness Ra was thus de-
pendent on the feed per tooth, fz, the corner radius, rε, the actual number of inserts taking
place in the material removal process, and the parameters hmin and D(ξ).

Table 6 shows the data used to verify the proposed model. As can be seen, the
difference between the measured values and the calculated values is very small.

Figure 5 compares the plots obtained from the experiments with those from the
calculations.

The red line in Figure 5 represents the predicted values of the surface roughness pa-
rameter Ra in shoulder milling, which were calculated using the proposed model based on
relationship (3). The blue line shows the relationship between the actual surface roughness
and the feed per tooth in shoulder milling at a cutting speed of 300 m/min and a depth of
cut of 0.2 mm. The X37CrMoV51 steel specimens were measured with a Taylor Hobson
Talysurf CCI–Lite Non-Contact 3D Profiler (Taylor-Hobson Ltd., Leicester, UK).
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Table 6. Data used to verify the proposed model.

X37CrMoV51
Steel

Actual Number
of Inserts

Predicted
Roughness

Actual
Roughness

Standard
Deviation

Feed, fz,
mm/tooth zrz, Number Ra, µm Ra, µm σ, µm

0.02 3 0.224 0.2 0.016
0.04 3 0.217 0.221 0.014
0.06 4 0.219 0.213 0.015
0.08 4 0.225 0.222 0.016
0.1 4 0.232 0.227 0.01
0.12 5 0.239 0.26 0.013
0.14 5 0.248 0.249 0.015
0.16 5 0.257 0.279 0.019
0.18 5 0.266 0.29 0.019
0.2 5 0.276 0.321 0.011
0.22 5 0.285 0.304 0.034

Coefficient of correlation
R2 = 0.96
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Figure 5. Actual and predicted surface roughness of face milled X37CrMoV51steel versus feed
per tooth.

From Table 6 and Figure 5, it is evident that for feed rates ranging from 0.02 to
0.18 mm/tooth, the predicted surface roughness Ra determined using Equation (3) is
similar to the actual surface roughness. At a feed rate of 0.2 mm/tooth, however, the
predicted values are slightly different from the actual ones. The coefficient of correlation
between the theoretical and experimental data was 0.96. This value confirms that the
developed model is correct.

4. Conclusions

The major conclusions drawn from the shoulder milling experiments for X37CrMoV51
steel are as follows:

1. The material removal process was largely affected by the feed per tooth and the
number of inserts engaged in the cutting process. The analysis of the experimental
data reveals that at a feed of 0.04 mm/tooth, the cutting was performed by three out
of five inserts. However, when the feed exceeded 0.12 mm/tooth, the material was
removed by all the inserts. At feed rates of 0.10 mm/tooth and 0.16 mm/tooth, D(ξ)
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decreases because the third and fourth inserts were involved in surface texturing and
the minimum feed rate was higher than the value of the hmin parameter.

2. The average standard deviation of the displacement in the tool–workpiece system
for the whole range of cutting speeds was 2 µm. The smallest relative displacements
were recorded at cutting speeds of 200–220 m/min, 280–340 m/min, and 400 m/min,
so these parameters guarantee the most stable conditions.

3. Higher cutting speeds resulted in lower minimum chip thicknesses, hmin. However,
the parameter hmin increased with increasing feed. Under variable feed conditions,
the lowest and highest values of hmin were 0.276 µm and 1.71 µm, respectively. Under
variable cutting speed conditions, however, the lowest value of hmin was 0.277 µm,
while the highest was 1.48 µm.

4. The parameter Ra showed a gradual increase over the entire range of feed rates:
from a minimum of 0.2 µm at a feed of 0.02 mm/tooth to a maximum of 0.321 µm at
0.2 mm/tooth. At fz = 0.1–0.16 mm/tooth and 0.22 mm/tooth, a two-directional cut
was reported because the milling cutter milled forward and backward.

5. The most favorable machining conditions, based on the lowest values of hmin, standard
deviation of the displacement, and the number of inserts involved in the cutting
process, is a feed rate of 0.10 mm/tooth.
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Abstract: This article focuses on the technologies used by a manufacturing company to produce
threads in chrome–nickel steel 1.4301 at specific sheet thicknesses. To enhance production quality,
two specific technologies were chosen for hole formation, considering the requirements of the
company. Both conventional drilling and nonconventional laser cutting methods were evaluated as
potential techniques for hole production. Conventional thread-cutting technology and progressive
forming technology were employed to create metric internal threads. The aim of integrating these
diverse technologies is to identify the optimal solution for a specific sheet thickness in order to prevent
the occurrence of defective threads that could not fulfil the intended purpose. The evaluation of the
threads and holes relies on the examination of surface characteristics, such as the quality of the surface,
as well as the lack of any signs of damage, cracks, or burrs. Furthermore, residual stresses in the
surface layer were monitored because these stresses have the potential to cause cracking. Additionally,
extensive monitoring was performed to guarantee that the form and size of the manufactured threads
were correct to ensure smooth assembly and optimal functionality.

Keywords: thread; hole; cutting; laser; quality; shape accuracy

1. Introduction

As numerous authors in the field of engineering have noted, designers and production
engineers frequently face the challenge of producing highly durable connections capable
of facilitating the assembly and disassembly of components made of various materials.
To fulfil this task, fasteners and internal threads represent the prevailing choices, as ref-
erences [1,2] indicate. Threaded connections are one of the most prevalent solutions for
assembling mechanical components because they result in assemblies with high strength
and stiffness, as substantiated by references [1,3]. While screw connections find applications
in technical structures, it is worth emphasizing that a substantial proportion of mechanical,
aerospace, medical, and dental products incorporate at least one threaded component, as
documented in references [4–6]. This underlines the versatility and practicality of threaded
connections, further enhanced by their notably rapid component assembly and disassembly,
as denoted in reference [7].

Historically, the use of nuts was the most common approach for ensuring the stability
of mechanical components. However, in other circumstances, the direct integration of
internal threads onto the joint component is used as an alternative method of fastening.

Materials 2023, 16, 6538. https://doi.org/10.3390/ma16196538 https://www.mdpi.com/journal/materials192



Materials 2023, 16, 6538

According to the data reported in reference [5], the evaluation of mechanical stresses ex-
perienced by machine components demonstrates that internal threads are continuously
subjected to tensile forces. According to Liu [8], the continued use of threads is bound
to cause gradual deterioration, which may grow in intensity and demonstrate a corre-
lation with the overall quality of the thread connections. It is crucial to note that the
failure of fastening mechanisms, both permanent and non-permanent, can have significant
consequences for the entire operation of mechanical systems, as cited in reference [9].

In their work, Val A.G.D. and colleagues [10] emphasise that the process of thread
cutting is a multifaceted operation focused on the creation of internal openings for screws.
This complexity stems from the pivotal need for precise synchronization between the
rotational motion of the tap and the vertical movement, as well as for substantial contact
between the tool and the workpiece. This synchronization and contact are especially
critical when threading is performed under demanding cutting conditions. The production
of internal threads typically involves one of three methods: cutting, cold forming, or
milling. Thread cutting and thread milling represent conventional metal cutting techniques,
whereas the cold forming of threads provides an alternative method that eliminates chip
generation [11].

During the process of thread cutting, the cutting edges of the tap progressively shape
the internal thread, which is a continual process. An integrated thread is produced by a
single, complete thread-cutting process [12]. The requirements of thread cutting are high,
primarily due to the critical need for precise synchronization between the rotational and
vertical movements [1].

Threads formed through the thread-forming process are the result of plastic deforma-
tion and material displacement. In their study, Masmoudi, N. et al. [13] expound on the
numerous advantages offered by the cold-forming thread process in comparison to conven-
tional cutting techniques. However, it is essential to consider specific process characteristics
and material properties to ensure the consistent and reliable production of internal threads.
This aspect was explored by De Oliveira et al. [14], who delved into the impact of tooling
and process parameters on the quality of internally formed threads. They observed that the
optimization of thread quality can be achieved by selecting appropriate parameters such as
forming speed, tap surface finish, and tap geometry. Moreover, in a separate investigation,
Maciel et al. [15] ascertained the optimal revolutions for both forming and cutting external
threads in a titanium alloy, relying on hardness testing and thread profile control.

In engineering, the setup of milling operations can be quite intricate due to the multi-
tude of cutting parameters and tool geometrical aspects that demand consideration. Thread
milling, when viewed from a geometric standpoint, represents a multifaceted 3D machin-
ing configuration, incorporating elements such as the toolpath, tool geometry, and the
intricacies of the cutting process [16]. This particular technology carries a greater financial
burden and necessitates access to suitable infrastructure and a high level of expertise for its
effective application.

Over the past two decades, preliminary studies have focused on evaluating thread
profile quality based on geometric errors [5]. In their work, Dogra and colleagues [17]
delved into the evaluation of deviations between the tap’s feed rate and the thread pitch.
Meanwhile, Freitas et al. [18] evaluated thread profile quality, employing the fundamen-
tal profile specifications of the ISO metric thread as outlined in ISO-68-1 and ISO 68-2,
particularly during the threading of test samples.

A crucial factor in achieving a high-quality thread is a proper machined hole. The
selection of hole manufacturing technology must consider not only its diameter but also
factors encompassing material properties, depth, and the requisite levels of precision and
functionality. Vigilant oversight of the resulting geometric and dimensional accuracy,
alongside scrutiny of surface quality (including the identification of potential cracks or
burrs) [19,20] proves indispensable, for it is impossible to produce a top-tier thread within
an inadequately machined hole.
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A specialized threaded joint involves the insertion of a screw into a thread directly
within the thin-walled sheet of a manufactured structure. Nonetheless, during the manu-
facturing process, deviations in terms of thread shape and dimensions, or even damage,
may manifest, ultimately resulting in suboptimal connections. Therefore, the appropriate
selection of technology combinations for hole and thread production assumes vital impor-
tance. This forms the core focus of the experimental validations carried out within this
study, as there is limited availability regarding information on this particular matter.

Analysis of the Current Situation in Practice

This study examines the prevalent practices at ELMAX ŽILINA Slovakia., a company
primarily employed in the production of electrical distribution boards and various sheet
metal products, including those intended for use in the food industry. In the context of
food sector products, it is common practice to employ corrosion-resistant steels, with a
prevalent preference for austenitic chrome–nickel steel 1.4301, which is available in a range
of thicknesses.

In the mentioned company, an analysis was carried out to solve a problem with mak-
ing internal metric threads in semi-finished sheet metal with different thicknesses made of
corrosion-resistant steel, as shown in Figure 1. While manufacturing the most frequently
employed metric threads, evident deformations were observed after the production process,
as depicted in Figure 2. These deformations emerge as cracks, rendering the threads par-
tially non-functional and preventing them from meeting the standard-defined parameters.
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with cracks in 10 mm thick sheet metal.

The key issue lies in the frequent occurrence of potential thread damage, which poses a
significant risk to both individual components and, in certain cases, the entire product itself.
Frequently, these defective products are beyond repair, necessitating their removal from
the manufacturing process. The need to remanufacture these products naturally results
in higher production costs, longer production times, and a reduction in the actual profit
margin of the product.

In the initial phase of our research, we discovered that holes created through laser
machining displayed distinct defects (see Figure 3), leading to imprecise and irregular hole
shapes. Furthermore, visible deformations within these holes were observed, posing a
potential risk of imperfections in the internal threads manufactured within them.
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The rationale behind employing laser machining for hole production in the afore-
mentioned company, despite it encountering minor deformations, lies in its capacity to
encompass all the outlines of the product, including the holes, in a single operation. This
eliminates the need for additional drilling operations.

However, it is crucial to find the point where these deformations are still within
acceptable limits and can be used to make high-quality, crack-free threads inside the holes
that meet geometric standards.

When choosing a suitable advanced technology, it becomes especially crucial to ana-
lyze the problem of cracks and deformations in metric threads. These issues significantly
diminish thread functionality, result in non-compliance with standards, and frequently
render the product unusable, ultimately leading to its removal from the manufacturing
process.

2. Materials and Methods

The mentioned company works with material 1.4301, which belongs to the category of
materials characterized by specific properties acquired during the machining process. The
chemical composition is shown in Table 1.

Table 1. Chemical composition of material 1.4301 according to EN 10088.

Chemical Composition [%]
C Cr Mn Ni P S Si

0.07 17–20 2 9–11.5 0.045 0.03 1
Mechanical Properties

Yield strength Re
[MPa]

Tensile strength Rm
[MPa] Hardness [HB] Ductility A [%]

min 230 540–750 160–210 45

Steel 1.4301, known for its exceptional corrosion resistance, demonstrates resilience
against water, steam, airborne moisture, and even edible acids. However, during the
machining process, chromium–nickel steels themselves tend to undergo work hardening.
This effect is predominantly undesirable and problematic, as it diminishes machinability
and adversely impacts the final quality of the product [21].

The focus of this study is to examine the effects of modifications in manufacturing
methods on the characteristics of threads manufactured from a particular material. The
selection of utilized technologies is customized to meet the specific requirements of the
company, ELMAX, inc. As a result, the choice of employed technologies is tailored to suit
their requests. Threads were manufactured on sheets with varying thicknesses of 3, 5, 8,
and 10 mm. Two distinct technologies were employed to create holes: progressive laser
cutting technology and conventional drilling technology. Subsequently, the holes were
utilized to create threads using two different methodologies: standard cutting technology
and progressive forming technology.

195



Materials 2023, 16, 6538

The experimental measurements were set up following the specifications provided
in Table 2. This encompassed the initial stages of preparing holes for threads and then
inserting the threads within these holes. All necessary arrangements were made to facilitate
subsequent comparisons and measurements.

Table 2. Sample production process table.

Product Production
Process Machine Tool

Exp. 1
Hole Laser TRULASER 3030 Laser Beam

Thread Cutting Thread Cutter
MOSQUITO 300–600

HSS-E-PM 6H TiN
DIN 371

Hole Drilling HURCO VMX30t HSS TiN DIN 338
Exp. 2 Thread Cutting Thread Cutter

MOSQUITO 300–600
HSS-E-PM 6H TiN
DIN 371

Exp. 3
Hole Laser TRULASER 3030 Laser Beam

Thread Forming Thread Cutter
MOSQUITO 300–600

HSS-E 6HX TiN
DIN 2174

Hole Drilling HURCO VMX30t HSS TiN DIN 338
Exp. 4 Thread Forming Thread Cutter

MOSQUITO 300–600
HSS-E 6HX TiN
DIN 2174

Samples, as shown in Figure 4, were prepared using a TruLaser 3030 machine, along
with pre-cut openings of varying diameters, according to Table 3. In the course of the
testing process, threads matching the dimensions commonly employed by the company
were subsequently generated within these pre-prepared openings.
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Table 3. Laser production of one of the samples.

Thread Size Hole Diameter for Thread
Made by Cutting [mm]

Hole Diameter for Thread
Made by Forming [mm]

M4 ø 3.5 ø 3.7
M5 ø 4.2 ø 4.6
M6 ø 5.0 ø 5.5
M8 ø 7.0 ø 7.4
M10 ø 8.5 ø 9.3

For tools, we employed DIN 338 drill bits made from high-speed steel, featuring a TiN
coating and an angle of 118◦. According to industry standards, these drill bits are suitable
for drilling this specific type of steel. Cooling was facilitated through the use of Zubor
65 H Extra cooling emulsion, sourced from the German company ZEELER + GMELIN.
The cutting parameters adhered closely to the recommendations of the manufacturer,
maintaining a cutting speed (vc) of 14 m.min−1, while the feed rate varied in accordance
with the diameter of the drill bit.
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Following the production of the holes, the production of metric threads through
cutting was initiated. The MOSQUITO 300–600 threading machine was employed for this
purpose. We utilized specially designed machine taps, namely DIN 371 HSS-E-PM-6H
TiN taps. These taps are made from high-speed steel, enriched with a 5% cobalt alloy, and
manufactured as sintered carbide with a coating, as illustrated in Figure 5a. For thread
forming, DIN 2174 HSS-E-6HX TiN taps were chosen. These taps are composed of high-
speed steel with a 5% cobalt addition and feature a coating, with one of them depicted in
Figure 5b. To optimise the phase of the cutting efficiency, prevent potential tap binding,
and reduce wear, we applied ARIANA cutting paste for threading.
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Figure 5. Manufacturing the M10 thread in an 8 mm thick sheet metal, (a)—by cutting and (b)—by
forming.

Certain holes and, consequently, their corresponding threads, could not be produced
due to technological limitations. Moreover, there were cases in which holes formed with
deviations in their shape, resulting in negative consequences for the subsequent process of
producing threads.

3. Results and Discussion
3.1. Visual Comparison of Functional Hole and Thread Surfaces

We conducted a visual inspection and quality evaluation for all the holes and threads.
The functional surfaces of the holes are presented in Table 4, whereas those of the threads
are detailed in Tables 5–8.

Upon initial examination, several threads manufactured internally displayed evident
visible signs of damage and lacked the appropriate thread profile. These thread profiles
suffered from deformation, cracking, and insufficiency. Notably, these issues were most
pronounced in threads produced using thread-forming technology within holes produced
using laser cutting, regardless of sample thickness. This predicament arises from the
thermally affected zone on the functional surfaces of the holes, a byproduct of the laser-
cutting hole production process. Consequently, it can be deduced that employing the
forming process within holes created using laser cutting is an unfavourable choice, given
the considerably larger-than-expected thermally affected zone. Furthermore, imperfections
in the thread profile were only apparent in threads produced by cutting within holes
produced using laser cutting, specifically in samples with thicknesses of 8 mm and 10 mm
and for M8 and M10 threads. This inconsistency can be attributed to the suboptimal
geometry of holes created by laser cutting in thicker samples and those with ø 8.5 and
ø 7 diameters.
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Table 4. Functional hole surfaces in the cut for various sheet metal thicknesses and hole diameters.

Hole for Thread
M4 M5 M6 M8 M10

Laser
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Table 6. Functional thread surfaces in the cut for a sheet metal thickness of 5 mm.

Thread
M4 M5 M6 M8 M10
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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Upon initial examination, several threads manufactured internally displayed evident 

visible signs of damage and lacked the appropriate thread profile. These thread profiles 

suffered from deformation, cracking, and insufficiency. Notably, these issues were most 

pronounced in threads produced using thread-forming technology within holes produced 

using laser cu�ing, regardless of sample thickness. This predicament arises from the ther-

mally affected zone on the functional surfaces of the holes, a byproduct of the laser-cu�ing 

hole production process. Consequently, it can be deduced that employing the forming 

process within holes created using laser cu�ing is an unfavourable choice, given the 
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3.2. Measurement of Residual Stresses

The process of measuring residual stresses through X-ray diffraction can be explained
with the Proto iXRD device (Figure 6). This equipment enables the measurement of
residual stresses in all crystalline materials and, due to its design, is suitable for use both in
laboratory settings and in real manufacturing processes [22,23]. Residual stress evaluation
for the produced holes and threads was carried out utilizing X-ray diffraction on the Proto
iXRD measurement device.
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Figure 6. Device for measuring residual stresses Proto iXRD (laboratory setup): 1—collimator
directing the X-ray beam; 2—a pair of detectors capturing the diffraction cone; 3—X-ray tube with Cr
target; 4—Cobralink ® flexible measuring arm; 5—adjustable and rotating table.

The same measurement parameters were used when measuring residual stresses in
individual holes and threads: a fixed number of measurements (angles) at one position,
±30◦ with 15 angular positions, X-ray tube: Mn_K(α), Collimator: 1mm diameter, filter: Cr,
voltage: 20 KV, current: 4mA, and beta oscillation: 3◦.

Normal and shear stresses were measured in all holes and threads. The recorded
values were used to calculate nominal (average) values, and graphical representations were
generated for better visualization, as depicted in Figures 7–12.
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Figure 7. Normal stress in subsurface layers of holes produced using laser cutting.
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Figure 8. Normal stress in subsurface layers of holes produced by drilling.
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Figure 9. Normal stress in subsurface layers of threads produced by cutting in the holes produced
using laser cutting.
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Figure 10. Normal stress in subsurface layers of threads produced by cutting in the holes produced
by drilling.
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Figure 11. Normal stress in subsurface layers of threads produced by forming in the holes produced
using laser cutting.
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Figure 12. Normal stress in subsurface layers of threads produced by forming in the holes produced
by drilling.

The measured values in the holes created using laser cutting (Figure 7) show low
values above the zero axis, confirming minimal normal tensile stresses close to the material’s
equilibrium state. Figure 8 reveals that holes created by drilling are below the zero axis,
indicating significant normal compressive stresses, implying material strengthening in
subsurface layers.

Figure 9 provides an opportunity for observation, revealing that the production of
threads through the process of cutting into holes generated using laser cutting typically
results in minor normal compressive stresses. However, it is worth noting that an exception
is observed in the case of the M8 thread. On the other hand, it can be observed that threads
formed within drilled holes (as depicted in Figure 10) experience normal compressive
stresses in the case of M4 and M10 threads. While the M8, M6, and M5 threads demonstrate
normal tensile stresses.

One could argue that the production of threads by cutting into pre-drilled holes
induces larger normal compressive stresses in these holes, thereby creating a strengthened
layer. However, when threads are cut through this layer, it loses its integrity. This means
that most threads have opposing normal tensile stresses that are low and close to the
equilibrium state of the material.
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For threads made by cutting into holes made using laser cutting, where there were ini-
tially small normal tensile stresses, the process of cutting the threads changed these values
so that most of the stresses in the threads were normal compressive stresses. Nonetheless,
these stress levels are closely aligned with the equilibrium state of the material, thereby
avoiding substantial modifications in the subsurface layers and maintaining the material
free from extreme internal stresses.

In Figure 11, the graph reveals that the majority of measured values indicate the
presence of normal compressive stresses in the subsurface layers of threads produced
by forming holes created by laser cutting. These stress values exhibit some variability,
which can be attributed to the thermally affected zone generated during the laser-cutting
process. Conversely, when examining the measured values of threads produced by forming
holes created by drilling, as depicted in Figure 12, we observe that these values are closely
grouped. This clustering unequivocally illustrates that only normal compressive stresses
were induced in the subsurface layers of these threads, with a less pronounced thermal
influence during hole production.

3.3. Measurement of Thread Parameters

The thread profiles of all manufactured threads were assessed using the CON-
TOURECORD 1700SD3 measuring device, employing a probing tip with a 25 µm radius
for the measurements. The instrument recorded the profiles of all threads, allowing for
the evaluation of two fundamental thread parameters. The values of these parameters,
following the STN ISO 262:2000 (01 4010) standard, are detailed in Table 9.

Table 9. Table of nominal values of two measured parameters on manufactured threads.

Thread size [mm] M4 M5 M6 M8 M10
Spacing P [mm] 0.7 0.8 1 1.25 1.5
Thread profile angle α [◦] 60

Due to the large volume of data generated for evaluating measurable thread parame-
ters, we have chosen to present only selected measurements and summarize the results in a
table for better comprehension.

3.4. Results of Measurements of Thread Parameters Produced by Cutting

Figures 13 and 14 provide a basis for comparing two sets of measurements for inter-
nally threaded holes with identical dimensions. These holes were created by cutting into
the same sample thickness but using different hole production technologies. This com-
parison leads to the conclusion that the threads produced by cutting into holes created by
laser cutting (Figure 13) are deemed unsatisfactory. This is evident because the two thread
profiles do not conform to the required specifications, and it was not feasible to measure
the parameters on these profiles. Additionally, a visual inspection reveals that the thread
heights, and, consequently, the major diameter of the thread, are smaller when compared
to threads produced by cutting into holes created by drilling (Figure 14). Hence, despite
the measured parameter values falling within acceptable limits, the threads produced by
cutting into holes created using laser cutting are considered unsatisfactory.
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3.5. Results of Measurements of the Parameters of Threads Produced by Forming

In Figures 15 and 16, we can compare two sets of contour measurements for internally
threaded holes with identical dimensions. These threads were created within the same 10
mm thick sample but using different hole production technologies. This comparison clearly
shows that the shape and parameters of the threads produced by forming within holes
created using laser cutting (Figure 15) are unsatisfactory, unlike the threads produced by
forming within holes created by drilling (Figure 16).

Measurements revealed that all internally threaded holes made by forming within
holes made by laser cutting were unsatisfactory, except for one case. Upon evaluation,
we identified deficiencies such as imperfect shapes with deformations or unsatisfactory
parameters. Hence, it is evident that manufacturing using these technologies for both the
hole and thread lacks precision, and it is not feasible to produce high-quality threads in this
manner. Consequently, this approach cannot be employed in practical applications at all.

Using data from the contour measuring device, we assessed all threads based solely
on their profile contours, specifically examining their shape, potential cracks, deformations,
and the completeness of the thread profile. Threads with noticeable shape imperfections
were categorized as unsatisfactory, while those with acceptable shapes were considered
satisfactory, as indicated in Table 10.
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Table 10. Evaluation of the measured outputs of the thread profile.

Sheet
Thickness

Production Technology Thread
Hole Thread M4 M5 M6 M8 M10

Cut 4 4 4 4 4
Laser Formed 6 6 6 6 6

Drilling Cut 4 4 4 4 4
3 mm

Formed 6 6 6 6 6

5 mm

Cut 4 4 4 4 4
Laser Formed 4 6 6 6 6

Drilling Cut 4 4 4 4 4

Formed 6 6 6 6 6

Cut - - - 6 6
Laser Formed - - 6 6 6

Drilling Cut 4 4 4 4 4
8 mm

Formed 4 4 4 4 4

10 mm

Cut - - - 6 6
Laser Formed - - - 6 6

Drilling Cut 4 4 4 4 4

Formed 4 4 4 4 4
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4. Conclusions and Benefits

All the threads that were produced and measured, and subsequently assessed for
thread quality, residual stress levels within the threads, thread profile shape, and measured
parameters (thread profile angle α and thread pitch P), were processed following the
guidelines outlined in Table 11.

Table 11. Comprehensive evaluation of form-fitting threads.

Thread Marking Thread M10 into Drilled Hole, t = 10 mm Thread M8 into Drilled Hole, t = 10 mm
Rezaný Tvárnený Rezaný Tvárnený

Normal stresses in the hole
[MPa] −182.5 ± 19.4 - −403.5 ± 24.1 -

Shear stress in the hole
[MPa] −32.9 ÷ 10 - −1.3 ± 12.4 -

Normal stresses in the
thread [MPa] −47.5 ± 35.8 368.5 ± 106.5 50 ± 30.7 332.7 ± 37.1

Shear stresses in the thread
[MPa] −11 ± 17.2 −40.8 ± 51.2 −17.6 ± 14.7 −11 ± 17.8

Arithmetic diameter of
thread profile angles α [◦] 61◦ 16 59◦ 30′ 61◦ 26′ 60◦ 7′

Arithmetic diameter of
thread pitches P [mm] 1.48 1.49 1.24 1.24

Evaluation good very good good very good

Subsequently, individual threads were evaluated as either good 4, very good 44, or
poor 6 (see Table 12).

Table 12. Evaluation of the quality of individual produced threads.

M4 M5 M6 M8 M10
Internal threads produced by cutting into holes made by drilling

t = 3 mm 4 4 4 6 6

t = 5 mm 44 44 4 6 6

t = 8 mm 4 4 44 4 4

t = 10 mm 4 44 44 4 4

Internal threads produced by cutting into holes made by laser cutting
t = 3 mm 44 44 44 6 6

t = 5 mm 44 44 4 6 6

t = 8 mm 6 6 6 6 6

t = 10 mm 6 6 6 6 6

Internal threads produced by forming into holes made by drilling
t = 3 mm 6 6 6 6 6

t = 5 mm 6 6 6 6 6

t = 8 mm 6 44 44 4 44

t = 10 mm 44 44 44 44 44

Internal threads produced by forming into holes made by laser cutting
t = 3 mm 6 6 6 6 6

t = 5 mm 4 6 6 6 6

t = 8 mm 6 6 6 6 6

t = 10 mm 6 6 6 6 6

The finalized results of the conducted experimental verifications and their evaluations
are presented in Table 12. This table clearly illustrates that the most satisfactory internal
threads can be achieved by employing thread-cutting technology within holes created by
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drilling. However, it is unviable to produce larger threads like M8 and M10 in thinner
sheets with thicknesses of t = 3 mm and t = 5 mm using this approach. Furthermore,
manufacturing a small M4 thread with a thickness of 10 mm is also unfeasible.

The feasibility of producing threads within holes created using laser cutting, including
the suitable thread sizes, material thicknesses, and production methods, has also been
investigated. Based on the findings, it is feasible to create high-quality threads by cutting
into holes created by laser cutting, particularly for the M4, M5, and M6 threads with
thicknesses of t = 3 mm and t = 5 mm. Nevertheless, considering the continually unsatisfac-
tory outcomes of all previous threads generated using this technique, it is implausible to
consistently deem the threads formed within holes created using laser cutting as acceptable.

The threads produced by forming within holes created by drilling were satisfactory
only for thicknesses of t = 8 mm and t = 10 mm.

The primary contribution of this study lies in the obtained results, which serve as valu-
able recommendations for selecting suitable manufacturing technologies for the production
of the analyzed metric internal threads (M4, M5, M6, M8, M10) within the material 1.4301,
considering various thicknesses ranging from 3 mm to 10 mm, specifically tailored to the
needs of the aforementioned company.

These recommendations and insights will be put into practice at ELMAX ŽILINA inc.
and subjected to further validation. However, it is important to note that the results have
broader applicability and can be useful in a wide range of practical scenarios where the
manufacturing technologies tested in the conducted verifications are employed.
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