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Abstract: This article deals with the problems that arise during the evaluation of the surface of
the components, which can have a fundamental impact on the functionality and service life of
the component as well as the entire product. A fast method for estimating the condition and
maximum error of the surface tester used for assessing the surface roughness of components was
proposed. Using the secondary surface roughness standard, a uniform distribution law of the
measured data was experimentally identified as a suitable model, according to which it is then
possible to determine the coverage factor for determining the measurement uncertainty. The design
of surface roughness measurement methodology for Ra determination is critical when selecting
optimal settings of conditions and measurement parameters for various types of component surface
treatment technologies. This is mainly due to the effect of the selection of the evaluation standard,
the effect of the measurement speed, and the effect of setting the cut-off filter for the evaluation
of the quantity Ra. Etalon samples of surface roughness realized by different technologies were
used for experimental verification of these phenomena. Large sets of measurements were carried
out on selected samples from each technology, and, accordingly, a methodology was proposed for
determining the optimal number of measurements for determining the surface roughness of the
investigated component, which represents an important factor for achieving measurement results
with minimal measurement uncertainties at low financial costs.

Keywords: surface roughness; measurement; uncertainty of measurement; stylus; technology

1. Introduction

Surface roughness is a key parameter in many industrial devices and significantly
affects the quality and equipment composed of several machined components; there-
fore, reliable measurement of surface roughness plays a fundamental role in ensuring the
functionality and reliability of the final product. However, the measurement of surface
roughness is not without problems, especially when it comes to quantifying the uncertainty
associated with these measurements. This estimate of uncertainty is necessary to evaluate
the reliability and comparability of the surface roughness data and, to the same extent, the
measurement surface roughness data obtained.

There are several measuring methods and devices for investigating surface roughness,
and generally, we can categorize them into two main groups, contact and non-contact
methods and devices.

There are a number of devices available for evaluating surface roughness, and they
are probably best divided according to individual methods of measuring and evaluating
surface roughness.

The device for contact stylus-based contact measurements is one of the most widely
used methods for measuring surface roughness, where the contact stylus profilometer is
probably the only representative. The disadvantages of the contact-based measurement
include mainly the stylus tip wear caused due to the contact between the sharp tip of the
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stylus and the surface roughness. The sample’s surface will be scratched because of the
movement of the stylus tip on the surface during the measurement, and the measurement
is limited to the radius of the stylus tip.

Devices for non-contact methods of assessing surface roughness are more expensive.
There are many devices and methods for non-contact methods, such as laser triangulation,
optical interferometry, confocal microscopy, and atomic force microscopy, which is the
most accurate of these methods. The scan quality of these measuring instruments is mainly
dependent on the optical properties of the materials tested.

One of the common methods for determining surface roughness is the contact pen
method or stylus profilometers, which provides relatively quick measurement results at
a favorable price than other methods that require relatively expensive equipment. For
production practice, the contact method is thus an ideal tool for evaluating the surface of
machined parts, but this contact method is associated with a number of problems because
the very implementation of this method depends on the correct setting of the measurement
conditions and the correct implementation of the measurement and evaluation of surface
roughness values.

Experience from different experiments and work with this contact method shows that
inappropriate setting of the wavelength limit, also known as cut-off, inappropriate stylus
speed, and inappropriate standard for evaluation, causes diametrically different results of
surface roughness assessment and thus, the whole process of surface roughness assessment
is then completely devalued. Another task is to understand and quantify the uncertainty of
the measurement and evaluation of surface roughness values for each instrument quality;,
calibration standards, measurement conditions, and the way the surface of the part is
produced, which can significantly validate the results and evaluations. For common
practice, it is necessary to create a methodology for the optimal process of evaluating the
surface of machined parts and determining the measurement uncertainty estimate.

In this article, we will delve into the topic of surface roughness measurement with
a focus on the methodology of implementing the contact method and determining the
estimate and evaluation of measurement uncertainty. Investigating and understanding
specific issues is important to the operator in obtaining reliable results from the surface
roughness evaluation process. This issue is very extensive, so for this article, we will deal
with quantities—the arithmetic mean deviation of the assessed roughness profile and the
quality of the surface of the components is relevant for the assessment.

Author Whitehouse [1] provides a definition for the term “surface metrology”, which
aims to optimize the functions of the production process and its tools to support effective
management. This optimization directly affects the quality of products, making surface
metrology crucial in predicting outcomes within the production process.

In the paper by Vorburger [2], a comprehensive review of various methods for measur-
ing surface texture is presented, accompanied by a classification scheme for these methods.

Kumar’s work [3] focuses on the measurement and uncertainty analysis of surface
roughness, specifically addressing the influence of cutting conditions during turning. The
study investigates the arithmetic mean deviation of surface roughness (Ra) and Material
Removal Rate (MRR).

In the study conducted by Beno [4], a practical methodology for measuring roughness
when turning with tool inserts featuring variable tool faces is introduced. The research
emphasizes the importance of adopting a unified roughness measurement methodology to
compare the capability of different tool inserts. The study evaluates measured data such as
Ra, Rgq, Rz, Rt, and Rp.

Davinci [5] conducts a detailed experimental study to assess the individual and
combined effects of scanning speed and spacing on surface roughness parameters. The
study focuses on a reference specimen, selecting profile parameters (Ra, Rq, and Rz) and
surface parameters (Sa, Sq, and Sz) as response variables. The findings highlight the
significant impact of scanning speed on Ra, Rz, Sa, and Sz measurements, while spacing
affects all profile and surface measurements.
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Surface roughness measurements are primarily performed using stylus roughness
meters for machined surfaces. However, atomic force microscopes (AFM) are also utilized
for surface roughness evaluation, including the assessment of uncertainty for surface
roughness parameter Ra [6].

Surface topography measurements are becoming more and more popular and com-
plement the 2D analysis of surface texture [7-10]. The selection of the measurement area
is not yet included in the standards, and the size of this area affects the values of the
determined parameters. The article [11] presents the results of research on determining
the measurement area based on the smooth-rough crossover scale (SCR) and mean profile
element spacing (RSm) parameters. Other works also address the measurement of the
surface roughness of components [12-24].

The aim of the article is to determine the uncertainty estimate of the measurement of
arithmetic mean deviation of surface roughness Ra for the used measuring device of surface
roughness quantities and to verify the measurement methodology from the point of view
of setting the measurement parameters. The problem is that the manufacturer usually does
not specify the maximum permissible error of the measuring device, and even for surface
roughness standards (calibration etalon), the maximum error of determining its nominal
value is not declared either, and therefore, values must be determined by calibration.

A fundamental problem in this measurement is the appropriate measurement condi-
tions, and the measurement and evaluation of surface roughness values are characterized
by the fact that it is sensitive to the correct selection of measurement conditions. Although
there are recommendations that are in some available standards, they may not always
take into account the actual measurement conditions, and it is advisable to verify them for
specific conditions. There is no suitable methodology for the correct setting and selection of
measurement conditions, which would ensure the achievement of the correct measurement
result with minimal measurement uncertainty for various technologies for processing
parts’ surfaces.

It is obvious from common metrological practice that one measurement is insufficient
to determine the value of the measured quantity, so the unknown value of the measured
quantity is approximated by the mean value (arithmetical mean deviation), determined as
the arithmetic mean of repeated measurements. The question is, however, what is the suffi-
cient number of measurements needed for determining the value of the measured quantity,
and what effect does this number of measurements have on the reported measurement
uncertainty? The seemingly best solution is to perform as many measurements as possible
in order to minimize the measurement uncertainty. However, here it is also necessary to
take into account the economic point of view, as the economic costs and the time required
to carry out the measurements are also important criteria when determining the number of
measurements. Therefore, it is necessary to find the optimal number of measurements so
that the measurement uncertainty is sufficient, and, at the same time, it is advantageous
from an economic and time point of view.

Based on the above, the research criteria are defined:

Criterion 1: Identification of suitable measurement conditions to achieve minimal
measurement uncertainty.

Criterion 2: Determination of the optimal number of repeated measurements to achieve
minimum measurement uncertainty.

Criterion 3: Identifying the possibility of rapid measurement uncertainty estimation.

Criterion 4: Identification or verification of the distribution law of a random
measured variable.

Three main contributions of this work can be summarized as follows:

(1) Determination of the estimate of the condition of the used surface tester for assess-
ing the surface roughness values of the parts.

(2) Proposal of a methodology for measuring surface roughness for determination of
Ra when determining the optimal settings of conditions and measurement parameters for
various types of technologies for processing parts’ surfaces. This is mainly the effect of the
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selection of the evaluation standard, the effect of the measurement speed, and the effect of
setting the cut-off filter for the evaluation of the quantity Ra.

(3) Determination of the optimal number of measurements to determine the roughness
of the surface of the examined part, which represents an important factor for achieving
measurement results with minimal measurement uncertainties at low financial costs.

The rest of this paper is organized as follows. Section 2 describes the methodology
used in this article. Section 3 is focused on the presentation of experiments for solving
defined aspects of the surface roughness evaluation process. In the last part of the work,
there is a discussion of the results in Section 4. Section 5 concludes this paper. Appendix A
defines the basic terminology and describes the methodology employed in this study.
Appendix B presents experiments carried out on samples with a non-periodic surface
roughness profile. Appendix C contains the results of experiments on samples with a
periodic surface roughness profile.

2. Methodology

Surface roughness is a geometric property of the surface, and there are no direct
methods to measure it. Surface roughness has a decisive influence on the coefficient of
friction of contacting surfaces, on adhesion between surfaces, and various other properties
and phenomena; it also has direct effects on the material properties of components [25-32]
but also has a key role in other areas, where it significantly affects the function of various
devices. Terminology according to the standards and used methods of measurement and
data processing is processed in Appendix A.

Profile curves are usually measured, and appropriate characteristics and quantities
are evaluated from them, which are considered criteria for assessing surface roughness.
Surface roughness parameters and values are defined in standards EN ISO 4287 and EN
ISO 5436. These standards were later replaced by standards ISO 21920-1, ISO 21920-2,
ISO 21920-3 [33—40].

Current engineering practice is characterized by an increase in requirements for pre-
cision and reproducibility of production in the period of production of sophisticated
production. The optimal quality of the surface of the parts is one of the prerequisites for the
correct function of products (machines, devices, tools) and significantly affects the service
life of the parts and even the entire machines. The roughness of the surface represents a
collection of irregularities with relatively small distances from a perfect and ideally smooth
surface, while these irregularities arise as a result of the used production technology or
wear due to use (STN ISO 4287, ISO 21920-1, ISO 21920-2, and ISO 21920-3) [33-36].

In the following sections, we will distinguish the so-called periodic and non-periodic
surface roughness profiles (for more details, see Appendix A).

The ISO 21920-3 [39] standard introduces no distinction between periodic and non-
periodic profiles compared to the edition of ISO 4288:1996 [34]. Nevertheless, the following
part is focused on the analysis in the course of the choice of cut-off filter for individual
technologies, which were used to produce individual samples. Just like the other methods,
the stylus-based method encounters a whole range of limiting factors that result mostly
from the requirements of its specific implementation, and sometimes there are conflicting
requirements that require a compromise solution. This method makes it possible to deter-
mine the numerical values of normalized and non-normalized characteristics of surface
roughness and then use them for the most modern statistical and spectral assessment of
surface unevenness. The implementation of this method is ensured by the stylus-based
surface roughness tester, which consists of a mechanical and electronic part (Figure 1),
while the mechanical deflection, generated by the sensing tip, which monitors the surface
irregularities of the measured surface, is transformed into an electrical signal in the in-
duction position transducer, which it is further processed and interpreted as a numerical
value of the selected surface roughness characteristic, or as a graphic record of the profile
of surface roughness.
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Figure 1. Stylus-based surface roughness measurement using a surface tester.

A touch profilometer is a contact profilometer that brings the stylus tip into direct
contact with the measuring surface and tracks or moves along a desired path to determine
the topography of the surface. The working principle of a touch profilometer is to analyze
the topography of a surface using a probe that physically moves over the surface to obtain
surface properties such as height.

An unspecified (due to commercial reasons) stylus-based surface roughness tester
was used for experimental measurements. The device allows you to set four different
values of the cut-off filter parameter (0.08 mm; 0.25 mm; 0.8 mm; 2.5 mm). However,
the manufacturer of the surface tester does not define the maximum permissible error or
measurement uncertainty, so it is necessary to determine this uncertainty in some way for
measurement purposes.

The surface tester used has a manufacturer-defined resolution for the Z-axis, i.e., for
measuring height characteristics with a value of 0.02 um. This data applies to the largest
measurement range that this device has available. Since the device has an automatic selec-
tion of the measurement range, for reporting measurement uncertainty, we will consider
this resolution value as a potential source of measurement uncertainty.

The resolution is not defined for the X-axis, but this data can be determined from the
sampling that the device performs at individual settings (Table 1). For individual setting
values of the cut-off filter parameter, the sampling for the X-axis also changes.

Table 1. Surface tester sampling and resolution at different settings.

Cut-Off Filter (mm) Evaluation Length Number X-Axis Resolution
(mm) of Samples (um)
0.08 0.4 800 0.5
0.25 1.25 2500 0.5
0.8 4 8000 0.5
25 12.5 8330 1.5

This device for evaluating individual quantities uses the course of the surface rough-
ness profile curve with resolution values for individual measurement axes (X-axis in the
horizontal plane and Z-axis in the vertical plane). These are longitudinal measurements,
from which the values of individual surface roughness values are then indirectly deter-
mined by calculation in accordance with the relevant standards. Thus, determining the
measurement uncertainty for Ra, for example, is a rather complicated task beyond the
scope of this article. In this article, we will attempt at least an approximate estimation of
the measurement uncertainty because, in our opinion, each measurement must have an
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associated measurement uncertainty in order to be able to evaluate the reliability of the
mentioned experimental measurements [41-49].

Therefore, if we consider the differences in measurement in both directions as a
significant source of uncertainty, then we can state them as the standard uncertainty
determined by method B:

Upx = 15 Hm

upzy = 0.02 pum. (1)

If we consider that the digital device and the measured quantities follow the uniform
distribution law of random values, then we will consider the extended measurement
uncertainty with a coverage coefficient with a value of /3 at the significance level of 0.95.
Then we will consider the expanded uncertainties of the displacement measurement:

upx = upx - keoy = 2.6 pm @)
Ugy — uUpyz - kcov = 0.035 um.

It should be emphasized that this is only a very rough estimate, and for a more
precise determination of the measurement uncertainty, it is also necessary to consider the
uncertainty resulting from the geometry of the measuring tip, the uncertainty resulting
from its elastic deformation during measurement, the uncertainty resulting from lateral
movements during measurement, the uncertainty resulting from the noise of the device. It
is very complicated to identify all components of measurement uncertainty when using
such a complex device.

The surface tester used has the function of automatic calibration using secondary
surface roughness standards. Secondary surface roughness standards for surface roughness
testers, which is a calibration etalon artifact with unidirectional irregular profile of type D1
(according to ISO 5436-1:2000) [36], is recommended for the calibration of the gauge. For
this artifact, the value of Ra and Rz is defined. In this work, this function was used, and the
calibration process was started before each batch of measurements; after the calibrations, a
control measurement was always carried out to verify the calibration process. Likewise,
at the end of the measuring dose, a control measurement was carried out to verify the
stability of the surface tester calibration. Secondary surface roughness standards for surface
roughness testers (Figure 2) were verified by a superior standard in a certified laboratory,
and the uncertainty of this used calibration specimen was determined.

Figure 2. Surface tester calibration using secondary surface roughness standards.

One way to determine the measurement uncertainty is to look at the gauge as a
black box and determine the measurement uncertainty from the statistical evaluation
of the data measured on the secondary surface roughness standards. For this purpose,
100 measurements were carried out at the same place under unchanged measurement
conditions on the secondary surface roughness standard (measured to the standard—ISO
1997 [33]; 0.25 mm/s; Lc = 2.5 mm; X = 5; Gauss). From the measured values, histograms
of the frequency of individual intervals of arithmetic mean height of the roughness and
standard deviations of the measurement were created.
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The measurement graph (Figure 3) shows the variability and range of measured values
of the quantity—Ra for measurement under the same conditions. From these data, it is
possible to create a histogram of the frequency of individually measured data (Figure 4),
from which the nature of the distribution of the measured data is visible, so in further
considerations, we will assume a uniform law of distribution of the measured data.

Arithmetical mean roughness Ra measured on calibration roughness specimen
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Figure 3. Arithmetical mean height of the roughness Ra values for 100 measurements at the same
place under unchanged conditions (measured on Standard—ISO 1997 [33]; 0.25 mm/s; Lc = 0.8;
X =5; Gauss).
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Figure 4. Histogram for values of arithmetic mean height of the roughness Ra for 100 measurements
at the same place under unchanged conditions.

To assess the number of measurements as an indicator, it will be appropriate to use the
standard deviation of a series of measurements. The value of these measurements depends
on the dispersion of the evaluated values around the mean value. So, the smaller the
standard deviation, the smaller the dispersion of the data. The evaluation of the standard
deviation is therefore carried out in such a way that the standard deviation of a series of
measurements is gradually determined, which is recalculated after the addition of each
additional measurement. Therefore, we designated it as the cumulative standard deviation
(Figure 5). At the moment when the cumulative standard deviation stops changing, it



Appl. Sci. 2023,13, 9385

8 of 48

means that the number of evaluated values has been reached, which will no longer improve
the uncertainty of the measurement result. At the same time, these standard deviations
give us the answer to the course of the standard deviation with the increasing number of
measurements, and thus it is possible to obtain the maximum standard deviation of a series
of measurements (Figure 5).

Cumulative standard deviations measured on calibration roughness specimen
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Figure 5. Cumulative standard deviations for 100 measurements at the same place under unchanged
conditions (measured to standard—ISO 1997 [33]; 0.25 mm/s; Lc = 2.5 mm; X = 5; Gauss).

From the stated values of standard deviations, it is possible to consider the maximum
value Z;sx = 0.005 um for the standard uncertainty of measurement and evaluation of the
quantity Ra for this device. However, the Secondary Surface Roughness Standard itself also
contributes to this uncertainty. However, this uncertainty is still very small. This means
that the device itself will not show a large measurement uncertainty, and the dispersion
of the measured data will instead be related to the dispersion of values as a result of the
implemented technology for the surface treatment of the component.

3. Experiments

Quantities of surface roughness are precisely defined in the standard, but obtaining
the correct value of these quantities by measurement depends on the correct choice of mea-
surement parameters. These include cut-off filter settings, evaluation standards, number of
section lengths, and measuring speed.

Important factors to consider when assessing surface roughness using a stylus-based
surface roughness tester:

- The size of the measured irregularities must be appropriate to the measuring range of
the sensor (vertical stroke); irregularities exceeding its size of the maximum value of
vertical lift cannot be measured.

- The set value of the sensed length should include 5—a multiple of the section length
plus the start-up and run-down path of the sensor; if it is not possible to meet this
requirement (e.g., due to the size of the measured area), it is necessary to take into
account that the result of the measurements will be affected by the failure to meet
the requirement.

- The object to be measured must be clamped, orientated spatially, and the sensor must
be placed appropriately on the measured surface; for this, it is necessary to choose the
appropriate shape of the sensor with regard to its diameter, length, the possibility of
fitting the bottom of the groove, the possibility of measuring on roundness, etc.; in case
of inadmissibility of the place of measuring the surface roughness of the profilometer
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sensor, replicas (imprints) of irregularities can be used in plastic film (or other suitable
material) and the profile of the irregularities can be taken from this film (negative of
the irregularities).

- Corresponding working conditions must be set, including measuring range, sensed
length, filter type, basic length (cut-off) of the filter, and speed of the probe.

The measurement conditions during the measurements were as follows:

The surface tester was equipped with a stylus with a sliding tip. The tip of the stylus
rides in a line across the surface, moving vertically over the peaks and valleys of the
evaluated surface. Changes in the stylus’ height are registered electrically and tracked
against the position as the stylus moves, creating a measured profile. The shape of the
stylus is conical with a spherical tip with a radius of 2 um and a tip angle of 60°, and it is
pressed with a measuring force of 0.75 mN. The skid force is less than 400 mN. The cone
angle and tip radius determine the smallest features that a stylus can trace.

The relative humidity was in the interval (65 + 5)%, and the temperature was
(20+2)°C.

The measurement methodology encounters several problems that need to be
defined—here, it must be remembered that even the setting of the measurement conditions
can have an impact on the result of the evaluation of the arithmetical mean deviation of the
assessed roughness profile. It is, therefore, necessary to give an answer to the question of
what this effect is and how to choose individual measurement conditions when assessing
surface roughness.

The following measurement conditions are investigated:

- Choice of cut-off filter Ac (or textual equivalent Lc): 0.08 mm; 0.25 mm; 0.8 mm;
2.5 mm; 8 mm (the surface tester, which is available for experiments, does not have
the setting of the value Lc = 8 mm).

- Choice of standard for evaluation: ISO 1997 [33-40], JIS 1982 [50], JIS 1994 [51], JIS
2001 [52-58], ANSI Gauss [59-62], ANSI PC 75 [59-62], VDA, [63-65].

- Selection of speed of the sensing tip (stylus): 0.25 mm/s; 0.5 mm/s; 0.75 mm/s.

3.1. The Influence of the Choice of Standard and the Measuring Speed of the Surface Tester’s
Sensing Tip on the Evaluation of the Arithmetic Mean Height of the Roughness Ra

In this part, the influence of the selection of the measurement speed of the sensor
tip displacement and the influence of the selection of the standard for the evaluation of
the surface roughness values are assessed. Experimental measurements were carried out
on the surface roughness standard (Figures 6 and 7) for grinding with nominal values of
Ra =1.6 um and 3.2 pum. For each combination of the selected speed of the sensor and
the evaluation standard, ten measurements were carried out at the same place in order to
exclude the variability of the standard sample.

The influence of the selection of the evaluation standard and the selection of the sensor
movement speed has an effect on the resulting Ra value. It can be concluded that for some
standards, this influence is negligible, but for some standards, it is visible that increasing
the speed of the sensor movement tends to reduce the resulting Ra value, and this influence
is visible mainly for samples with a larger Ra value. It seems like a good choice to use
the speed of movement of the sensor with a value of 0.5 mm/s, and the standard of
evaluation can be selected according to the country where the evaluation is carried out. For
our conditions, we will prefer evaluation according to the ISO 1997 [33-40] standard in
further experiments.

The variability of the measured and evaluated Ra data obtained under the same
conditions is also an interesting indicator for assessing the influence of the selection of the
evaluation standard and the selection of the speed of the sensor movement.
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Figure 6. The influence of the selection of the evaluation standard [33-40,51-65] and the se-
lection of the sensor movement speed for 1.6 pm and 3.2 pm samples in spatial imaging
(conditions: Lc¢ = 0.25 mm; N = 5).
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Figure 7. The influence of the selection of the evaluation standard [33—40,51-65] and the selection
of the sensor movement speed for the 1.6 um and 3.2 pum samples in the column plotting graph for
comparison (conditions: Lc = 0.25 mm; N = 5).

The variability of the data, depending on the selection of the evaluation standard and
the speed of the sensor movement, is expressed in percentage terms with respect to the
average evaluated values of Ra and is shown in the following figure. The evaluation shows
that the variability of the Ra data is in percentage terms up to a maximum of 18% (Figure 8).

Evaluations according to JIS1982 [50,51] and JIS2001 [52-58] standards have the great-
est variability of Ra, and evaluations according to ANSI and VDA standards have the
smallest variability. The ISO 1997 [33] and JIS1994 [51] standards are somewhere in the
middle of these percentage expressions of variability. From these experiments, it can be
concluded that the evaluations according to the JIS1982 [50] and JIS2001 [52-58] standards
had the greatest sensitivity to the change in the movement speed of the sensor. However,
this result may also depend on the specific sample on which the experiments were carried
out (Figure 9).

In measurements where the speed of the sensor’s movement did not change, and
the standard of evaluation was changed, it can be seen that at a speed of 0.25 mm/s, the
evaluations of Ra are most sensitive to the choice of the standard according to which the
evaluation took place. For speeds of 0.5 mm/s and 0.75 mm/s, this effect was smaller.

Based on the above results, we decided to use a speed setting of 0.5 mm/s in further
experiments, and we will use ISO 1997 [33—40] as the evaluation standard.
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Influence of the selected speed on the variability of Ra at the selected evaluation
standard

@ Grinding sample 1.6pm

12 11.81 W Grinding sample 3.2pm

10.47

3.97

Percentage variability of Ra (%)
(o]

2.91 3.01
2 ) —}
0.63
0.24
0 . — .
JIS 1982 ANSI Gaus ANSIPC75 JIS 1994 VDA JIS2001 1SO 1997

Standard

Figure 8. Percentage expression of the variability of the evaluated data Ra if the measurements were
carried out for the given standard [33—40,51-65] at all possible speeds of the sensor movement.

Influence of the choice of evaluation standard on the variability Ra for the selected
speed

18,11 @ Grinding sample 1.6 um

® Grinding sample 3.2 um

Percentage variability of Ra (%)

4 . ;o

0.25mm/s 0.5mm/s 0.75 mm/s

Sensor stylus movement speed

Figure 9. Percentage expression of the variability of the evaluated data Ra, if the measurements were
carried out for specific sensor movement speeds and only the evaluation norm, was changed during
the experiments.

3.2. The Influence of the Cut-Off Setting on the Evaluation of the Arithmetic Mean Height of the
Roughness Ra

According to the cut-off value Ac (or the text equivalent Lc), the recommendation is
also for the choice of the second parameter cut-off As (or the text equivalent Ls) according
to Table 2 [ISO 11562; ISO 3274] [35,40]. Both values must be set before measuring the
assessed surface of the component. This applies except for the VDA [63-65], JIS1982 [50],
and JIS1994 [51] standards, where this parameter is not used.

Table 2. Setting the cut-off parameter As (ISO 3274, ISO 11562); [35,40]. ISO standards are used to
report the nominal values of roughness standards.

Cut-Off Ac (mm) Cut-Off As (um)
0.08 0.4
0.25 1.25
0.8 4
2.5 12.5

When choosing the parameters of the cut-off filter, the parameters of the stylus tip must
also be taken into account. The recommended combinations of Ac, As, and stylus tip radius
are shown in ISO 3274:1996 [35]. The used roughness gauge has a stylus tip that has a radius
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of 2 um and an angle of 60° and is pressed with a measuring force of 0.75 mN (Table 3).
Some types of surface testers allow you to select only the Lc parameter, and the second
parameter of the cut-off filter is automatically set. However, there are also surface testers
that allow you to independently set both parameters of the cut-off filter, so the mentioned
standards provide a recommendation in the form of a table (Table 3) for choosing these
settings. In some cases, the surface tester also allows the replacement of the stylus and
thereby changing its geometry, where the standards bring certain recommendations.

Table 3. Recommended relationship between the cut-off parameters Ac, As according to the used
sensing probe ISO 3274, ISO 11562; [35,40].

Cut-Off Ac  Cut-Off As Roughness Cut-Off rtjp Max Maximum Sampling
(mm) (um) Wavelength Ratio Ac/As (um) Spacing (um)
0.08 2.5 30 2 0.5
0.25 2.5 100 2 0.5
0.8 2.5 300 2 0.5
2.5 8 300 5 1.5
8 25 300 10 5

Similarly, the newer standard ISO 21920-3 [47] introduces default settings for func-
tional parameters (Rk, Rpk, Ruk, etc.) and R- and W- parameters without defined defaults
(Table 4). The so-called setting class, while the difference is only in the values of the
parameter As.

Table 4. Setting classes—recommended settings (ISO 21920-3) [39].

Setting Class Sc Scl Sc2 Sc3 Sc4 Sc5
Profile L-filter nesting index Nic
(cut-off Ac (Lc) for R-parameters) (mm) 0.08 0.25 08 25 8
Evaluation length Im (mm) 0.4 1.25 4 12.5 40
Profile S-filter nesting index Nis
(cut-off As) (1tm) 0.8 0.8 2.5 8 25
Maximum sampling interval dx (um) 0.15 0.15 0.5 1.5 5
Maximum tip radius Thip (nm) 2 2 2 5 10
Section length Isc (mm) 0.08 0.25 0.8 2.5 8
Number of sections nsc 5 5 5 5 5

The problem is that if we determine the Ra of the assessed surface, we choose L-filter
Lc. If, for example, we choose a too-small value of L-filter Lc for the sample, then the result
is Ra with an almost zero size. However, if we choose a value of Lc that is too large, then
the value of Ra may also include the effect of waviness and will distort the value of Ra. The
mistakes we make when choosing a bad cut-off can be huge and can have a fatal impact on
the result of evaluating the roughness of the surface of the component under consideration.
We will try to solve this problem in this work.

For the practical measurement of surface roughness parameter values, it is important
to choose the L-filter Lc (the cut-off value for the stylus-based surface roughness tester)
in such a way that it includes a sufficient number of profile irregularities characterizing
its roughness and at the same time excludes the influence of irregularities with a larger
spacing (with longer wavelength) of inappropriate roughness (profile waviness and profile
shape). For the comparability of the surface roughness measurement results, the values
of the basic length Lc (cut-off) are determined by the standard. The nominal values of the
limit lengths of the profile filter Lc (cut-off) are selected from the following series: 0.08 mm,
0.25 mm, 0.8 mm, 2.5 mm, and 8 mm. To obtain sufficiently accurate values of the surface
roughness parameters, it is recommended to choose the evaluated length as several times
the basic length (usually five times) (Table 4).
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For sensor feed speed rates, the manufacturer’s recommendation is to use selected
values of the measuring feed speed. The assessment of the influence of Lc on Ra values will
therefore be carried out at a feed speed of 0.5 mm/s because this speed is recommended for
all Lc values, and at the same time, the results of our experiments in the previous chapter
confirm the correctness of this choice (Table 5).

Table 5. Recommended measuring speed values for Lc (ISO 11562; ISO 3274) [35,40].

Cut-Off Ac (mm) Sensor Feed Speed (mm/s)
0.08 0.25;0.5
0.25 0.25;0.5
0.8 0.25;0.5
2.5 0.25;0.5; 0.75

According to the standards for evaluating the surface roughness, the cut-off parameter
Ac (also referred to as Lc) determines the basic length of the evaluated profile Im. The
standard STN EN ISO 4288 [34] provides recommended values (see Table 6) for the choice
of cut-off Lc and section and evaluation of lengths according to the values of the roughness
parameters of periodic and non-periodic profiles. In the ISO 21920-3 [39] standard, the
Setting class parameters (Table 4) are similarly designed but already uniformly for all types
of surfaces and without justification. In our opinion, it is also necessary to take into account
the technology used to evaluate the surface of the component. The origin and conditions of
the mentioned recommendations are not clear, and therefore, in the next part of this work,
experiments will be carried out on samples produced by different technologies to verify
these recommendations.

Table 6. Roughness length section for measurement and curves and corresponding parameters for
non-periodic profiles (EN ISO 4288, ISO 21920-3) [34,39].

Arithmetical Mean Height Section Length of Profile Evaluation Length
of the Roughness Profile Ra (mm) Isc (um) of Profile I (mm)
Ra < 0.02 0.08 04
0.02<Ra <0.1 0.25 1.25
01<Ra<2 0.8 4
2<Ra<10 25 12.5
10 < Ra < 80 8 40

In the next part, we will distinguish the so-called periodic and non-periodic surface
roughness profiles (See Appendix A).

The ISO 21920-3 [39] standard introduces no distinction between periodic and non-
periodic profiles compared to the edition of ISO 4288:1996 [34]. Nevertheless, the following
part is focused on the analysis in the course of the choice of cut-off filter for individual
technologies, which were used to produce individual samples.

3.2.1. Effect of Cut-Off Filter Setting for Non-Periodic Surface Roughness Profiles

The goal is to identify the effect of setting the cut-off filter Lc on Ra values for individual
types of reference samples processed by different technologies.

The standard (EN ISO 4288 and ISO 21920-3) [34,39] recommends setting the cut-off
parameter Lc or section length Isc and evaluation length /m according to the Ra value.
Evaluation length is recommended as five times the section length Isc.

Here the aforementioned problem arises concerning how to set the L-filter or section
length and evaluation length according to an unknown Ra value. This problem does not
make sense and creates a challenge with the measurement procedure defined in this way
because it is the choice of the basic length that has a significant impact on the result of the
Ra evaluation process. This paradoxical recommendation can significantly influence the
result of the surface roughness evaluation.
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Some standards for the evaluation of surface roughness quantities differ in these
recommendations, stating different values of the parameter Lc for the values of Ra. These
differences are shown in the following Figure 10. The JIS B0601-1982 [50] standard, for
example, recommends using a cut-off filter with a value of Lc = 0.8 mm for values of
Ra < 12.5 pm. For all larger Ra values, it is recommended to use Lc = 2.5 mm. Other
standards for evaluation use more finely graded cut-off filters, which complicate the
situation when setting the cut-off Lc filter during measurement.

Standards Non-periodic profiles - selection of parameters Lc, N, In
recommendation i
| 0.02 pm 0.1 pm 2 um 10 um
PARAMETERS: PARAMETERS: PARAMETERS:
STANDARDS: Lc=0.08 mm; Lc=0.25 mm; Lc=0.8 mm;
ANSI B46.1-2009 N=5; N=5; N=5;
In=0.4 mm In=1.25 mm In=4 mm
\
0.02 pm 0.1 um 2 um 10 pm 80 um
STANDARDS:
JIS B0601-1994 PARAMETERS: PARAMETERS: PARAMETERS: PARAMETERS:
JIS B0601-2001 Lc=0.08 mm; Lc=0.25 mm; Lc=0.8 mm; Lc=8 mm;
VDA 2007 N=5; N=5; N=5; N=5;
1SO 4287 1997 In=0.4 mm In=1.25 mm In=4 mm e aoham
1SO 21920-3 2022
;Z.Sum
STANDARDS: PARAMETERS:
JIS B0601-1982 Lc=0.8 mm; N=3; [n=2.4 mm
0.001 0.01 0.1 1 10 100

Arithmetical mean roughness Ra (um)

Figure 10. Recommendations of the standards [33-40,50-65] for the selection of the cut-off Lc param-
eter for non-periodic profiles.

For the experimental investigation, selected samples of non-periodic surface roughness
profiles with different Ra values were processed using the technology (Figure 11), (Table 7):
- Lapping operation samples.

- Peripheral grinding operation samples.
- Face grinding operation samples.

Figure 11. Etalon samples of surface roughness—Lapping and grinding operation.
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Table 7. Selected evaluated non-periodic profile samples.

Samples: Lapping

Sample Set: 591182 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

Nominal value

Ran (1um) 0.05 0.1 0.2 0.4 - -

Nominal corrected value

0.0415 0.083 0.166 0.408 - -
Ra (pm)

Samples: Peripheral
Surface Grinding Sample1l  Sample2  Sample3  Sample4  Sample5  Sample6
Sample Set: 591182

Nominal value

Ran (um) 0.1 0.2 0.4 0.8 1.6 -

Nominal corrected value

0.103 0.14 0.412 0.784 0.91 -
Ra (pm)

Samples: Face Surface
Grinding Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
Sample Set: 591182

Nominal value

Ran (um) 0.1 0.2 0.4 0.8 1.6 3.2

Nominal corrected value

0.11 0.176 0.384 0.72 1.46 3.42
Ra (pm)

Measurements were carried out for each setting of the cut-off filter Lc and for each
sample at ten randomly selected locations in the central region of this sample. The aver-
age values were shown in graphs (Appendix B), also showing the value of Ra for each
reference sample.

To assess suitability, it is necessary to observe the deviation of the average value from
the Ra value of the reference sample. We were looking for a setting of the cut-off filter Lc for
which the average value has the smallest deviation with respect to the reference nominal
value Ra.

For experimentally assessed non-periodic surface roughness profiles (lapping, periph-
eral grinding, and face grinding), the optimal setting of the cut-off filter Lc was observed
for some reference samples, which is recommended in the ISO standard [33-40]. However,
for some samples, other recommended settings of the cut-off filter Lc (for samples with
larger Ra values) were obtained.

For the mentioned non-periodic samples with values up to Ra = 0.1 pm, it is appropri-
ate to use Lc = 0.25 mm. Then, for values from Ra = 0.1 um to Ra = 0.4 um, it is appropriate
to use Lc = 0.8 mm. From a value of Ra = 0.4 um, it is advisable to use Lc = 2.5 mm. It is
shown more vividly in the following Figure 12, while for comparison, the recommended
settings of the cut-off Lc filter according to the ISO standard [33—40] are also shown.

The shift of the boundary between Lc = 0.8 mm and Lc = 2.5 mm may be due to
measurement uncertainties. The area with the cut-off value of the filter Lc = 0.25 mm starts
only at the value Ra = 0.04 pm because reference samples with a smaller value of Ra were
not available for the experiments.

On the basis of the above, it can be concluded that the guidelines according to the
standard for the settings of the cut-off filter Lc are applicable for obtaining relevant results
for the evaluation of the surface roughness quantity Ra (Figure 12).

3.2.2. Effect of Cut-Off Filter Setting for Periodic Surface Roughness Profiles

For the experimental investigation, standard samples of periodic surface roughness
profiles (Figure 13) with different Ra values were selected and processed using the technol-
ogy (Table 8):

- Milling operation with a slab mill cutter
- Milling operation with a face mill cutter
- Turning operation
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E—"pea’:';—e"ts Non-periodic profiles - selection of parameters Lc, N, In
StaErds
v PARAMETERS: Lc=0.25mm; N=5; In=1.25mm
recommendation
0.1 um 0.4 pm 10 um
EXPERIMENTS:
; PARAMETERS: PARAMETERS:
Lapp‘lng. Lc=0.08 mm; Lc=0.8 mm;
Face grinding -5, N=5;
Peripheral In=0.4 mm In=4 mm
grinding
0.02 um 0.1 pm 2 um 10 um 80 um
I}
SRS Fe PARAMETERS:  PARAMETERS:  PARAMETERS: PARAMETERS:
1SO 4287 1997 Lc=0.08 mm; Lc=0.25 mm; Lc=0.8 mm; Lc=8 mm;
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150 21920-3 =S A In=1.25'mm In=4 mm In=40 mm
2022
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Figure 12. Optimal setting of the cut-off filter Lc for tested reference samples of non-periodic profiles
and setting recommended by standards [33-40,50-65].
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125,
-
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Figure 13. Etalon samples of surface roughness—milling operation, turning operation, and
planing operation.

For periodic profiles (turning, milling, planing), the ISO 4288:1996 standard [34]
recommends monitoring the mean spacing of the profile elements RSm (Appendix A)
(ISO 21920-2) [38] as a parameter for choosing the cut-off filter Lc. Here again, the problem
arises in that the setting of the cut-off filter Lc is dependent on the value of the parameter,
in this case, RSm, which, however, will only be available as a result of the evaluation of the
surface roughness measurement. Standard ISO 4288:1996 presents a table of recommended
values of section length or filter cut-off according to RSm values (Table 9).

The results for individual technologies for periodic profiles (Appendix C) were sub-
jected to the above analyses, and the optimal setting of the cut-off filter Lc for each tech-
nology was determined. Figure 15 shows a comparison of the selection of the filter cut-off
value Lc for periodic profiles with the recommendations for the selection of the filter cut-off
value Lc according to ISO 4288/1996 [34].
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Table 8. Selected evaluated periodic profile samples.

Samples: Turning

Sample Set: 591182 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Nominal value 0.8 1.6 32 6.3 12.5
Ran (um)
Nominal corrected 0.784 155 278 6.55 12.63

value Ra (um)

Samples: Slab Mill
Cutter Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
Sample Set: 2580663

Nominal value 1.6 32 6.3 12.5 25
Ran (pum)

Nominal corrected

1.52 3.57 6.05 10.25 16.25
value Ra (um)

Samples: Face Mill
Cutter Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
Sample Set: 2580663

Nominal value

Ran (uum) 1.6 32 6.3 12.5 25

Nominal corrected

value Ra (um) 1.71 3.46 6.17 11 19.25

Samples: Planing

Sample Set: 530845 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Nominal value

Ran (uum) 1.6 32 6.3 12.5 25

Nominal corrected 15 3.04 6.57 115 20.25
value Ra (um)

Table 9. Recommended cut-off values of the Lc parameter or section lengths Ir and evaluated lengths
In for periodic profiles according to ISO 4288:1996 [34].

Mean Spacing of the Profile = Roughness Sampling Length Roughness Evaluation
Elements RSm (mm) Ir (mm) Length In (mm)
0.013 < RSm < 0.04 0.08 0.4
0.04 < RSm < 0.13 0.25 1.25
0.13<RSm <04 0.8 4
04<RSm<13 2.5 12.5
1.3 <RSm <4 8 40

Note: in the experimental measurements in this work, where the RSm value is not given, it means that it could not
be evaluated because there were not enough peaks and valleys on the measured surface profile. This condition
occurs if the selected cut-off parameter is inappropriate, for example, the cut-off value is too small) or it does
not allow the shape of the surface profile of the evaluated surface of the sample, or Ra has a large value, and the
device does not provide a sufficient cut-off value. The recommendation for the selection of the cut-off filter is
also summarized graphically in the following Figure 14. In this part of the article, an attempt is made to verify
these recommendations for different types of machining samples. For experimental testing, selected samples were
machined by turning, planing, milling with a cylindrical milling cutter, and milling with a face milling cutter. The
parameters Ra and RSm were observed.

Samples produced by both methods of milling (Figure 15) are in accordance with the
recommendations of the mentioned ISO standard. For the turned and planed samples,
slight disproportions are visible in the intervals suitable for the free cut-off values of the Lc
filter; however, these interval shifts may be related to measurement uncertainties.

The analysis of surface roughness profiles, RSm values, and Ra values reveals the
interesting fact that for all samples of periodic roughness surfaces, it is advisable to proceed
in such a way that to determine the parameter RSm, it is advisable to carry out measure-
ments at all settings of the cut-off filter Lc (similarly to what was carried out in the case of
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individual technologies of periodic profiles) and according to the detected surface rough-
ness profiles, it is then possible to determine the value of RSm. When evaluating RSm, the
character of the course of the surface roughness profile must be observed and whether there
are signs of periodicity typical for the given type of machining, and whether the influence
of the waviness of the surface profile is no longer visible. For the RSm value determined
in this way, it is then possible to select the cut-off filter parameter Lc for further repeated
measurements according to the recommendations in the ISO 4288/1996 standard [42], and
with this procedure, it is then possible to obtain the correct value of Ra.

Standards

3 Periodic profiles - selection of parameters Lc, N, In
recommendation

0.04 mm 0.13 mm 0.4 mm 1.3 mm 4 mm
STANDARD: = PARAMETERS: PARAMETERS: ~ PARAMETERS: PARAMETERS:
e Lc=0.08 mm; Lc=0.25 mm; Lc=0.8 mm; Lc=8 mm;
1SO 4288 N=5; N=5; N=5; N=5;
1996 In=0.4 mm In=1.25 mm In=4 mm In=40 mm
| [T . [T | I Pl
0.01 0.1 1 10

Arithmetic mean value of the width of the roughness profile elements within
the sampling length RSm (mm)

Figure 14. Recommendation for the selection of parameters of the cut-off filter Lc for evaluating the
surface roughness of samples according to the ISO 4288:1996 standard.
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and
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Periodic profiles - selection of parameters Lc, N, In

Lc=0.08 mm; Lc=0.25 mm; Lc=0.8 mm; Lc=8 mm;
N=5; [n=0.4 mm  N=5; [n=1.25 mm N=5; [n=4 mm N=5; [n=40 mm
—EXPERIM_E’.\‘TS: Lc=0.08 mm; Lc=0.25 mm; Lc=0.8 mm; Lc=8 mm;
Slab milling N=5; [n=0.4 mm  N=5;[n=1.25 mm  N=5; [n=4 mm N=5; In=40 mm
Face milling ‘
Tum_mg Lc=0.08 mm; Lc=0.25 mm;  Lc=0.8 mm; Lc=8 mm;
Planing N=5; In=0.4 mm  N=5; [n=1.25 mm  N=5; [n=4 N=5; [n=40 mm
Lc=0.08 mm; Lc=0.25 mm; Lc=0.8 mm; Lc=8 mm;
N=5; In=0.4 mm  N=5; [n=1.25 mm N=5; In=4 mm N=5; In=40 mm

STANDARD: =
1SO 4288 Lc=0.08 mm; ;.vc_;) i‘:’ Trzné Lc=8 mm;
N=5; [n=0.4 mm N=5; In=40 mm
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| | 08mm | | “0‘13""“ ,  04mm | 1.3mm amm
0.01 0.1 1 10

Arithmetic mean value of the width of the roughness profile elements within
the sampling length RSm (mm)

Figure 15. Obtained recommendations for the choice of cut-off filter Lc and recommended according
to ISO 4288/1996.

In order to verify the correct determination of the Ra value, it is also possible to
perform comparative measurements using the Comparex comparative microscope, similar
to what was done with non-periodic samples. In this way, it is possible to confirm the
correct selection of the cut-off filter value Lc.

3.2.3. No Discrimination Periodic and Non-Periodic Profiles for Procedure of Ra Estimation

It was complicated for users working with unknown surfaces to identify whether it
was a periodic profile or a non-periodic one. In some cases, even with the same evaluated
surface, it could happen that a profile that was periodically changed to a non-periodic
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one. This made the strategy of measuring and evaluating surface roughness quantities
difficult. Subjective assessment of component surfaces can thus cause errors caused by the
operator himself. ISO 21920-1, ISO 21920-2, and ISO 21920-3 standards [37-39] eliminate
these problems. The ISO 21920-3 standard specifies the non-discrimination procedure
for periodic and non-periodic profiles for the roughness quantities estimation procedure.
This edition of ISO 21920 cancels and replaces the edition of ISO 4287:1997 [33] and ISO
4288:1996 [40], which have been technically revised. ISO 21920-3 introduces no distinction
between periodic and non-periodic profiles. The ISO 21920-3 standard introduces a unified
strategy for setting measurement parameters using setting classes—Sc1, Sc2, Sc3, Sc4,
and Scb.

In cases of missing part surface specifications, one of the options for determining the
surface roughness of the examined part is to compare the surface roughness profile with the
surface roughness profile of the standard sample whose nominal Ra value is known. For
this purpose, the Comparex monocular comparison microscope (Figure 16) can be used.

It is a device that enables the determination of surface roughness on different types of
surfaces obtained by all available technologies. The eyepiece is divided into two halves,
and both surfaces of the surface roughness are displayed in it, namely the surface of the
part and the surface of the reference sample, so it is possible to optically compare both
surface profiles. According to these displayed profiles, it is possible to make a fairly reliable
estimate of the Ra of the examined sample.

Figure 16. Comparex comparison microscope for determining surface roughness.

By successively optically comparing the surfaces of the reference samples with the
examined surface of the component, it is possible to determine the desired value of Ra for
the surface of the component (Figure 17). In Figure 17 is a comparison with the standard
sample Ra = 1.6 um, and from the image of the eyepiece, it can be seen that the standard
has a greater surface fragmentation than the examined surface of the part. Then the surface
of the component is compared with the reference sample Ra = 0.8 pum, and a match is
visible (Figure 18), based on which we can estimate the value of Ra and then subsequently
set the cut-off parameter Lc for the subsequent measurement and evaluation of Ra using
stylus-based surface roughness tester.

The ISO 21920-3 standard [39] also provides recommendations for the selection of
Setting class settings according to the estimate of the unknown quantity of surface rough-
ness Ra (Table 10). The graph (Figure 19) shows a comparison of the recommendations of
both ISO 4287 [33] and ISO 21920-3 [39] standards and the results of experiments for non-
periodic part surface profiles. It results in only slight differences, which can be considered
measurement errors and uncertainties.
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Figure 17. Comparison of the surface roughness profile of the part and the reference sample with a
nominal value of Ra = 1.6 um.

[

Figure 18. Comparison of the surface roughness profile of the part and the reference sample with a
nominal value of Ra = 0.8 um.

Table 10. Setting classes—recommended settings for cases of missing specification (ISO 21920-3) [39].

Setting Class Sc Sc1 Sc2 Sc3 Sc4 Sc5
Parameter Ra (pm) Ra <0.012 0.012 < Ra < 0.006 006 <Ra<12 12<Ra<6 Ra>6
Profile L-filter nesting index
Nic (cut-off Ac (Lc) for 0.08 0.25 0.8 25 8
R-parameters) (mm)
Evaluation length Im (mm) 0.4 1.25 4 12.5 40
Profile S-filter nesting index
Nis (cut-off A9) (o) 0.8 08 25 8 25
Maximum sampling interval 015 015 05 15 5
dx (1m)
Maximum tip radius 5 2 o 5 10
Ttip (Lm)
Section length Isc (mm) 0.08 0.25 0.8 25 8
Number of sections nsc 5 5 5 5 5

For periodic profiles, preferred values resulting from experiments and recommended
values according to the ISO 4288 standard and according to the ISO 21920-3 standard are
shown. Except for planing technology, all values for periodic profiles are in accordance with
the recommendations of the ISO 21920-3 standard. Planing technology does not agree with
these recommendations, and the reasons for this are probably found in the essence of the
technology itself. It is important to note that reference samples were not available for ranges
with small Ra values, which is related to the nature of these technologies, which are used to
achieve larger Ra values, and thus it was not possible to assess the recommendations of the
standards for smaller Ra values. Interestingly, however, the experimental optimum settings
for the periodic profiles are in agreement with the recommendations of the previous ISO
4288 standard.

With the exception of planing technology, however, we can state that the recommenda-
tions of the ISO 21920-3 standard can be applied to periodic and non-periodic profiles of the
surface of components (Figure 20), and therefore the investigation of planing technology
will be the subject of further research.
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Figure 19. Optimal setting of the cut-off filter Lc for tested reference samples of non-periodic profiles
and recommended settings according to ISO 4287 and ISO 21920-3 standards.

A comparison of the validity of using RSm to select the cut-off filter Lc according to
ISO 4288 and using Ra according to ISO 21920 can be realized from the evaluation of the
previous graphs (Figure 20). According to this evaluation, it can be concluded that better
compliance results were achieved using the RSm quantity according to ISO 4288. At the
same time, however, it can be seen that there were not enough samples available for a
reliable evaluation, mainly with low Ra values, which follows from the nature of these
technologies, as they are designed to achieve surfaces with larger Ra values. We will further
verify these results in future research.

3.3. Identification of the Minimum Number of Measurements for Assessing the Surface Roughness
of the Part

To define the problem, it is necessary to determine the minimum number of measure-
ments needed to assess the surface roughness. It is known from common metrological
practice that one measurement is insufficient and, especially for quantities with a high
degree of variability, it is necessary to carry out repeated measurements and an estimate of
the measured quantity together with an expression of the uncertainty of the determination
of this estimate of the measured quantity.

To solve this problem, a method of successive evaluation of the standard deviation
of repeated measurements and evaluation of the quantity Ra is proposed. After each
additional measurement is added, the standard deviation will be recalculated with the
addition of a new value to the set of measured data. We called it the cumulative standard
deviation, which will capture the effect of the number of performed measurements on the
value of the standard deviation of the quantity Ra.

First, 100 measurements were carried out at different measurement points on selected
reference samples from each technology for which samples were available while the Ra
quantity was evaluated. Thus, the influence of the variability of the sample implementation
on the resulting variability of the measured data will be clear. Figure 21 shows the cumula-
tive standard deviations for non-periodic profiles, and it follows that the first values of the
cumulative standard deviations are unstable, which indicates a high degree of variability
of the evaluated Ra data. Thus, it is clear that the number of measurements is insufficient.
Only after 30 measurements is the cumulative standard deviation stabilized, and therefore,
it is the optimal number for determining a reliable value of the surface roughness when
measuring at different places of the examined surface of the component. Similarly, for sam-
ples with periodic profiles, the cumulative standard deviations are evaluated (Figure 22).
It also follows from them that the optimal number of measurements for determining a
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reliable value of the quantity Ra is 30. Further increasing the number of measurements
does not significantly improve the cumulative standard deviation of the measurement.
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Figure 20. Comparison of optimal cut-off filter settings for individual technologies for tested samples
of pe-riodic profiles and recommended settings according to ISO 4287 and ISO 21920-3 standards.

In the next step, repeated measurements and evaluations of Ra were again carried
out for the same reference samples from each technology that was used for deposition.
However, the measurements were carried out 30 times at the same place under the same
measurement conditions. These measurements and evaluations should provide information
on the variability of Ra values, excluding the influence of the technology itself on the
uniformity of the surface roughness of the examined sample.

In Figure 23, cumulative standard deviations for non-periodic profiles are evaluated.
In the first values, instability is visible, which indicates a high variability of the Ra values,
but after 15 measurements, the value of the cumulative standard deviation stabilizes, which
indicates that the number of measurements of 15 is sufficient for all technologies and further
measurements will no longer bring a rapid improvement in the variability and uncertainty
of the value of the quantity Ra.
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Figure 21. Cumulative standard deviations for the evaluation of the quantity Ra when measured at
different locations of samples with a non-periodic surface profile.
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Figure 22. Cumulative standard deviations for the evaluation of the quantity Ra when measured at
different locations of samples with a periodic surface profile.
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Figure 23. Cumulative standard deviations for the evaluation of the quantity Ra when measured at
the same place on the surface of samples with a non-periodic surface profile.
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In Figure 24, cumulative standard deviations for periodic profiles are similarly evalu-
ated. Additionally, in this case, with these technologies, 15 measurements are sufficient to
obtain the value of the quantity Ra.

Cumulative standard deviations for measurements on periodic profiles
measured at the same places
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Figure 24. Cumulative standard deviations for the evaluation of the quantity Ra when measured at
the same place on the surface of samples with a periodic surface profile.

4. Discussion

The roughness of the surface is defined by the micro-geometry of the surface of the
components, and to define this micro-geometry, a range of quantities are used, which are
determined in this contact type of measurement from the identified surface profile. Since
these are micro-dimensions, high demands are placed on the resolution and precision of
the stylus and evaluation unit of the surface roughness tester.

The surface roughness and its quantities are characterized by a high degree of variabil-
ity, and this is also related to the fact that it is quite difficult to implement the individual
surfaces of the components so that their surface roughness is the same in every place of
this surface.

The variability of the measured and evaluated data in this type of measurement is also
related to the fact that the measurements are carried out indirectly, i.e., the profile of the
surface of the examined surface of the contact method is measured using a stylus, and a
very small displacement is seen in the vertical and horizontal direction.

The preparation and setting of the measurement parameters require a lot of attention,
and poor implementation will cause incorrect measurement and evaluation results to be
obtained. This can introduce additional errors and uncertainties into the measurement
process; therefore, it is necessary to solve this problem with research such as that in this
article, which can provide guidance on how to correctly implement the measurement
process and evaluation of the quantity Ra.

Before carrying out the measurement, it is necessary to check the surface tester using
a reference specimen and, if necessary, to carry out the calibration of the meter, and we
recommend carrying out this check continuously during a large number of measurements
or at least at the end of a set of measurements in order to eliminate measurement errors
related to the detuning of the surface tester. The internal structure of the stylus contains
fine mechanics and sensor and actuator systems that are extremely sensitive to improper
handling and unsuitable environmental conditions; therefore, measurements and calibra-
tions must be approached very carefully and sensitively, as rough handling often results in
damage to the surface tester or reference specimen.

Determining the uncertainty for the roughness surface tester is, in this case, a very
difficult task that exceeds the scope of this work, but it is possible to make at least an
estimate of the measurement uncertainty using the resolution values of the displacement
measurement for both axes X, Z. Evaluation of the uncertainty Ra based on data on errors
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and uncertainties of the sensor and positioning of the stylus system is, therefore, a task that
may be addressed in further future research.

In order to determine at least a rough estimate of the uncertainty of the gauge,
100 measurements were made at the same place under unchanged measurement conditions,
and the values of the quantity Ra were evaluated. The cumulative standard deviation
method was used to monitor the influence of the number of measurements as well as
the statistical model of the distribution of the measured data. From these measurements
and evaluations, it can be concluded that the used surface tester is in excellent condition,
and the maximum standard deviation did not exceed 0.005 um. The distribution of the
measured values did not match the Gaussian normal law of the distribution of random
values, so for the further use of the device and the evaluation of the surface roughness
values, a uniform law of the distribution of the measured values will be considered.

The actual measurement of the surface structure usually takes only a few seconds
and is determined by the feed speed and the scanned length, and other settings, but
the measurement preparation time is considerably longer, on which the success of the
measurement depends. Before the measurement and evaluation process, it is necessary to
set several input parameters for the measurement, which can have a very significant impact
on the actual measurement and evaluation of individual surface roughness quantities. The
effort was to solve this problem, and thus the influence of individual settings of the surface
tester on the process of measurement and evaluation was investigated; however, due to the
difficulty of this issue, this article focuses mainly on the quantity Ra, which is evaluated by
the used surface tester. The effect of the selection of the evaluation standard, the effect of
the speed of the stylus movement, and the effect of the cut-off filter value on the resulting
Ra value were monitored for different types of machined parts surfaces, where standard
samples with a known Ra value were used.

To investigate the influence of the stylus speed and the choice of standard, experimen-
tal measurements were carried out on a standard sample of surface roughness for grinding
with nominal values of Ra = 1.6 um and 3.2 um, where for each combination of the selected
speed of the sensor and the evaluation standard, ten measurements were carried out on
it in a certain place to exclude the variability of the standard sample. The influence of
the choice of the evaluation standard and the choice of the sensor movement speed can
have a significant impact on the resulting Ra value, and it can be concluded that for some
standards, this influence is negligible, but for some standards, it can be seen that increasing
the sensor movement speed tends to reduce the resulting Ra value and this influence it is
mainly visible in samples with a larger Ra value. A good choice seems to be to use a speed
of movement of the sensor with a value of 0.5 mm/s, and the evaluation standard can be
selected according to the country where the evaluation is carried out. For our conditions, it
was preferred in the experiments and then also the evaluation according to the ISO 1997
standard. To assess the impact of the choice of the evaluation standard and the choice of
speed of movement of the sensor, the variability of the measured and evaluated Ra data
obtained under the same conditions is also an interesting indicator.

The variability of the data, depending on the choice of the evaluation standard and
the speed of the sensor movement, is expressed as a percentage with respect to the average
evaluated Ra values, and from its evaluation, it follows that the variability of the Ra data is
a maximum of 18% in percentage terms.

Another monitored and problematic setting is the setting of the filter cut-off value Lc,
and this can be seen from the conducted experiments, where it is clear that if, for example,
we choose a too-small Lc value for the sample, then the result is Ra with an almost zero
size. However, if we choose a value of Lc that is too large, then the value of Ra may also
include the influence of waviness, and this may distort the value of Ra, so the errors that
we make with a bad free cut-off may be huge and may have a fatal impact on the result of
evaluating the roughness of the surface being assessed parts.

The ISO 3274:1996 [35] standard contains guidelines on how to set the cut-off value of
the Lc filter for non-periodic surface roughness profiles, while the EN ISO 4288 [34] standard
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recommends setting the cut-off parameter Lc or of the basic length Ir and the evaluated
length In according to the Ra value, while the evaluated length In is recommended as five
times the basic length Ir. Here the problem arises of how to determine the basic length
and the evaluated length according to the unknown Ra value, which creates a problem
with the measurement procedure defined in this way because the choice of the basic length
has a significant impact on the result of the process of evaluating the average arithmetic
deviation of the considered profile. This paradoxical recommendation can influence the
result of the surface roughness evaluation to a significant extent.

The origin and conditions of the mentioned recommendations of these standards are
not clear, and therefore in this article, experiments were carried out on samples produced
by different technologies to verify these recommendations. It is, therefore, necessary to take
into account the technology used to evaluate the surface of the component, and therefore the
goal was to identify the effect of the cut-off filter setting Lc on the Ra values for individual
types of reference samples processed by different technologies.

For experimentally assessed non-periodic surface roughness profiles (lapping, periph-
eral grinding, and face grinding), the optimal setting of the cut-off filter Lc was observed
in some reference samples as the one recommended in the ISO standard, but for some
samples, other recommended cut-off settings were found off filter Lc (for samples with
larger Ra values). However, on the basis of the above results, it can be concluded that the
guidelines according to the standard for the settings of the cut-off filter Lc are generally
applicable for obtaining relevant results for the evaluation of the surface roughness quantity
Ra; however, the company that produces machined parts must verify these settings for its
technology in order to achieve reliable results of measurement and evaluation of surface
roughness values.

In the article, a methodology was proposed as one of the options for determining the
surface roughness of the examined part by comparing the surface roughness profile with
the surface roughness profile of the standard sample whose nominal Ra value is known.
For this purpose, it is possible to use the Comparex comparative monocular microscope,
with which experimental measurements were carried out in the work, and then based
on these measurements, it is possible to estimate the value of Ra and then subsequently
set the cut-off parameter Lc for the subsequent measurement and evaluation of Ra using
Stylus-based surface roughness tester.

For periodic profiles (turning, milling, planing) the ISO 4288:1996 standard [34] rec-
ommends monitoring the quantity—the average distance of the profile elements RSm as a
parameter for choosing the cut-off filter Lc, and thus the problem arises again in that the
cut-off setting of the filter Lc depends on the value of the parameter in this case RS, which,
however, will be available only as a result of the evaluation of the surface roughness mea-
surement. The experimental results of measurements and evaluation of Ra for individual
technologies for periodic profiles were subjected to the above analyses, and the optimal
setting of the cut-off filter Lc for each technology was determined. For some samples, slight
disproportions are visible in the intervals suitable for the free cut-off values of the Lc filter;
however, these interval shifts may be related to measurement uncertainties.

The analysis of surface roughness profiles, RSm values, and Ra values shows the
interesting fact that for all samples of periodic surface irregularities, it is advisable to
proceed in such a way that to determine the parameter RSm, it is advisable to carry out
measurements at all settings of the cut-off filter Lc (similarly to what was done in the
case of individual technologies of periodic profiles) and according to the detected surface
roughness profiles, it is then possible to determine the value of RSm. When evaluating
RSm, the character of the course of the surface roughness profile must be monitored and
whether there are signs of periodicity typical for the given type of machining, and whether
the influence of the waviness of the surface profile is no longer visible.

For the RSm value determined in this way, it is then possible to select the filter cut-off
parameter Lc for further repeated measurements according to the recommendations in
the ISO 4288 /1996 standard. With this procedure, it is then possible to obtain the correct
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Ra value and, in addition, it is also possible to carry out comparative measurements using
the Comparex comparison microscope for the verification of the correct determination of
the value of Ra, similar to what was done with non-periodic samples, and thus it is possible
to confirm the correct selection of the cut-off filter value Lc.

The existence of newer standards of the ISO 21920-1, ISO 21920-2, and ISO 21920-3
series [37-39] brings the methodology of non-discrimination of periodic and non-periodic
profiles and unifies the recommended gauge settings for measuring surface roughness
quantities. For non-periodic profiles, the recommended settings are slightly shifted to
smaller Ra values, and it can be stated that the new methodology, according to the
ISO 21920-3 standard [39], is in agreement with the experimental values from the pre-
vious standards ISO 4287 [33], ISO 4288 [34]. For periodic profiles, the situation is more
complicated, as the previous standard ISO 4288 [34] used the RSm parameter to determine
the optimal settings, but by comparing the experimentally determined optimal settings,
it was found that, except for planing technology, all values for periodic profiles are in
accordance with the recommendations of the ISO 21920-3 standard [39] and therefore the
investigation of planning technology will be the subject of further research.

Another problem addressed in this article is how to determine the necessary number of
repeated measurements needed to determine the value of the quantity Ra, and to solve this
problem, a method of successive evaluation of the standard deviation of repeated measure-
ments and evaluation of the quantity Ra is proposed. After each additional measurement,
the standard deviation will be recalculated with the addition of each new value to the set of
measured data. That is why this method was called cumulative standard deviation, which
will thus capture the impact of the increasing number of performed measurements on the
value of the standard deviation of the quantity Ra.

One hundred measurements were carried out at different measurement points on
selected reference samples from each technology for which samples were available, while
the quantity Ra was evaluated, and from these experiments, it follows that the optimal
number of measurements is 30 for all used samples from the available technologies. In the
next stage, repeated measurements and evaluations of the quantity Ra were carried out
again for the same reference samples, but the measurements took place at the same place of
each sample under the same measurement conditions, and from the calculated values of
the cumulative standard deviations, it follows that the optimal number of measurements
for this case on all samples is 15 measurements.

5. Conclusions

In this work, specific problems related to the process of measurement and evaluation of
surface roughness quantities were solved, and samples of non-periodic surface roughness
profiles with different Ra values processed using technology were selected for experimental
investigation, including lapping operation samples, peripheral grinding operation samples,
and face grinding operation samples.

Additionally, samples of periodic surface roughness profiles with different Ra values
were processed using the following technologies: milling operation with slab mill cutter,
milling operation with face mill cutter, turning operation, and planing operation.

The novelty and contribution of the article is:

(a) Assessment of the condition of the used surface tester by the proposed methodology
for determining the variability of the obtained results.

(b) Identification of the influence of individual surface tester parameter settings. A
methodology was proposed for assessing the influence of parameters on the resulting value
of Ra.

(c) Verification of the standard recommended settings of the cut-off filter for the
determination of the quantity Ra and determination of the methodology for the process of
measurement and evaluation for periodic and non-periodic profiles.

(d) Experimental determination of the optimal number of repeated measurements and
proposal of a methodology for determining these data.
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The results of the work confirmed the validity of assessing the condition of the gauge,
and the proposed method is a relatively quick method to implement it.

In conclusion, it should be said that the experiments have shown that for individual
technologies, it is appropriate to experimentally verify the methodology for the selection of
measurement parameters and the evaluation of surface roughness quantities in order to
avoid potential errors in the evaluation of surface quality.

It should be said that all experiments were carried out on a specific surface tester, so it
is possible that another device may behave differently. Consequently, it is in the interest of
each laboratory to know the status of its surface tester in this way. Additionally, it is also
necessary to emphasize that this condition must be regularly checked, and, if necessary, a
service intervention must be undertaken.

So far, we have not found studies of a similar type, so it was not possible to compare
our results to the results of other studies. The scarcity of similar studies is why this research
was conducted. The goal was to solve problems that we encountered in common tasks of
evaluating surface roughness.

It should be emphasized that these results are tied to specific reference samples and a
specific surface tester. Further experiments on other surface testers and other samples will
be necessary to generalize these results. For practical use, it is essential that users identify
their surface tester and the manufacturing capabilities of their products in terms of process
stability and surface roughness variability. Therefore, in this article, we have tried to solve
some practical and scientific problems associated with the assessment of surface roughness.

Many research works solve this problem; however, the influence of surface roughness
and frictional forces tend to be neglected, and problems are solved without these important
factors. Thus, the real situation can differ very dramatically from mathematical models
and simulations where contact surfaces without surface roughness and frictionless were
considered forces, and this can result in serious problems in real systems. As a result,
many authors have focused on identifying surface roughness and planning technologies to
achieve it and also take into account the effect on frictional forces. These are mainly applied
in the field of mechanical engineering, mechatronics, robotics, production engineering,
machining, biomedical engineering, automotive engineering, tribology, microsystems,
precision mechanics, etc. [66-85].

In future research, we plan to develop a method for a more precise evaluation of
measurement uncertainties for surface roughness quantities because, for practical use, a
suitable methodology is needed to effectively determine the measurement uncertainty.
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Appendix A

Appendix A.1. Surface Roughness Assessment Methodology According to the Standards and Used
Methods of Measurement and Data Processing

Every technology used in the realization of technical surfaces leaves inequalities that
are of fundamental importance in the function of these surfaces. It is very difficult to assess
the irregularities on the surface, which represent a certain spatial formation. This problem
of assessing irregularities (surface structure) is solved by reducing the plane of the section
to a plane perpendicular to the surface of the part (Figure Al). The profile of the surface
of the component, which is obtained in the plane of the section, is the basic source of
information for assessing the structure of the surface of the component.

Examined surface

Movement of Stylus
—_—»

Stylus

Measurement
base

Sample length

Figure A1. Part surface profile—as the intersection of the actual surface and the given plane.

Surface texture—geometrical irregularities contained in a scale-limited profile, or
the basic surface profile, is divided into two components according to the spacing of the
respective irregularities, namely the component with the smallest spacing forming the
surface roughness profile and the component with the largest spacing of irregularities
determined by the basic profile, namely the waviness profile. The basic profile is the
complete profile before the application of the short-wave filter Ac (the filter defining the
interface between roughness and waviness present on the examined surface). The basic
profile represents the basis for the digital processing of the profile using profile filters
and for the calculation of profile parameters (Figure A2). Waviness profile—as a profile
derived by sequentially applying filters (a filter defining the interface between waviness
and longer wave components present on the surface) and profile filters to the base profile
(ISO 4287:1997, ISO 4288:1996) [33,34].
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Figure A2. Profile of waviness and profile of surface roughness.
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The cut-off system is created to filter the influence of surface waviness on the process
of evaluating surface roughness values (Figure A3). The evaluated profile length In is
divided into several basic lengths (e.g., 5), and these are evaluated separately. The cut-off
system is specified by two parameters (Figure 4):

e  Cut-off Ac (also referred to as Lc in the text), a profile filter that defines the intersection
between roughness and even shorter wave components on the surface. We also call it
the shortest cut-off.

e  Cut-off As (also referred to as Ls in the text), a profile filter that defines the intersection
between roughness and waviness of the profile of the surface under consideration. We
also call it the longest cut-off.

Filtering consists of evaluating the wavelengths between these two limits in order to
correctly determine the roughness values of the surface under consideration.

Some devices for measuring surface roughness do not allow setting the Ls value for
some evaluation standards. This can have an impact on the Ra evaluation results, which
was also shown when assessing the impact of evaluation standards on Ra values (see the
previous subsection).
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Figure A3. Amplitudes and wavelengths of the roughness profile and the waviness profile.
For filtering the waviness and shape of the surface of the component, it is necessary to

select the values of the profile filters of the wavelength Ac, As, and Af (Figure A4), so that
this filtering is possible.
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Figure A4. Wavelengths of surface roughness, waviness, and surface shape of the component.

After applying profile filters for waviness and shape, it is possible to separate the
course of surface roughness, course of waviness, and course of surface shape from the
obtained surface profile (Figure A5). For standard surface profile measurements, the surface
roughness is filtered into two parts, namely the surface roughness profile and the waviness
profile, with the shape of the surface of the part.
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Figure A5. After applying a cut-off filter to separate the waviness of the surface profile and the
surface roughness of the part.

The newer standard ISO 21920-1 [37] defines these filters with newer
designations—profile S-filter type and profile L-filter type for R-parameter or profile
S-filter type for W-parameter. The indication of the profile L-filter nesting is a value to
specify the large-scale lateral components which are removed for the R-parameter. The
indication of the profile S-filter nesting index is a value to specify the small-scale lateral
components which are removed for P- and W-parameter (ISO 21920-2) [38]. Profile S-filter
is a profile filter that removes small lateral scale components from a profile. Profile L-filter
is a profile filter that removes large lateral scale components from a profile.

The setting of measurement parameters is defined in ISO 21920-1 [37] as Symbol ‘Scn’
to specify a setting class number. The symbol Scn indicates what setting class number for
the determination of the default settings shall be applied. The setting class number or a
default profile L- or S-filter nesting index value shall be specified for the parameter without
defined defaults (ISO 21920-3) [39].

Primary surface profile—P: surface profile trace obtained when a surface profile trace
is represented as a specified primary mathematical model with a specified nesting index
Nis. Primary profile—p profile is scale limited profile at any position x derived from the
primary surface profile by removing the form using a profile F-operation with nesting index
Nif. The primary profile is the basis for the evaluation of the primary profile parameters.

Waviness profile—W profile is scale limited profile at any position x; derived from
the primary profile by removing small-scale lateral components by a profile S-filter with a
specified nesting index Nic and with a specified type of filter. The waviness profile is the
basis for the evaluation of the waviness profile parameters.

Roughness profile—R profile is scale limited profile at any position x derived from
the primary profile by removing large-scale lateral components by a profile L-filter and
with the same nesting index Nic and the same type of filter specified for the profile S-filter
to obtain the waviness profile. The roughness profile is the basis for the evaluation of the
roughness profile parameters.

For the evaluated quantities, the following are then distinguished:

P-prefix parameter—parameter calculated from the primary profile,

W-prefix parameter—parameter calculated from the waviness profile,

R-prefix parameter—parameter calculated from the roughness profile.

Evaluation length Im—The indication of the evaluation length (Figure 6) is a value to
specify the length used for identifying the geometric structures characterizing the scale-
limited profile (ISO 21920-2) [38]. In the former ISO 4287 [33] profile standard, the eval-
uation length was given by I/n. Evaluation length is length in the direction of the x-axis
used for identifying the geometric structures characterizing the scale-limited profile. The
evaluated length can contain one or more section lengths. The profile filter is a tool for
dividing the profile into long-wave and short-wave components. The filtration process is
carried out in several stages, providing modified profiles.

Section length [sc—The indication of the section length is a value to specify the length
used to obtain height parameters based on profile peaks and profile valleys
(ISO 21920-2) [38]. Section length Isc or Ip, Ir, lw is the length in the direction of the x-
axis used to recognize the irregularities characterizing the evaluated profile. Section length
for the roughness Ir and for the waviness profile w are numerically equal to the characteris-
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tic wavelength of the profile filter Ac and Af. Section length for the basic profile Ip is equal
to the evaluated length.

Number of sections—The indication of the number of sections (Figure A6) is a value
to specify the number used to obtain height parameters based on profile peaks and profile
valleys (ISO 21920-2) [38]. The Number of sections shall be an integer number.
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0

005 100
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length

Section
length

Section Section Section

length length length
-0.15 T i T

-0.1

Surface roughness profile
(1m)

-0.2

Evaluation length (um)

Figure A6. Evaluated and section length of the surface roughness profile.

STN EN ISO 4287 [33] and ISO 21920-2 [38] expands the possibilities of surface eval-
uation by the fact that almost all parameters defined in it can be applied to the primary
profile, roughness profile, and waviness profile. The relations for their calculation are the
same, except they are applied to a different profile. When marking, these parameters are
distinguished by the first character, e.g., arithmetic mean height of the absolute values Pa,
of the roughness profile Ra, and the waviness profile Wa.

In this article, the arithmetic mean height of the roughness profile will be assessed
and evaluated. The arithmetical mean height of the roughness profile—Ra is the arithmetic
mean of the absolute values of the coordinates in the range of the basic length (Figure A7):

Im

Ri =1 / (A1)

Ra=0.021 pm

0.08

0.06
0.04
Ra=0.021 um
0.02 ‘ ' w "
0
30 \7

O

-0.02

-0.04

Surface roughness profile (um)

-0.06

-0.08

Evaluation length (um)

Figure A7. Arithmetical mean deviation of the assessed roughness profile.

Appendix A.2. The Surface Roughness Standards

The basis for measuring surface roughness parameters and characteristics is the unit
of length, defined in EN ISO standards and implemented by a set of micro-length etalons



Appl. Sci. 2023,13, 9385

33 of 48

(line depth and line spacing), whose conventionally true value of line depth is measured
by wavelength (on the device—interference microscopes), these etalons are for the area of
surface roughness measurement—Primary Surface Roughness Standards.

Secondary Surface Roughness Standards (Figure A8) are sets of standards that embody
the values of roughness parameters—Ra, Rz, Ry, and others. They are used to calibrate
working gauges using the direct measurement method, where a measured standard of the
same nominal value is directly calibrated using standard gauges.

Figure A8. Secondary Surface Roughness Standards.

The average distance of profile elements RSm can be determined as the average value
of individual widths Xsi of profile elements’ surface roughness in the range of section
length (Figure A9) according to the relationship:

1 &
Mpe i3

where 1y, is the total number of profile elements.

12

Surface roughness profile (um)

0 250 500 750 1.000 1250 1,500 1.750 2.000 2.250 2500
Sampling length (um)

Figure A9. Mean spacing of the profile elements RSm.

In the experimental part of this paper, we distinguish the so-called periodic and
non-periodic surface roughness profiles.

Non-periodic surface roughness profiles arise mainly during finishing technologies
such as grinding, polishing, and lapping, and with these methods, the Ra value reaches a
maximum of 0.8 um. Grinding technology is implemented in such a way that the material
is removed by geometrically undefinable and randomly arranged cutting wedges on the
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grains of the abrasive material of the grinding disc, which separate the particles of the
surface layers of the workpieces with abrasive grains stored in the binder, on the supporting
tool or freely. Lapping is a finishing machining method that is used precisely to refine
the surface. In principle, this technology belongs to grinding technologies. Lapping
is the sanding of the surface of the product with a fine grinding abrasive material that
is freely applied in a lapping liquid (e.g., oil, kerosene) or paste (e.g., paraffin, stearin)
with dispersed fine abrasive that is applied to the lapping surface. During lapping, the
peaks of unevenness are cut off with abrasive grains. Abrasive grain and fine abrasive
can be understood as a cutting knife that has a random geometry and orientation, so
the surfaces that arise after these types of machining have a non-periodic and randomly
oriented character.

Periodic profiles of surface roughness arise during technological operations such
as turning, milling, planing, which reach Ra values of more than 0.8 um. With periodic
profiles, there is a periodic movement of the tool along the surface of the component and
the gradual removal of material, so the waviness of such a surface is more pronounced
than with non-periodic profiles. Ra values greater than 25 pm are typical for the surfaces of
parts that arise during casting and forging technologies.

When assessing the roughness of the surface, it is also necessary to take into account
the direction of the unevenness of the surface, which is related to the machining method
used. The unevenness of the profile can be parallel, perpendicular, oblique, or crossed
with the contour line of the component. During some machining operations, circular
irregularities or irregularities directed from the center of the component or unevenness are
random in nature.

The ISO 21920-3 [39] standard introduces no distinction between periodic and non-
periodic profiles compared to the edition of ISO 4288:1996 [34]. Nevertheless, the paper
is focused on the analysis of the choice of cut-off filter for individual technologies, which
were used to produce individual samples.

Appendix B
Non-Periodic Surface Roughness Profiles—Experiments

For the Lapping operation, samples (Figure A10) with nominal values Ra = 0.0415 um,
Ra =0.083 um, Ra = 0.166 um, Ra = 0.408 um were selected from the etalon samples set of
surface roughness. On the course of the surface roughness profile for one of the samples,
it can be seen how the number of profile unevenness increases according to the selected
cut-off filter value Lc, where at the smallest value, too small an amount of unevenness of
the surface roughness profile can be seen for Ra evaluation.

Similar evaluations of Ra were carried out for other samples produced by the Lapping
operation technology, and the obtained values are shown in Figure A11, where the [ISO]
symbol indicates the cut-off value of the L-filter Lc recommended according to the ISO stan-
dard [33-40], and the red triangle with the OK (v )] symbol shows the value of Lc, which
is optimal according to the performed experiments when the determined value of Ra is the
closest nominal value of sample Ra. The displayed results show that the recommendations
of the ISO standard are not in agreement with all experimental observations. These are
mainly samples with larger Ra values.

For Face grinding operation, samples (Figure A12) with nominal values Ra = 0.11 um,
Ra =0.176 um, Ra = 0.384 um, Ra = 0.72 um, Ra = 1.46 um, Ra = 3.42 um were selected from
the surface roughness sample book. The Ra = 0.384 pm sample is shown when measured
for different values of the cut-off filter setting (Table 2). Even in this case, it can be seen
with small values of the cut-off filter Lc that there is not a sufficient amount of unevenness
of the surface roughness profile available for evaluation.
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Figure A10. Profile of surface roughness measured using different settings of the cut-off filter Lc for

lapping—sample with value Ra = 0.408 pm.
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Figure A12. Surface roughness profile measured using different settings of the cut-off filter Lc for
face grinding for a sample with a nominal value of Ra = 0.384 um.

Evaluations were carried out for other Face grinding operation samples and are
shown in Figure A13, where it is also indicated which cut-off values of the Lc filter are
recommended and which are optimal according to our experimental observations, where
the cut-off value is marked using the symbol [ISO] of the filter Lc recommended according
to the ISO standard [33-40], and the red triangle with the symbol OK (V@) shows the
cut-off value of the filter Lc, which is optimal according to the conducted experiments, when
the determined Ra value is closest to the nominal Ra value of the sample. The displayed
results show that the recommendations of the ISO standard are also not in agreement with
all experimental observations. These are mainly samples with larger nominal Ra values
(Figure A13).

For the Peripheral grinding operation, samples (Figure A14) with nominal values
Ra=0.103 um, Ra = 0.14 um, Ra = 0.412 um, Ra = 0.784 um, Ra = 0.91 um were selected from
the etalon samples set of surface roughness. For the Ra = 0.392 um sample, measurements
at different cut-off filter values were evaluated (Figure A14).

Even in this case, it can be seen with small values of the cut-off filter Lc that there is not
a sufficient amount of unevenness of the surface roughness profile available for evaluation
(Figure A14).

Evaluations were carried out for other peripheral grinding operation samples and
are shown in Figure A15, where it is also indicated which cut-off values of the filter Lc are
recommended and which are optimal according to our experimental observations, where
the cut-off value is marked using the symbol [ISO] of the filter Lc recommended according
to the ISO standard [33-40], and the red triangle with the symbol OK (¥ @) shows the cut-
off value of the filter Lc, which is optimal according to the conducted experiments, when the
determined value of Ra is closest to the nominal value of the sample. The displayed results
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show that the recommendations of the ISO standard are also not in agreement with all
experimental observations. These are mainly samples with larger Ra values (Figure A15).

Face grinding samples, arithmetical mean roughness Ra (um)
for various Cut-off

4

__ Face surface grinding operations. '@
_. 35 ’Z Conditions: IS01997; Filter Gauss, Ls=8 pm; N=5; speed 0.5 mm/s -1 [Emion] - sa0
g —] 3060 LISC1 |
= 3 [ ELlc=0.08mm MLc=0.25mm MLlc=0.8mm M Llc=2.5mm ~~~~~"7----ooooooooooeoooooooo |
A
g
B B e e R S e S s S s S :
[
S
2
c N e ey e s s ey e e o e e T S e o (B
S
o
£
.g B sttt S A R R
=]
7}
£
£ 1, [resssmsnmamsesaepprunsmrns
5 @

0.5 pezesoomes """":‘0109
[EatonTo0ss > 22
0 = = | |

[s0]
Sample 0.11 pm Sample 0.176 pm Sample 0.384pum Sample 0.72pum Sample 1.46 um Sample 3.42 pm

Sample

Figure A13. Face grinding—average values of Ra for different settings of the cut-off filter Lc.
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Figure A15. Peripheral grinding—average values of Ra for different settings of the cut-off filter Lc.

Appendix C
Periodic Surface Roughness Profiles—Experiments

For milling with a slab mill cutter (Milling operation with slab mill cutter), a selected
sample, measured at the same place but with different values of the cut-off filter Lc, is
shown (Figure A16). It can be seen from the given graphic curves that for the cut-off filter
Lc with the smallest value, its value is too small and therefore does not capture the actual
value of the quantity Ra after evaluation. At other values, the periodic pattern characteristic
of this technology is already visible. The effect of waviness is only slightly visible at the
largest used value of the cut-off filter Lc = 2.5 mm.

For milling with a cylindrical cutter (Milling operation with slab mill cutter), samples
with nominal values Ra = 1.52 pm were experimentally examined; 3.57 um; 6.05 pm;
10.25 um; 16.25 pm. The RSm values for all these samples measured at different settings of
the cut-off filter Lc are shown in Figure A17, and it follows from them that the only suitably
chosen value of the cut-off filter Lc is 2.5 mm. At the other values of the cut-off filter Lc, the
values of RSm were outside the range of the instrument or could not be evaluated.

The Ra values for milling with a slab mill cutter (Milling operation with slab mill
cutter) were determined for different values of the cut-off filter Lc and are in accordance
with ISO recommendations (Figure A18).

For milling operation with a face mill cutter, a selected sample with a nominal value
of Ra = 3.46 um measured at the same place but with different values of the cut-off filter Lc
is shown. From the contours of the surface roughness profile of the sample, it can be seen
that the first two contours have a poorly chosen cut-off filter Lc and the contours do not
capture a representative sample of the course characteristic of this type of technology. The
other two surface roughness profile records already provide a surface roughness profile
that can already be analyzed. In the last surface roughness profile, a slight influence of the
waviness of the surface profile is already visible (Figure A19).
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Figure A16. Surface roughness profile measured using different settings of the cut-off filter Lc for

milling with a slab mill cutter (Milling operation with slab mill cutter) for a sample with a nominal

value of Ra = 3.57 um.
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Figure A17. Milling with a cylindrical cutter—average RSm values for different settings of the cut-off

filter Lc.
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Figure A18. Milling with a slab mill cutter—average values of Ra for different settings of the cut-off

filter Lc.
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Figure A19. Surface roughness profile measured using different settings of the cut-off filter Lc for

face milling for a sample with a nominal value of Ra = 3.46 um.

For milling operation with a face mill cutter, samples with nominal values Ra = 1.71 um
3.46 um; 6.17 pm; 11 um; 19.25 um were experimentally examined. The RSm values for
all these samples determined at different settings of the cut-off filter Lc are shown in
Figure A20, and from them, it follows that for samples Ra = 1.71 um; 3.46 um, RSm values
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are similar at Lc = 0.8 mm and at Lc = 0.25 mm. For other samples, the only appropriately
chosen cut-off value of the Lc filter is 2.5 mm, and at other cut-off values of the Lc filter, the
RSm values were very low or could not be evaluated (Figure A20).
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Figure A20. Milling operation with face mill cutter—average RSm values for different settings of the
cut-off filter Lc.

The Ra values for face milling were determined for different values of the cut-off
filter Lc and are in accordance with ISO recommendations (Figure A21). For the 19.25 um
sample, the recommended filter cut-off value is Lc = 8 mm, which is not shown on the
graph because the used surface tester does not have this setting available (Figure A21).
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Figure A21. Milling operation with face mill cutter—average Ra values for different settings of the
cut-off filter Lc.

For turning, a sample with a nominal value of Ra = 2.78 um is shown (Figure A22).
With the first two values of the cut-off filter Lc, it is again visible that the sample does
not correspond to the nature of the turning technology, and the cut-off filter parameter
Lc is poorly chosen. In the case of a sample with a filter cut-off parameter Lc = 0.8 mm,
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the course of the surface roughness profile already corresponds to the technology of this
sample, and the filter cut-off parameter Lc is appropriately chosen. In the last sample, the
effect of waviness is already visible, so it is obvious that the cut-off filter parameter Lc is no
longer appropriately chosen (Figure A22).

Roughness profile 22A11105 Turning operation sample Roughness profile 22A11104 Turning operation sample
Ra=2.78 um; 1501997, Ra=2.78 um; 1S01997;
Lc=0.08 mm; N=5; Gauss; speed 0.5 mm/s Lc=0.25 mm; N=5; Gauss, speed 0.5 mm/s
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Figure A22. Surface roughness profile measured using different settings of the cut-off filter Lc for the
turning operation for a sample with a nominal value of Ra = 2.78 yum.

For the turning operation, samples (C8) with nominal values of Ra = 0.784 pm; 1.55 um;
2.78 um; 6.55 um; 12.63 pm were experimentally examined. The RSm values for all these
samples determined at different settings of the cut-off filter Lc are shown in Figure A23, and
it follows from them that, apart from one sample, the RSm values are evaluated only for
the cut-off filter values Lc = 0.8 mm and 2.5 mm and show approximately the same values.

The values of Ra for turning operation were determined for different values of the
cut-off filter Lc and, except for one sample, they are not in accordance with ISO recommen-
dations. However, this may be due to the uncertainty of the measurement because there
are only small differences between the values that are optimal and the values at the settings
recommended by the standard (Figure A24).

For the planing operation, a sample with a nominal value of Ra = 3.04 um is shown
(Figure A25). With the first two values of the cut-off filter Lc, it is again visible that the
sample does not correspond to the nature of the planing technology, and the cut-off filter
parameter Lc is poorly chosen. In the case of a sample with a filter cut-off parameter
Lc = 0.8 mm, the course of the surface roughness profile already corresponds to the tech-
nology of this sample, and the filter cut-off parameter Lc is appropriately chosen. In the
last sample, the effect of waviness is already visible, so it is obvious that the cut-off filter
parameter Lc is no longer appropriately chosen (Figure A25).
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Figure A23. Turning operation—average RSm values for different settings of the cut-off filter Lc.
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Figure A24. Turning operation—average Ra values for different settings of the cut-off filter Lc.

Samples with nominal values of Ra = 1.5 um; 3.04 um; 6.57 pm; 11.5 pum; 20.25 um
were experimentally examined for planing operation. The RSm values for all these samples
determined at different settings of the cut-off filter Lc are shown in Figure A26, and it
follows from them that, except for one sample, the RSm values are evaluated only for the
cut-off filter values Lc = 0.8 mm and 2.5 mm and show approximately the same RSm values.
For the sample with the largest value of Ra, the value RSm is determined only for cut-off
filter values Lc = 2.5 mm; with other settings of the cut-off filter Lc, it was not possible to
determine RSm (Figure A26).



Appl. Sci. 2023,13, 9385 44 of 48

Surface roughness profile (um)

Surface roughness profile (um)

13

-12

Roughness profile 22A17027 Planing operation sample Roughness profile 22A17026 Planing operation sample
Ra=3.04 um; 1501997; Ra=3.04 pm; 1SO1997;
Lc=0.08 mm; N=5; Gauss; speed 0.5 mm/s Lc=0.25 mm; N=5; Gauss, speed 0.5 mm/s
8
Ra=0.257 pm E, Ra=1.319 pm
3
Ay
5
a2
]
@ 0
£
W 400 00 101
3
2
o -4
1%}
il
‘t 6
F]
w
- 8
Evaluation length (um) Evaluation length (pm)
Roughness profile 22A17025 Planing operation sample Roughness profile 22A29049 Peripheral surface grinding
Ra=3.04 um; 1S01997; sample Ra=0.392 um; 1501997;
Lc=0.8 mm; N=5; Gauss, speed 0.5 mm/s Le=2.5mm; N=5; Gauss, speed 0.5 mm/s
25
Ra=2.825 um Ra=0.291 um

Surface roughness profile (um)

Evaluation length (pm) Evaluation length (um)
Figure A25. Surface roughness profile measured using different settings of the cut-off filter Lc for the
planing operation for a sample with a nominal value of Ra = 3.04 um.

Planing samples, Arithmetic mean value of the width of the roughness profile elements within
the sampling length RSm (mm) for various Cut-Off

Planing operation. Conditions: 1S01997; Filter Gauss, —
_ Ls=8 um; N=5; speed 0.5 mm/s b
B T R e e R T S S T S e e e e e S RS S e e

M Lc=0.08 mm M Lc=0.25 mm M Lc=0.8 mm Lc=2.5 mm I B

I e

(1 R R T T e T ST 041 = b e =

0143 042 013 L |
— o— il o— .| ———0—0.00 —o—0.00L B0 I 0—0.00- 0.00 T—
1] 150

Sample 1.5 um Sample 3.04 um Sample 6.57 pm Sample 11.5 pm Sample 20.25 um

Arithmetic mean value of the width of the roughness
profile elements within the sampling length RSm (mm)

Sample

Figure A26. Planing operation—average RSm values for different settings of the cut-off filter Lc.

The Ra values for the planing operation were determined for different values of the
cut-off filter Lc and the first two samples are in accordance with ISO recommendations
(Figure A27). The Ra values of other samples do not match the values determined for
the cut-off filter parameters Lc recommended by the standard. However, this may be due
to the uncertainty of the measurement because there are only small differences between
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the values that are optimal and the values at the settings recommended by the standard
(Figure A27).

Planing samples, arithmetical mean roughness Ra (um) for various Cut-Off
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Figure A27. Planing operation—average values of Ra for different settings of the cut-off filter Lc.
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