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Abstract: Three-dimensional topography measurement is a focus area of precision machining because
it provides detailed information on the functional behavior of contacting surfaces. The purpose of this
study is to analyze how the process parameters and the edge geometry of the cutting insert influence
the topographical characteristics of hardened 16MnCr5 steel surfaces and to determine the favorable
combinations of technology parameter values based on the analyzed topography parameters (Ssk,
Sku, Sz, Sa, Sk, Spk, Svk). A research question is whether the analyzed parameters can be substituted
by each other or not. A hard turning experiment was carried out based on a full factorial design
of experiments, and the areas of the machined surfaces were scanned and analyzed by analysis
of variance, regression analysis (response function), and correlation analysis. It was found that
there are strong correlations between the topography parameters that allow the substitution of one
with another; the main influencing cutting parameter is the feed rate for both insert types. The
contributions of the study are the numerical information with regard to the correlations among the
topography parameters, as well as the extent of the influence of cutting parameters.

Keywords: hard turning; 3D surface topography; ANOVA; correlation; regression

1. Introduction

Hard turning is one of the most commonly used technologies in the precision ma-
chining of steel parts due to its high efficiency. If surface texture characteristics allow,
grinding can be replaced by hard turning because the same accuracy and surface qual-
ity can be achieved and further finishing operations may not be required [1,2]. Several
physical and mechanical factors influence the chip formation mechanism in hard turning,
e.g., dynamic effects, cutting temperature, hardness, stress distribution [3]. These complex
mechanisms affect not only the surface state, but also the topography, either directly or
indirectly. Hard turning requires no coolant and lubricant, but white layer formation is a
risk of the technology. The tooling and resource costs are high, as well as the machining
efficiency [4]. Therefore, an in-depth analysis of the technology itself, together with the
cutting mechanism, is crucial in order to obtain utilizable results useful for the machining
industry. As a result of this need, the focus of the mainstream studies is the comprehensive
analysis of the process parameters, either via statistical methods or neural networks [5,6]. In
this study, a detailed design of the experiment is the basis of the statistical-based analysis of
the surface topography data obtained. To overcome the difficulties of the hard turning tech-
nology, a special hard machining center was used in the experiments, and the design of the
experiment (the number of setups) was planned to provide enough information based on
relatively small changes in the process parameters. In precision machining, the surfaces of
the parts must fulfill several functional requirements. Many of them can be designed based
on surface texture and topography features and parameters, whose values are determined
by the cutting parameters, among other material, machine-tool, and equipment-related
factors [7]. Three-dimensional topography measurement allows for the in-depth analysis
of topographical characteristics to use more parameters and analytics rather than those
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which are available in 2D topography analysis. At the same time, the 3D technique is
more accurate due to the much higher number of scanned surface points and provides
more details about the surfaces [8,9]. Three-dimensional surface topography analysis is
applied for surfaces machined by various technologies and can provide information on
the effectiveness of the applied machining technology [10]. Beyond turning [11,12] and
grinding [13], the relatively new technologies are the current focus of topography studies,
including precision milling [14] and additive procedures [15,16]. Most of the studies focus
on the selection of optimal process parameters [17,18]. Although 3D measurement is less
time- and cost-efficient than its 2D counterpart, it is useful in high-tech industries [19].

Some of the widely studied and most important functional and tribological require-
ments of precision machined parts are wear resistance, load-bearing capacity, and lubricant
retention ability. Topography parameters provide information regarding these properties,
among others. The maximum height (Sz) and arithmetical mean height (Sa) are widely
applied parameters in the machining industry. However, if a more detailed analysis is
required, it is recommended to apply further parameters [20]. In academic research or
technology development, studying the connections among the topographical parameters is
essential [21]. As an example, Shi et al. investigated the friction and wear characteristics
of random surfaces based on the Sa and kurtosis (Sku) parameters, and identified clear
connections between these characteristics and topography parameters [22].

Machining technologies such as burnishing or honing are performed to remove the
upper part of the surface peaks, causing the surface to be filled and characterized by high
load-bearing capacity and favorable wear resistance [23]. The skewness (Ssk) value of such
a surface is negative, and if the kurtosis (Sku) value is high, the wear resistance [24,25] and
the lubricant retention ability increase [26]. At the same time, high Sku, due to the large
number of sharp peaks, reduces the friction of a contacting surface [27]. Contradictory
findings have been reported for the Sku parameter: one example is its influence on the
lubricant retention ability, it has been found to increase with the decrease in Sku [28],
while another study found no connection between them [29]. It was also reported that
higher moments of the height distribution (Ssk and Sku) are sensitive to the measurement
setup [30] and the technological parameters [31]. Krawczyk et al. analyzed Inconel 718 steel
based on the Ssk and Sku parameters and found that they are useful in detecting surface
irregularities [32]. Peng et al. compared additively manufactured parts, upon which heat
treatment was and was not applied, and found that the Ssk and Sku parameters are suitable
for the characterization of the surfaces [33]. According to Kulis et al., who analyzed milled
surfaces, the peak height (Sp), Ssk, and Sku parameters provide no clear information on the
effects of the cutting parameters [34]. Karmiris-Obratanski et al. carried out an in-depth
analysis of the Ssk connected to surfaces machined by electro-discharge machining and
found that Ssk is not significantly influenced by the machining parameters [35]. Pawlus
et al. studied the surface topography of 20MnCr5 steel and found that Sp/Sz and Sq/Sa
characterize the height distribution of a surface more precisely than the Ssk and the Sku
parameters [36].

The Sk parameter group also provides information on the functional characteristics.
The Sk parameter group is derived from the material ratio curve [37]. The core height (Sk)
and the reduced valley depth (Svk) provide information on the lubricant retention ability of
a surface [36,38]. The reduced peak height (Spk) is related to the load-baring capacity and
the wear resistance. If its value is relatively low, the running-in phase of a contacting part
is short and the surface reaches its filled feature faster.

In machining, several cutting and process factors influence the result variables, such
as topography, accuracy, and material properties. For analyzing the relatively complex
determinants and the interactions among the influencing factors and results, analysis of
variance (ANOVA) and other statistical methods are recommended. Javidikia et al. applied
ANOVA and a response function method for roughness analysis in their turning experiment
and focused on the effects of various lubrication types [39]. Kulisz et al. analyzed the
equity of means and variances for 3D topography parameters [27]. Kluz et al. applied
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regression analysis and used the Sku parameter for studying the efficiency of diamond
burnishing [40].

The purpose of this study is to analyze some common and functionally important
topography parameters to determine how they are affected by the cutting parameters and
different cutting insert geometries and the best combinations of these influencing factors to
obtain a surface quality that fulfills the functional requirements, such as wear resistance,
load-baring capacity, or fluid retention ability.

The novelties of the study are that the results obtained for a widely used material
were analyzed by several up-to-date statistical methods and their outcomes were compared
and that innovative cutting inserts (developed in 2022) were used in the experiments and
compared in the study.

A hard turning experiment was carried out where three cutting parameter (depth-of-
cut, cutting speed, and feed rate) values were varied, using different cutting inserts. The
insert used is one of the latest innovations of the manufacturer concerning its material and
coating. The topography parameters of the machined surfaces were determined and studied
by analysis of variance (ANOVA), response function method, and correlation analysis. The
topography parameters examined were skewness (Ssk), kurtosis (Sku), maximum height
(Sz), arithmetical mean height (Sa), core height (Sk), reduced peak height (Spk), reduced
valley depth (Svk), and two additional coefficients, the Spk/Sk and Svk/Sk rates.

2. Material and Methods

The machined material was a 16MnCr5 case hardened steel with HRC hardness values
of 60–63. External cylindrical surfaces with 60 mm diameter and 13 mm length were
machined. The physical and mechanical properties and the chemical composition of the
material are summarized in Tables 1 and 2.

Table 1. Physical and mechanical properties of 16MnCr5 [41].

Tensile Strength Yield Strength Elongation Thermal Conductivity Specific Heat Melting Temperature

1158 MPa 1034 MPa 15% 16 N/mK 500 J/kgK 1370–1400 ◦C

Table 2. Chemical composition of 16MnCr5 (ISO 683-3:2022).

C Si Mn Cr S P

0.14–0.19 <0.40 1.00–1.30 0.80–1.10 <0.035 <0.025

The hard turning experiment was carried out on a hard machining center EMAG VSC 400
DDS (EGAM Salach GmbH, Salach, Germany). The tool holder used was PCLNR 2020-K12.
In the experiment, two inserts were used, the 4NC-CNGA 120408-type standard and its
wiper counterpart. The radii of the inserts was rε = 0.8 mm. Three cutting parameters were
varied on three levels: the depth-of-cut (ap), the cutting speed (vc), and the feed rate (f ).
The design of the experiment (full factorial design) is presented in Table 3. The machining
was carried out dry.

The surface topography measurement was carried out on a 3D equipment-type Altisurf
520 (Altimet, Marin, France). For the scanning, a confocal chromatic sensor (type CL2) was
used. Its resolutions were 1 µm, 1 µm, and 0.012 µm in x, y, and z directions, respectively.
The scanning speed was 2000 µm/s. The cut-off lengths were 0.08, 0.25, and 0.8 mm,
depending on the periodicity of the machined surfaces; the evaluation areas of the surfaces
were 2 × 2 mm. In Figure 1, the positions of a workpiece in the machine tool and the
topography measuring equipment are presented. For the analysis of the topography data,
the software AltiMap Premium v6.2 (Altimet, France) and OriginPro 2022 (Originlab,
Northampton, MA, USA) were used.
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Table 3. Design of experiment—cutting data and the machines’ surfaces (Si).

Cutting Speed, vc (m/min)
120 180 240

Feed Rate, f (m/rev)
Insert 0.04 0.12 0.20 0.04 0.12 0.20 0.04 0.12 0.20

D
ep

th
-o

f-
cu

t,
a p

(m
m

)

0.05
Standard

S1 S2 S3 S4 S5 S6 S7 S8 S9
0.20 S10 S11 S12 S13 S14 S15 S16 S17 S18
0.35 S19 S20 S21 S22 S23 S24 S25 S26 S27

0.05
Wiper

S28 S29 S30 S31 S32 S33 S34 S35 S36
0.20 S37 S38 S39 S40 S41 S42 S43 S44 S45
0.35 S46 S47 S48 S49 S50 S51 S52 S53 S54
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Figure 1. (a) Hard turning and (b) topography measurement of the workpiece.

3. Results and Analysis
3.1. Normality Test and Analysis of Variance

To obtain numerical information concerning the means with which the cutting param-
eters influence the analyzed topography parameter values, one-way ANOVA calculations
were carried out for each topography parameter. The two main conditions of ANOVA
are that the variances of the considered groups of data have to be closely equal, and the
distribution of the data has to be normal. In ANOVA, one data group includes the data
that resulted from the machining at one level of one cutting parameter. In the experiment,
three cutting parameters were analyzed at three levels each for machining by a cutting
insert and two inserts were compared. In the case of one type of insert, a single cutting
parameter value belongs to nine setups (parameter level combination), where three levels
of the other two cutting parameters vary. For example, the data group of the 0.05 mm
depth-of-cut includes the data (of a single topography parameter) of surfaces S1–S9 (first
row of Table 3), and the cutting speed and feed rate vary at three levels each. In summary,
normality indicators of nine groups must be analyzed for each topography parameter
and one cutting insert. In the case of seven topography parameters and two inserts, the
normality of 126 groups has to be analyzed.

For analyzing the normality, Shapiro–Wilk tests were carried out for the considered
groups. This test is suitable for small amounts of data. The test is a hypothesis test, and
the null hypothesis is that the sample results from a normal distribution. The W statistic
of the test expresses the goodness of fit to the normal distribution. The p value of the test
provides information on the acceptance or rejection of the null hypothesis. If the p value is
lower than a preliminary determined α value (significance level), then the null hypothesis
should be rejected, i.e., the sample is not generated from a normal distribution. If the p
value is higher than the α, it indicates that there is not enough proof that the sample results
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are from an abnormal distribution. The usual value of the α is 0.05, and it is applied in this
study as well.

The W and p values are summarized in Table A1. Based on the p values, in Table 4,
the results of the normality tests are summarized. In 90 groups, the normality cannot be
rejected, and in 36, the normality is rejected.

Table 4. Results of the normality test.

Cutting Data
ap (mm) vc (m/min) f (mm/rev)

0.05 0.2 0.35 120 180 240 0.04 0.12 0.2

St
an

da
rd

in
se

rt

Ssk NR R R NR NR NR NR NR R
Sku NR R R NR R NR NR NR NR
Sz R R R NR NR NR NR R R
Sa R R R NR NR NR NR R R
Sk R R R NR R R NR NR R

Spk NR NR NR NR NR NR NR NR NR
Svk NR NR NR NR NR NR NR NR NR

W
ip

er
in

se
rt

Ssk NR NR NR NR NR NR NR NR NR
Sku NR NR NR NR NR NR NR NR NR
Sz NR NR R NR NR R R NR NR
Sa NR NR NR NR NR NR R NR NR
Sk NR NR NR NR NR NR R NR NR

Spk R R R R R R R NR NR
Svk R NR NR NR NR NR R NR NR

Legend: NR—normality not rejected; R—normality rejected.

The analysis of variance (ANOVA) is useful to find the significance of the machining
parameters and their effects on other qualifying variables of the machined surfaces [42].
The one-way ANOVA is applied for a topography parameter that belongs to one cutting
parameter, with all three parameter levels. Nine topography datapoints belong to one level,
which form one data group, and three data groups (three levels) of a cutting parameter
must be compared in ANOVA. In the case of one topography parameter, one analysis has
to be carried out for one cutting parameter, and in the analysis, the variances of three data
groups are compared. This indicates that in the case of two cutting inserts, six analyses of
variance have to be carried out for one topography parameter.

In the test, the F statistic is applied; it compares the variation within a group (topog-
raphy data connected to a cutting parameter level) to the variation between the analyzed
groups. If the F value is relatively high, this indicates that the variation between the sample
means is higher than the variation within the samples. The null hypothesis of the analysis
is that there is no significant difference between the group means. If the F value is high, the
p value is relatively low. If the p value is under the preliminary designated α value, the null
hypothesis is rejected (the means are probably not equal); if it is higher, there is not enough
proof to reject it. In Figure 2a, the means are relatively close to each other, and in Figure 2b,
there is a significant difference between them. In Figure 2c, the variances are relatively
low, the means differ from each other significantly, and they increase as a function of the
feed rate (there is a strong correlation between them), which indicates that there must be
a connection between the cutting and the topography parameter. In the present study,
α = 0.05 was chosen.

In this experiment, three analyses of variance belong to one topography parameter. In
the case of seven topography parameters and two cutting inserts, the potential number of
analyses is 42. However, based on the normality tests, the normality cannot be rejected in
only 21 cases, and the analyses of variance can be interpreted only for these cases. In Table 5,
the F and p values are summarized for the analyzed topography parameters. The results
for which the normality condition is fulfilled are underlined in the columns of the p values.
Where the p values are lower than 0.05, the means of the groups are not equal, which
indicates that the topography parameter values might depend on the considered cutting
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parameter values if the two parameters correlate with each other. Where the p is higher
than 0.05, the cutting parameter probably has no influence on the topography parameter.
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Figure 2. Differences between the groups means (95% confidence interval for the mean)—(a) no
significant difference, (b) significant difference, (c) significant difference and clear connection between
the cutting and the topography parameter.

Table 5. Results of the ANOVA analysis.

In
se

rt

C
ut

ti
ng

Pa
ra

m
et

er Topography Parameter

Ssk Sku Sz Sa Sk Spk Svk

F p F p F p F p F p F p F p

St
an

da
rd ap 0.43 0.658 2.17 0.137 0.20 0.820 0.25 0.784 0.76 0.477 0.05 0.948 0.10 0.903

vc 0.02 0.976 0.20 0.823 0.00 0.996 0.00 0.997 0.00 1.000 0.00 0.997 2.67 0.090

f 36.49 0.000 26.04 0.000 404.5 0.000 371.5 0.000 101.3 0.000 547.1 0.000 6.87 0.004

W
ip

er

ap 0.55 0.584 0.17 0.846 0.87 0.434 0.84 0.442 0.52 0.601 0.96 0.398 1.67 0.208

vc 0.03 0.972 0.01 0.985 0.11 0.900 0.11 0.896 0.08 0.921 0.08 0.924 0.6 0.556

f 107.2 0.000 10.31 0.001 68.37 0.000 68.62 0.000 75.6 0.000 70.3 0.000 3.73 0.039

As can be observed from the data, none of the analyzed topography parameters are
influenced (the means do not deviate significantly) by the depth-of-cut (ap) or the cutting
speed (vc), and all of them are influenced (the means differ from each other significantly)
by the feed rate (f ).

However, considering only the cases for which the normality is valid, the following
conclusions can be drawn:

• Spk and Svk were not influenced by the depth-of-cut when the standard insert was
used. Ssk, Sku, Sa, and Sk were not influenced by the depth-of-cut when the wiper
insert was used.

• Ssk, Sz, Sa, Spk, and Svk were not influenced by the cutting speed when the standard
insert was used. Ssk, Sku, Sa, Sk, and Svk were not influenced by the cutting speed
when the wiper insert was used.

• Sku, Spk, and Svk were influenced by the feed rate when the standard insert was used.
Ssk and Sku were influenced by the feed rate when the wiper insert was used.

3.2. Analysis of the Topography Parameters

The ANOVA test provides information on whether the means of the topography
parameter values connected to one cutting parameter level show significant deviation
or not. The positions of the confidence intervals of the means did not provide appropri-
ate information on the effects of cutting parameters in this study because in some cases,
the normality was not fulfilled. Tendencies (e.g., whether a topography parameter in-
creases or decreases as a function of a cutting parameter) can be analyzed by the actual
values of the topography parameters. In Figures 3–9 the topography parameter values are
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demonstrated by surface plots separated based on the feed rates applied: f 1 = 0.04 mm/rev,
f 2 = 0.12 mm/rev, and f 3 = 0.2 mm/rev. In the figures, the separated surfaces demonstrate
the measured datapoints. In most of the topography parameters, the datapoints of each
feed rate level are clearly separated, which is more obvious in the case of the surfaces
machined by the standard insert, and not valid for the parameter Svk. Regression functions
were constructed for the obtained topography data (see Section 3.3).
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Figure 4. Kurtosis values (Sku) for (a) standard insert and (b) wiper insert.

When the standard insert was used, the Ssk values varied between −0.37 and 0.30, 0.38,
and 0.89, and 0.38 and 0.60 at feed rates 0.04, 0.12, and 0.2 mm/rev, respectively (Figure 3a).
This indicates that there is no clear connection between the Ssk and the feed rate, because
the Ssk ranges do not increase with the feed rate. When the wiper insert was used, these
ranges were −0.36–0.01, 0.10–0.51, and 0.55–0.90, which indicates that the feed rate might
influence the Ssk parameter, since the Ssk ranges increase with the feed rate (Figure 3b).
Using the standard insert, the Ssk values vary around the value 0, and some of them are
below 0 at feed rate 0.04 mm/rev. When using the wiper insert, most of the Ssk values are
below 0 at the lowest feed rate. These surfaces are the most filled ones in their peak zones,
i.e., the load-baring capacity and the wear resistance are the highest among the machined
surfaces, which confirms the findings of [33].
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Figure 8. Spk values for (a) standard insert and (b) wiper insert.
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Figure 9. Svk values for (a) standard insert and (b) wiper insert.

When the standard insert was used, the Sku values varied between 2.37 and 3.07,
1.84 and 2.70, and 1.90 and 2.12 at feed rates 0.04, 0.12, and 0.2 mm/rev, respectively
(Figure 4a). This indicates that there is no clear connection between Sku and the feed rate,
because the Sku ranges strongly overlap each other. When the wiper insert was used, these
ranges were 2.49–3.20, 2.16–2.93, and 2.66–3.32, which indicates that the feed rate probably
does not influence the Sku parameter. In Figure 4b, it can be observed that the Sku ranges
increase with the feed rate at the levels 0.12 and 0.2 mm/rev; however, the range connected
to the feed rate 0.04 mm/rev overlaps the other two. At the same time, the topography
values connected to the 0.04 mm/rev feed rate decrease with the depth-of-cut, which is
not valid for the other two groups. Sku provides information on the rate of sharp peaks
and valleys. A kurtosis higher than 3 indicates more of these, and when the sharp peaks
are worn (relatively quickly), the surface becomes more filled. The surfaces that were
machined at 0.04 mm/rev by the standard insert have the Sku values closest to 3. When
the wiper insert was used, the Sku values were around or above 3 at the 0.04 mm/rev feed
rate and the 0.05 mm depth-of-cut cutting parameter value combination, as well as at the
0.2 mm/rev and 0.35 mm combination.

When the standard insert was used, the Sz values varied between 0.49 and 0.93 µm,
1.65 and 2.42 µm, and 4.41 and 5.51 µm at feed rates 0.04, 0.12, and 0.2 mm/rev, respectively
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(Figure 5a). This indicates that there is a clear connection between Sz and the feed rate,
because the Sz ranges increase with the feed rate. When the wiper insert was used, these
ranges were 0.46–1.12 µm, 0.68–1.03 µm, and 1.30–2.23 µm, which indicates that the feed
rate might influence the Sz parameter (Figure 5b). Although the 0.04 and 0.12 mm/rev
ranges overlap, the topography values connected to the 0.12 mm/rev are mostly higher at
the same ap–vc combinations. A high-quality and wear-resistant surface is characterized
by low Sz values, which indicates that the application of a low feed rate is best to reach
this purpose.

When the standard insert was used, the Sa values varied between 0.08 and 0.13 µm,
0.34 and 0.59 µm, and1.07 and 1.34 µm at feed rates 0.04, 0.12, and 0.2 mm/rev, respectively
(Figure 6a). When the wiper insert was used, these ranges were 0.06–0.16 µm, 0.12–0.18 µm,
and 0.23–0.44 µm (Figure 6b). The same interpretation can be made here as in the case of
Sz, and it should be noted that Sa is the most common parameter in part drawings.

When the standard insert was used, the Sk values varied between 0.22 and 0.40 µm,
0.51 and 1.28 µm, and 2.03 and 3.54 µm at feed rates 0.04, 0.12, and 0.2 mm/rev, respectively
(Figure 7a). When the wiper insert was used, these ranges were 0.17–0.44 µm, 0.38–0.55 µm,
and 0.64–1.20 µm, respectively (Figure 7b). The topography parameter ranges and their
means are well separated, which indicates that the topography parameter values are
influenced by the feed rate. The topography parameter values connected to the feed rate
are relatively close to each other when the wiper insert is applied, and their means are
significantly lower than the results for the standard insert.

When the standard insert was used, the Spk values varied between 0.05 and 0.14 µm,
0.79 and 1.00 µm, and 1.67 and 2.21 µm at feed rates 0.04, 0.12, and 0.2 mm/rev, respectively
(Figure 8a). When the wiper insert was used, these ranges were 0.05–0.18 µm, 0.08–0.25 µm,
and 0.40–0.83 µm, respectively (Figure 8b). The topography parameter ranges and their
means are well-separated, which indicates that the topography parameter values are
influenced by the feed rate. The topography parameter values connected to the feed rate
are relatively close to each other when the wiper insert is applied, and their means are
significantly lower.

When the standard insert was used, the Svk values varied between 0.07 and 0.15 µm,
0.06 and 0.11 µm, and 0.07 and 0.19 µm at feed rates 0.04, 0.12, and 0.2 mm/rev, respectively
(Figure 9a). When the wiper insert was used, these ranges were 0.07–0.19 µm, 0.07–0.14 µm,
and 0.09–0.17 µm, respectively (Figure 9b). It can be observed that the topography param-
eter values are not influenced by the feed rate, as the value ranges as well as the values
are random.

Concerning the Sk topography parameter group (Sk, Spk, and Svk), it is worth eval-
uating the results by coefficients created from the parameters. The Spk/Sk rate provides
information on the initial wear characteristics of a contact surface. The lower its value,
the shorter the initial wear phase (running-in). At the same time, when the upper part of
the surface is worn, the bearing ratio is increased, which results in a better load-baring
capacity. Concerning lubrication, a higher Svk/Sk rate indicates relatively low valleys,
which is useful for the lubricant retention ability of a surface. Independently of the cutting
insert used, low Spk/Sk rates were obtained at the lowest (f = 0.04 mm/rev) feed rate; the
value of the Spk was around one-third of the Sk in both cases. Concerning the Svk/Sk rate,
similar results were obtained, where the most favorable value (highest Svk/Sk rate) was
the lowest feed rate. The value of Svk was around one-third of the Sk value (Figure 10). The
Svk/Sk rates decreased with the feed rate in the cases of both inserts.

The means of the topography parameters of surfaces machined by standard and wiper
inserts are presented in Figure 11. Cutting inserts with a wiper cutting edge provide
favorable roughness results than the ones with standard edge under the same cutting
conditions [43].
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Figure 10. Comparison of the standard insert and wiper insert based on the Spk/Sk and Svk/Sk rates.
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Figure 11. Means of the topography parameters.

The means of the Ssk values vary around zero, and no tendency can be observed in
relation to the two types of inserts. The means of the Sku values of the surfaces machined
by the wiper insert are higher than those machines by standard insert. The percentage
differences (if the values connected to the standard insert are 100%) are 5, 16, and 51% at
0.04, 0.12, and 0.2 mm/rev feed rates, respectively. The means of the Sz, Sa, Sk, and Spk
values of surfaces machined by the wiper insert are lower than those machined by the
standard insert at all of the analyzed feed rates. In the case of Sz, the percentage decreases
are 14, 59, and 65% in the increasing order of the feed rate levels. These values for Sa are 16,
69, and 74%; for Sk, they are 15,52, and 70%; and for Spk, they are 27, 81, and 66%. In the
case of the Svk parameter, the values connected to the wiper insert are 5% lower at 0.04 and
0.2 mm/rev feed rates and 12% higher at 0.12 mm/rev. If lower Ssk is favorable, the wiper
insert is recommended at 0.04 and 0.12 mm/rev feed rates. If higher Sku yet lower Sz, Sa,
Sk, and Spk are favorable, the wiper insert is recommended at all three of the analyzed feed
rates. This confirms the results of [43]. The Svk values are relatively close to each other at
the analyzed feed rate levels; therefore, a clear recommendation cannot be made based on
the analyzed feed rates.
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3.3. Response Functions for the Topography Parameters

Quadratic response functions were constructed for the obtained topography data
(Equation (1)). The β coefficients are summarized in Table A2.

S = β0 + β1ap + β2vc + β3 f + β11a2
p + β22v2

c + β33 f 2 + β12apvc + β13ap f + β23vc f (1)

where S designates the topography parameter.
The response function is constructed for the measured data. The coefficient of de-

termination (R2) is suitable to obtain information with regard to how well a response
function fits the measured data. In Table 6, these values are summarized. In the case of the
standard cutting insert, the Svk parameter is strong (0.49 < R2 < 0.81) and the fit of the other
parameters is extremely strong (0.81 < R2 < 1).

Table 6. Coefficients of determination (R2) for the measured data.

Insert
Topography Parameter

Ssk Sku Sa Sz Sk Spk Svk

Standard 83.1% 85.9% 99.6% 99.6% 98.3% 98.7% 69.3%
Wiper 95.3% 71.9% 94.1% 95.2% 92.3% 97.1% 54.7%

When the wiper insert was used, strong relationships were obtained for the parameters
Sku and Svk, while extremely strong for the others. These findings indicate that the quadratic
form can be considered suitable.

The R2 is suitable to obtain information regarding the extent to which the cutting
parameters and their interactions influence the topography parameter values (Table 7). The
strongest single influencing cutting parameter is the feed rate for all of the topography
parameters. If both the single parameters and their interactions are considered, the fol-
lowing can be stated. When the standard insert was used, the cutting parameter with the
strongest influence was the feed rate in the case of the topography parameters Ssk, Sku, and
Spk (41.3–97.5%); the f 2 in the case of Sa, Sz, and Sk was within the range 88.6–97.12%, and
the vcf interaction in the case of Svk was 38.3%. When the wiper insert was used, the most
influential cutting parameter was the feed rate in the case of the topography parameter Ssk
(89.9%); the f 2 in the case of Sa, Sz, Sk, and Spk were in the range 83.1–86.3%, and the apf
interaction in the case of Sku and Svk were in the range of 11.6–33.3%.

Table 7. Coefficients of determination (R2) for the cutting parameters and their interactions.

Insert Topography
Parameter

Cutting Parameters
ap vc f ap

2 vc
2 f 2 apvc apf vcf

St
an

da
rd

Ssk 1.5% 0.2% 41.3% 0.8% 0.2% 27.1% 1.2% 5.7% 33.1%
Sku 9.7% 0.2% 63.3% 6.5% 0.1% 54.5% 7.4% 47.1% 44.6%
Sa 1.4% 0.0% 93.8% 1.0% 0.0% 96.9% 1.0% 50.1% 69.5%
Sz 1.2% 0.0% 93.6% 0.9% 0.0% 97.1% 1.0% 49.8% 70.6%
Sk 3.6% 0.0% 82.2% 2.3% 0.0% 88.6% 2.7% 56.8% 61.7%
Spk 0.1% 0.0% 97.5% 0.0% 0.0% 96.2% 0.1% 32.1% 72.7%
Svk 0.1% 11.9% 21.8% 0.2% 10.2% 28.2% 1.9% 15.8% 38.3%

W
ip

er

Ssk 2.4% 0.2% 89.9% 1.5% 0.2% 86.7% 1.9% 50.2% 65.1%
Sku 1.1% 0.0% 2.1% 1.3% 0.0% 7.1% 0.8% 11.6% 2.2%
Sa 2.3% 0.5% 79.7% 1.1% 0.4% 84.8% 0.9% 48.4% 54.6%
Sz 3.6% 0.3% 78.0% 2.2% 0.2% 84.2% 1.9% 53.5% 56.5%
Sk 1.6% 0.4% 82.7% 0.8% 0.3% 86.3% 0.5% 45.9% 57.0%
Spk 4.4% 0.5% 75.0% 2.8% 0.5% 83.1% 2.3% 55.8% 50.7%
Svk 11.4% 0.1% 20.9% 9.7% 0.2% 23.1% 8.1% 33.3% 23.4%

4. Discussion of the Results

In this study, 3D topography parameters are analyzed. Essentially, in the case of 2D
topography analysis, the measurements are recommended to be repeated three times. In
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3D measurement, due to the large amount of surface data, repetition is not necessary. An
evaluated 3D area in this experiment incorporates 2000 2D profiles because the resolution
of the 2 × 2 mm area is 1 µm in both the x and y directions. This is strengthened by the fact
that the machined surfaces are homogeneous.

As a result of the topography parameter value analysis, it was found that the Ssk
parameter does not increase with the feed rate when the standard insert is used, but
increases when the wiper insert is used. In the case of the depth-of-cut and cutting speed,
no similar tendencies were found; they are not applicable for optimizing the Ssk parameter.
The Sku parameter does not increase clearly with the feed rate when either inserts were
used. In the case of the depth-of-cut and cutting speed, no tendencies were found; the
cutting parameters are not perfectly applicable for optimizing the Sku parameter. The Sz, Sa,
Sk, and Spk parameters clearly increase with the feed rate when either insert was used. The
feed rate can be applied for optimizing these topography parameters. The datapoints of a
feed rate level are relatively close to each other, the surface plots are closely parallel to the
axes of depth-of-cut and cutting speed, and no clear tendencies in the values were found.
This indicates that the depth-of-cut and the cutting speed are not suitable for optimizing
the Sz, Sa, Sk, and Spk parameters. Concerning Svk, it was found that none of the cutting
parameters are capable of optimizing the Svk parameter. Similarly to the Ssk parameter,
by applying the analyzed cutting parameter values, it is possible to designate topography
parameter value ranges of expected values.

If the selection of the most suitable cutting parameter combination is intended based
on the topography parameter values, the following findings can be summarized for the
topography parameters analyzed. A low Ssk value is aimed for if a wear-resistant surface
is specified. The lowest Ssk value was −0.37, which was obtained at the 0.04 mm/rev feed
rate (ap = 0.05 mm; vc = 120 m/min) with the standard insert, and −0.36 at 0.04 mm/rev
feed rate (ap = 0.05 mm; vc = 180 m/min) when the wiper insert was used. A low Sku value
is favorable if sharp peaks should be avoided (due to debris formation); and a high value if
fluid retention ability is intended. The lowest values (1.84 and 2.16) were obtained at the
0.12 mm/rev feed rate (ap = 0.2 mm; vc = 120 m/min; and ap = 0.05 mm; vc = 180 m/min)
when the standard and wiper inserts were used, respectively. The highest values (3.07 and
3.32) were obtained at the 0.04 and 0.2 mm/rev feed rate (ap = 0.2 mm; vc = 180 m/min;
and ap = 0.35 mm; vc = 180 m/min) when the standard and wiper inserts were used,
respectively. Generally, the surface quality can be considered as high if the Sz or Sa values
are low. The lowest Sz values were 0.49 and 0.46 µm; the lowest Sa values were 0.08 and
0.06 µm when the standard and wiper inserts were applied, respectively. All of these values
were obtained at the 0.04 mm/rev feed rate (ap = 0.05 mm; vc = 120 m/min). A low Spk
value is favorable if a wear-resistant surface is specified, and a high Svk is desirable if good
lubricant retention ability is specified. The lowest Spk values (0.05 and 0.046 µm) were
obtained at a 0.04 mm/ref feed rate (ap = 0.05 mm; vc = 120 m/min; and ap = 0.35 mm;
vc = 180 m/min) when standard and wiper inserts were used, respectively. The highest
Svk values (0.193 and 0.186 µm) were obtained at the 0.02 and 0.04 mm/ref feed rates
(ap = 0.2 mm; vc = 240 m/min; and ap = 0.2 mm; vc = 120 m/min) when the standard and
wiper inserts were used, respectively.

The results of the response function construction indicate that, concerning the vc
and ap parameters, their influencing powers for the analyzed topography parameters are
relatively low. The ap and vc themselves determine the topography values at 0.1–11.4% and
0–11.9%, respectively. The a2

p, v2
c , and the apvc terms determine the topography values at

0–9.7%, 0–10.2%, and 0.1–8.1%, respectively. The terms that incorporate the feed rate have
a stronger influence on the topography parameters.

The Sa and Sz parameters are still the most frequently used and most widely known
parameters for assessing the quality of a surface. The Ssk and Sku parameters can be con-
sidered difficult to use, because clear tendencies between them and the cutting parameters
are relatively difficult to observe and they are ultimately sensitive to some topographical
characteristics (e.g., sharp peaks).
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The relationship between two variables is extremely strong if 0.9 < r < 1; strong if
0.7 < r < 0.9; medium if 0.4 < r < 0.7; weak if 0.2 < r < 0.4; and extremely weak if 0 < r < 0.2.
In Figure 12, the correlation coefficients (r) are summarized. Sz has an extremely strong
connection with the Sa, Sk, and Spk parameters when either the standard or the wiper insert
is used (0.95–1). Sa also has an extremely strong connection with Sz, Sk, and Spk (0.95–1).
The correlation between Sz and Sku is strong but negative when the standard insert (−0.77)
is used. The correlation between the Sz and Ssk is strong (almost extremely strong) when
the wiper insert (0.89) is used. The correlation between Sa and Sku is strong but negative
when the standard insert (−0.79) is used. The correlation between Sa and Ssk is strong
(almost extremely strong) when the wiper insert (0.89) is used. These strong and extremely
strong correlations indicate that the Sa and Sz parameters could be useful in assessing
surface characteristics related to those connected to the Ssk, Sku, Sk and Spk parameters,
which matches the findings of [20].
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Figure 12. Correlogram for the analyzed topography parameters—(a) standard insert, (b) wiper insert.

In Table 8, the correlation coefficients of parameters determining functional or tribo-
logical characteristics of a surface are summarized. The information reveals the limited
applicability of the Ssk and Sku parameters. Concerning the surfaces machined by the
standard insert, the Ssk parameter has a medium–strong connection with the Spk parameter.
The Sku parameter has a strong, negative relationship with the Sk and Spk parameters.
In the case of the wiper insert, the correlations between the Ssk–Sk and Ssk–Spk pairs are
almost extremely strong; and the Ssk–Svk pair correlation is medium strength. There are
also medium correlations between the Sku–Spk and the Sku–Svk pairs.

Table 8. Correlations for the tribology-related topography parameters.

Topography Parameter
Insert Sk Spk Svk Spk/Sk Svk/Sk

Standard
Ssk 0.34 0.62 0.05 0.89 −0.73
Sku −0.74 −0.76 −0.13 −0.19 0.94

Wiper Ssk 0.88 0.89 0.49 0.92 −0.82
Sku 0.21 0.42 0.49 0.53 0.28

Different results were obtained when analyzing the Spk/Sk and Svk/Sk rates. When
the standard insert is used, there are strong or extremely strong correlations between
the Ssk–Spk/Sk and the Sku–Svk/Sk pairs and a strong negative correlation between the
Ssk–Svk/Sk pair. When the wiper insert is used, there is an extremely strong correlation
between the Ssk–Spk/Sk pair, a strong negative correlation between the Ssk–Svk/Sk pair,
and a medium correlation between the Sku–Spk/Sk pair. If these rates are considered more
exact than the single Spk and Svk parameters, it can be concluded that the Ssk parameter
has a strong or extremely strong relationship with the Spk/Sk and the Svk/Sk rates. A
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generalizable yet strong relationship cannot be observed for the Sku parameter based on
the present experimental results. This result confirms the findings of [34].

5. Conclusions

An in-depth hard turning experiment was carried out for case-hardened 16MnCr5
steel, in which the cutting parameters ap, vc, and f were varied at three levels, and two dif-
ferent cutting inserts were used. The cutting parameter ranges were: ap = 0.05–0.35 mm;
vc = 120–240 m/min; and f = 0.04–0.2 mm/rev. Topography parameters (Ssk Sku, Sz, Sa, Sk,
Spk, Svk) were analyzed based on 3D topography scanning and analysis. Based on these
circumstances and process parameters, the following were found.

• A total of 126 data groups were analyzed for normality by the Shapiro–Wilk test. In
90 groups, normality could not be rejected, and in 36, the normality was rejected.

• Where the ANOVA test was carried out (normality fulfilled), the following statements
can be made: the Sku, Spk, and Svk parameters were influenced by the feed rate when
the standard insert was used, and Ssk and Sku were influenced by the feed rate when
the wiper insert was used.

• When the standard insert was used, the strongest influencing cutting parameter was
f in the case of the topography parameters Ssk, Sku, and Spk; f 2 in the case of Sa, Sz,
and Sk; and the vcf interaction in the case of Svk. When the wiper insert was used, the
strongest influencing cutting parameter was f in the case of the topography parameter
Ssk; f 2 in the case of Sa, Sz, Sk, and Spk; and the apf interaction in the case of Sku
and Svk.

• Based on the correlation analysis, it can be stated that the Sa and Sz parameters could
be useful in assessing surface characteristics related to the functional or tribological
properties connected to the Ssk, Sku, Sk, and Spk parameters.

• The Ssk parameter has a strong or extremely strong relationship with the Spk/Sk
and the Svk/Sk rates, which indicates the possibility for substituting Ssk for the
rate parameters.

As a generalization of the findings, the following can be stated. The feed rate of the
hard turning technology is not only suitable for optimizing the maximum and the arithmetic
heights of the profile, but also for optimizing other functionally important topography
parameters. Correlations among the topography parameters are worth examining, because
in cases where the correlation is strong, one parameter can be substituted by another with
an identical purpose. It can also be stated that comprehensive statistical analyses in 3D
topography studies result in numerically reliable findings.

The novelty of this study is that innovative cutting inserts were compared in an in-
depth machining experiment by varying all the cutting parameters of hard turning at three
levels. A widely used case-hardened material was used in the experiment and the cutting
parameters were set according to the tool manufacturer’s recommendation. Topography
parameters that are important in the functional behavior of contacting components were
involved in the study and the relationships among them were analyzed by ANOVA,
regression, and correlation analysis.

The research will be extended in the future to other, similar case-hardened material
grades, such as 20MnCr5, and the topography parameters will be studied with the same
statistical methods for grinding as a conventional precision machining technology in order
to compare the obtained results.
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Appendix A

Table A1. Results of the Shapiro–Wilk normality test (W statistics and p value).

Insert Cutting
Data

Ssk Sku Sz Sa Sk Spk Svk

W p W p W p W p W p W p W p

St
an

da
rd

a p
(m

m
) 0.05 0.872 0.130 0.915 0.355 0.810 0.026 0.801 0.021 0.771 0.010 0.852 0.078 0.887 0.186

0.2 0.747 0.005 0.766 0.008 0.826 0.040 0.823 0.037 0.796 0.018 0.859 0.093 0.883 0.168

0.35 0.812 0.028 0.778 0.011 0.818 0.033 0.818 0.033 0.776 0.011 0.852 0.079 0.876 0.142

v c
(m

/m
in

) 120 0.913 0.341 0.873 0.132 0.860 0.096 0.861 0.098 0.845 0.065 0.907 0.293 0.882 0.165

180 0.901 0.258 0.800 0.021 0.852 0.078 0.854 0.083 0.814 0.029 0.884 0.173 0.899 0.249

240 0.937 0.549 0.893 0.215 0.853 0.081 0.849 0.073 0.826 0.041 0.872 0.131 0.918 0.377

f
(m

m
/r

ev
)

0.04 0.890 0.199 0.944 0.627 0.923 0.417 0.929 0.473 0.918 0.378 0.920 0.395 0.836 0.052

0.12 0.884 0.175 0.857 0.088 0.738 0.004 0.781 0.012 0.870 0.123 0.924 0.429 0.939 0.574

0.2 0.802 0.021 0.866 0.112 0.715 0.002 0.721 0.002 0.741 0.004 0.911 0.321 0.932 0.503

W
ip

er

a p
(m

m
) 0.05 0.919 0.388 0.872 0.129 0.865 0.108 0.894 0.218 0.921 0.404 0.720 0.002 0.768 0.009

0.2 0.913 0.339 0.910 0.314 0.889 0.193 0.874 0.134 0.902 0.265 0.793 0.017 0.881 0.162

0.35 0.924 0.426 0.896 0.231 0.829 0.044 0.836 0.053 0.837 0.054 0.826 0.040 0.905 0.282

v c
(m

/m
in

) 120 0.948 0.667 0.938 0.561 0.908 0.304 0.902 0.263 0.928 0.460 0.798 0.020 0.920 0.396

180 0.941 0.588 0.984 0.981 0.867 0.113 0.897 0.236 0.921 0.400 0.805 0.024 0.926 0.446

240 0.953 0.727 0.953 0.720 0.830 0.045 0.851 0.077 0.869 0.120 0.828 0.042 0.890 0.200

f
(m

m
/r

ev
)

0.04 0.928 0.458 0.914 0.345 0.599 0.000 0.696 0.001 0.798 0.020 0.563 0.000 0.629 0.000

0.12 0.902 0.261 0.894 0.220 0.924 0.430 0.928 0.465 0.921 0.400 0.910 0.313 0.904 0.274

0.2 0.978 0.954 0.969 0.884 0.892 0.211 0.963 0.827 0.982 0.972 0.864 0.105 0.949 0.682

Table A2. Parameters of the response functions of the topography parameters.

β0 β1 β2 β3 β11 β22 β33 β12 β13 β23

St
an

da
rd

in
se

rt

Ssk −0.7754 −0.3392 0.0011 18.1603 3.8672 0.000000 −57.0061 −0.0036 −7.0882 −0.0009
Sku 2.6876 −4.1695 0.0106 −12.7357 8.6985 −0.000027 29.4687 −0.0034 2.5132 0.0022
Sa −0.0433 1.2206 0.0004 −0.3570 −3.5973 −0.000001 28.0512 0.0005 4.9007 −0.0012
Sz −0.3005 3.8343 0.0077 −4.2442 −11.2526 −0.000020 117.8880 −0.0008 20.9708 −0.0019
Sk 0.2555 6.0296 0.0000 −13.8065 −17.5195 0.000001 106.9340 −0.0012 25.5389 −0.0014
Spk −0.3094 −1.5050 0.0015 8.9316 4.2114 −0.000005 13.9748 0.0017 −5.4125 −0.0008
Svk 0.0008 −0.1270 0.0018 −1.4901 0.2790 −0.000005 4.2648 −0.0005 1.0125 0.0028

W
ip

er
in

se
rt

Ssk −0.3629 1.4551 −0.0008 4.9441 −5.1165 −0.000002 −0.0556 0.0046 2.1590 0.0016
Sku 4.2310 −2.4694 −0.0035 −20.7776 1.4988 0.000006 65.8160 −0.0001 17.7944 0.0115
Sa 0.1477 0.9556 −0.0013 −0.6355 −2.0748 0.000004 8.2057 −0.0009 1.4354 −0.0009
Sz 1.3660 4.1173 −0.0097 −7.3540 −9.4770 0.000026 49.8099 −0.0041 10.7340 0.0050
Sk 0.3117 2.1808 −0.0027 −0.3833 −4.3785 0.000009 18.0677 −0.0028 3.0132 −0.0030
Spk 0.2374 1.6341 −0.0019 −3.8877 −4.3193 0.000006 28.2292 −0.0010 6.0757 −0.0033
Svk 0.2625 0.2208 −0.0018 −0.9264 −0.2793 0.000004 1.8021 −0.0006 0.6701 0.0033
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