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NOTATIONS USED IN THE THESIS BOOKLET

ae [mm] — width of cut (radial depth of cut)

ap [mm] — depth of cut (axial depth of cut)

b: [mm] — tool nose width

CAD — Computer-Aided Design

Ds, [mm] — tool nominal diameter

f[mm/tooth] — feed per revolution

f> [mm/tooth] — feed per tooth

iC [mm] — inscribed circle diameter of the insert

R, [um] — arithmetical mean roughness

Ry [um] — reduced core roughness depth

Rp [wm] — maximum peak height

R, [um] — maximum height of the profile

re [mm] — tool nose radius

Sa [um] — arithmetical mean height of the scale limited surface
Sk [um] — reduced core roughness depth of the scale limited surface
Sp [um] — maximum peak height of the scale limited surface
S, [um] — maximum height of the scale limited surface

ve [m/min] — cutting speed

ao [°] — orthogonal clearance angle

7o [°] — orthogonal rake angle

K: [°] — principal cutting edge angle

K: [°] — secondary cutting edge angle

WITH
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1. Scientific background

The first chapter of my dissertation presents the topographical characteristics and
inhomogeneity of surfaces machined with tools with geometrically defined cutting edges.
Among the machining processes considered, particular emphasis is placed on face milling, for
which the surface roughness characteristics are described in detail. Based on the literature
review, the aims of the dissertation are identified.

1.1. Topography and inhomogeneity of surfaces machined with tools having defined edge
geometry

In the manufacturing process, the components of mechanical engineering products are
produced with the required accuracy and surface quality in order to meet the specified
structural, functional, and other performance requirements during their intended service life [1].
The proper formation of the geometrical characteristics of their surfaces plays a key role in
achieving these requirements [2]. Surface topography comprises features of various scales,
including macro- and micro-geometrical elements such as form and waviness deviations, as
well as surface roughness irregularities [3].

Accuracy and surface quality requirements can be fulfilled through machining processes,
among which cutting is prominent, offering precise, efficient, and versatile solutions [4] [5]. In
this process, a tool removes material from the workpiece, resulting in the formation of one or
more newly machined surfaces. As a result, the cutting edge(s) impart a characteristic texture
to the surface [6].

Machining processes using tools with geometrically defined cutting edges typically produce
periodic surface topography — regular, directionally repeating tool marks — formed by the
cutting edge(s) of the tool. Depending on the relative motions between the tool and the
workpiece, various patterns are generated on the machined surfaces, which can be classified
into six basic lay types [3]. This classification is based on the analysis of theoretical surface
topography, determined by the geometry of the cutting edge in the tool reference plane, the
kinematic relations between the tool and the workpiece, and the feed rate. In the case of surfaces
having parallel or perpendicular lay (e.g. produced by turning, drilling, peripheral milling, or
planing), as well as circular lay (e.g., face-turned), the surface texture and roughness values
measured in a given direction remain consistent across different areas. However, on surfaces
having crossed lay (machined with e.g., planing, shaping, or turning with two different cutting
directions), multidirectional lay (e.g., face-milled or sawed with rotary tools), or radial lay (e.g.,
planed or shaped with circular feed), the theoretical height of topographical elements varies
across the surface, and the roughness values measured in a given direction differ significantly.

The topography of a surface machined with a tool with geometrically defined cutting
edge is considered inhomogeneous if the theoretical roughness values vary at successive
measurement locations within a cutting mark formed during a single cutting period.

Among the machining processes considered, face milling is highlighted and the
characteristics of its surface topography and inhomogeneity are presented in detail. The surface
texture consists of cycloidal curves shifted in the feed direction. As a result, milling marks
repeat regularly in this direction [7], and the plane defined by the tool axis and the feed rate
vector is considered the symmetry plane (Figure 1, section A—A). On both sides of this plane,
the radial width and height of the tool marks decrease, and the radial distance between adjacent
grooves also decreases (Figure la). Due to the cycloidal tool marks, the surface texture is
asymmetric relative to the symmetry plane. However, this asymmetry is typically negligible
when the applied feed value is significantly smaller than the tool diameter (Ds; >> f). Therefore,
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the theoretical roughness values at measurement locations equidistant from the symmetry plane
in opposite directions are nearly identical, differing only slightly [8].

In face milling, it may occur — due to the relative motion conditions and the perpendicular
orientation of the tool axis and the machined surface — that the cutting edges engage the surface
twice during a single revolution of the tool: first during the front-cutting motion [9], and again
during the back-cutting motion within the continued feed movement. In such cases, the crossing
cycloidal tool paths intersect, resulting in a surface texture composed of diamond-shaped
protrusions. These features become progressively lower in height as the distance from the
symmetry plane increases, although their width — measured in the feed direction — remains
constant (Figure 1b) [10]. While the periodic nature of the topography with double milling
marks is preserved in the feed direction, measurements taken at different locations (and in
different directions) yield significantly varying profiles and measured areas (see profiles in
sections X—X and Y-Y in Figure 2) [7]. Due to secondary material removal, lower roughness
height values are observed in the topography [8]. The extent of this reduction depends on the
specific characteristics of the intersection between the front- and back-cutting traces.

. Surface to be machined - Cut surface ™ Machined surface
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Figure 1 Theoretical face-milled topography with single (a) and double (b) cutting marks (A—A:
symmetry plane)

Based on all of the above, it can be concluded that face-milled surface topography is
complex, and its roughness may vary significantly depending on the specific locations
examined [8] [9] [11]. The characteristics of such inhomogeneous topographies can only be
comprehensively assessed through measurements performed at multiple, deliberately selected
locations. However, both the Hungarian and international literature offers relatively few
publications that provide a thorough analysis of face-milled surface topography. Chuchala et
al. measured five areas on milled surfaces: one in the symmetry plane and two mirrored
locations on either side. They compared roughness results across these surface elements,
considering the direction of tool-workpiece relative motion — up-milled region, down-milled
region and near the symmetry plane [12]. Varga and Kundrak took into account the kinematic
conditions and the resulting differences in topographical regions formed by the cutting
movement of the face milling tool edge. Their analysis involved measurements for a 5x5 grid
of locations across the surface [13]. They found, in agreement with Zhenyu et al. [14], that the
maximum roughness values occur in the symmetry plane and gradually decrease in parallel
measurement planes further from it. Correspondingly, the peak height of the roughness profiles
also decreased in those regions. Furthermore, higher roughness values were observed on the
up-milled side/part of the surface. Felhd and Kundrak investigated both the theoretical and
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measured roughness of surfaces milled with increasing feeds, assessing in three parallel planes:
the symmetry plane and two others at equal distances on either side [15]. They highlighted that
roughness values differ across various regions of the topography, with the differences becoming
more significant at higher feeds.
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Figure 2 Profiles recorded at dlfferent locations and directions on a face- rmlled surface with double

milling marks [7]

In summary, it can be stated that the regularity of roughness variation has not been
comprehensively determined, yet it can significantly influence the functional properties of
mated surfaces. Therefore, the aim of this dissertation is to investigate the inhomogeneity of
machined surfaces and to reveal their characteristic features.

1.2. Aims of the Dissertation

The aim of my research is the theoretical and experimental investigation of the topography and
roughness variation of surfaces machined with geometrically defined cutting edge tools, with a
focus on revealing the magnitude, characteristics, and correlations of their inhomogeneity. The
research has been carried out in the following steps:

A theoretical overview of the topographies of surfaces produced with geometrically
defined cutting edge tools, including analysis of their texture.

Classification of machined surface topographies based on the type of lay, and
identification of machining methods that generate inhomogeneous topographies.
Selection of the process expected to produce significant roughness variation on the
finished surface.

Presentation and theoretical characterization of the inhomogeneity of surface
topographies produced by the selected process, face milling. Demonstration of the
effects of investigated parameters.

Determination of topographical parameter(s) best expressing the inhomogeneity based
on the greatest variation and relative distribution characteristics of values.
Investigation of the effects of tool and workpiece motions on surface texture and
roughness variation. Theoretical and experimental comparative analysis of the
inhomogeneity of face-milled topographies with single and double milling marks,
considering kinematic conditions and tool edge geometry; revealing their magnitude
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and nature. Assessment of the influence of measurement direction on the values of the
investigated topographical parameters.

e Examination of the influence of milling tool and workpiece geometry on the degree and
nature of inhomogeneity on face-milled topographies, establishing correlations.
Comparative analysis of topographies produced with different tool edge geometries,
determining and ranking their inhomogeneity.

e Analysis of the roughness inhomogeneity of the studied surfaces in response to changes
in feed per tooth and cutting speed.

e Evaluation of the effects of measurement setup on the magnitude of inhomogeneity,
including the number and distribution of measurement locations on the surface. Based
on the results, establishment of a roughness measurement strategy for face milling that
accounts for the process-specific characteristics.

Figure 3 shows the research steps of the investigation into topographical inhomogeneity. The
expected outcome is the determination of the characteristics of inhomogeneity on surfaces
produced by the examined machining process, as well as the correlations between the selected
cutting parameters, tool and workpiece geometry, and roughness variations. This will allow the
design and manufacturing of components that better meet the functional requirements of the
machined surfaces.

Review of inhomogeneity of topographies machined
with geometrically defined cutting edge tools

¥

Research aims and proposed
prop | Selection of the studied process
approaches
Theoretical study Experimental study
Theoretical topography of face- Real topography of face-milled
milled surface surface
| Theoretical roughness values | | Measured roughness values |

~| Analysis of surface topography irregularities |’

Identification of roughness Results Measurement plan
parameters that best development for

characterize inhomogeneity I.nlﬂuence of kmematlc. inhomogeneity investigation
conditions and tool-workpiece

Effect of cutting parameters on geometry on surface Effect of measurement settings
surface inhomogeneity inhomogeneity on inhomogeneity

Figure 3 Steps of the research work
1.3. Research Tasks

To investigate the topographical inhomogeneity of face-milled surfaces, experiments were
carried out using the machine and device park at the Institute of Manufacturing Science,
University of Miskolc. Initially, preliminary experiments were carried outto select the
roughness parameters to be analyzed for the study of topographical inhomogeneity.
Subsequently, surfaces were machined using the chosen cutting parameters, followed by 2D
and 3D roughness measurements. The following sections present the experimental conditions,
the equipment used for roughness measurement, and the measurement procedure.
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1.3.1. Experimental conditions

The machining was carried out on a PerfectJet MCV-MS vertical CNC milling machine.
Plane surfaces were milled on normalized C45 grade unalloyed steel (1.0503) workpieces with
widths of 58 mm and 100 mm and a length of 50 mm. Face milling was performed without
coolant or lubrication. In the experiments, tools with four different insert geometries and
various nominal diameters were used. Each milling head was equipped with a single insert,
ensuring that tool edge runout did not influence the formation of the surface topographies. The
surfaces were machined using new, sharp tool edges during the experiments. The set cutting
data (cutting speed, feed per tooth, axial and radial depth of cut) were adjusted based on
designated baseline values. When analyzing the effect of the examined parameter, both lower
and higher values differing by the same magnitude from the baseline were applied. The
investigated ranges of the cutting parameters were: v = 200 — 400 m/min, f, = 0.2 — 0.6
mm/tooth, @, = 0.4 mm, a. =31.5 — 100 mm.

During machining, the symmetry plane of the milled surfaces as well as one edge on each
side were aligned perpendicular to the tool axis. Additionally, the feed length of the workpiece
determined the formed tool marks. Approaching the tool and feeding it until the tool axis
coincided with the symmetry point of the machined surface produced single, front-cutting tool
marks, while the subsequent feed motion — where the edge also scratched the surface during
back-cutting — generated double milling marks.

1.3.2. Surface roughness measurement conditions

Surface roughness measurements on the machined surfaces were performed using an
AltiSurf 520 three-dimensional surface topography measurement device (Fig. 4a). A CL2
confocal chromatic sensor equipped with an MG140 magnifier was used (Fig. 4b). The
measurements were evaluated with the AltiMap Premium software, version 6.2.

Figure 4 The topography measurement device (a), a workpiece with the roughness measurement
sensor (b)

During the measurements and evaluations, the ISO 4287 [16], ISO 4288 [17] and ISO 25178
[18] standards were considered and strictly followed. For deviation analysis, measurement
locations were taken on the surfaces in the symmetry plane as well as on parallel measurement
planes at equal distances from it, or in directions at specified angles to the symmetry plane. For
the 2D roughness measurements and evaluations, an evaluation length of 4 mm was set for feed
per tooth (f;) between 0.2 and 0.4 mm/rev, and 12.5 mm was set for f; = 0.6 mm/rev, with
corresponding cut-off lengths of 0.8 mm and 2.5 mm, respectively. For the 3D topography
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analysis, surface areas of 4 mm x 4 mm were evaluated at the designated measurement locations,
applying a cut-off length of 0.8 mm.

1.3.3. Method and procedure of theoretical investigations

For the theoretical investigation, I based my work on the research of Felhd. He considered
the theoretical roughness as a basis, using a CAD model he developed [19], which is determined
solely by the tool edge geometry and the kinematic conditions [20]. With this, he analytically
established the theoretical values of roughness parameters for milled topographies [19]. At the
same time, he developed the possibility for estimating and designing desired roughness values
[9]. In collaboration with Kundrak, he pointed out that different roughness values occur on the
surface in various directions and locations due to the kinematic conditions [15]. They described
the differences and correlations between the theoretical 2D and 3D parameters and the actual
measured roughness values in machining with geometrically defined cutting edge tools [9].

I examined the theoretical topographies of surfaces machined with the baseline cutting
parameters. I created CAD models of these surfaces, taking into account the projection of the
tool edge on the reference plane, the kinematic conditions of the tool and the workpiece — i.e.
the cycloidal path of the tool edge — and the magnitude of the feed. The roughness of the
topographical models was evaluated using the driver/software developed by Felhd [20], with
the values of the designated roughness parameters. I determined several theoretical
characteristics of the examined topographies: the nature of roughness variation, as well as the
values of the analyzed roughness parameters and their spatial variations.
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2. New scientific results, possibilities of application

Face milling is often used in industry as a finishing process for high-productivity machining
of plane surfaces. Nevertheless, the variation of the surface topography is in most cases not
considered, which can affect its functional properties. In my research, I addressed the questions
related to surface inhomogeneity that have not yet been sufficiently determined, as outlined in
the aims. The key conclusions drawn from these are summarized in the following theses.

2.1. Theses

T1. The concept of inhomogeneity is defined. Based on the relative motion and positioning
between the tool and the workpiece, material removal processes using tools with
geometrically defined cutting edges that result in inhomogeneous surface topography
are identified. Regarding this, a measurement plan for analyzing the inhomogeneity of
face-milled surface topographies is developed. [N12, N14, N17]

(Applied tool: an OFEX 05T3AE octagonal cutting insert in a Tungaloy T2845 PM
063.05Z5W tool, Ds, = 63 mm, 1 = 45° yo = 25° 00 = 7°, re = 0.4 mm. New edges for
each surface. Set cutting data: f, = 0.4 mm/tooth, v. = 300 m/min, ap = 0.4 mm,
ae = 63 mm. Studied roughness parameters: Ra, R;, Ry, Rk, Sa, Sz, Sp, Sk.)

T2.On surfaces face-milled with single cutting marks, the roughness differences between
symmetrical measurement locations relative to the symmetry plane remain minor (within
20%). On up-milled surfaces the range of measured values reaches up to 61%, which is
nearly identical to that found on down-milled surfaces, and is even higher (a maximum of
78%) on surfaces machined with a symmetrical setup. Among the measurement planes
oriented in the direction of feed, the differences in the symmetry plane are smaller (up to
20.5%) than in any other parallel measurement plane, where the range of values can reach
up to 41% for amplitude parameters R, R, R, and S, S, Sp, while for functional
parameters Ry and Sk, they can be as high as 53%. [N18, N19]

(Applied tools: an SEKN 1203 AFTN square cutting insert in a Canela 074890063 tool,
Ds, = 63 mm, k= 45° yo = 0° ao = 20° bs = 0.85 x 45°; a RCKX 1606-MO-TR round
cutting insert in an ATORN 10612120 tool, Ds; = 80 mm, iC = 16 mm, yo, = 23°, a0 = 7°.
New edges for each surface. Workpiece material: normalized C45 steel, 180 HB. Set cutting
data: f; = 0.2 mm/tooth, 0.4 mm/tooth, v. = 300 m/min, ap, = 0.4 mm, a. = 31.5 mm, 58 mm.
Studied roughness parameters: Ra, Rz, Rp, Rk, Sa Sz Sp, Sk.)

T3. On surfaces face-milled with double milling marks, the values of roughness parameters
decreased by 15-40% due to secondary material removal; however, the differences
between them increased. The variation range of both amplitude parameters (Ra, Rz, Rp
and S,, Sz, Sp) and functional parameters (Rx and Sx) is significant in measurement planes
oriented in the feed direction (up to 75% and 99%, respectively), as well as between
values measured in different planes (up to 104% and 119%, respectively). [N11, N20,
N25, N28]

(Applied tools:an SEKN 1203 AFTN square cutting insert in a Canela 074890063 tool,
Ds; = 63 mm, ke = 45° yo = 0° 00 = 20° by = 0.85 % 45° an RCKX 1606-MO-TR
round cutting insert in an ATORN 10612120 tool, Ds, = 80 mm, iC = 16 mm, y, = 23°,
ao = 7° New edges for each surface. Workpiece material: normalized C45 steel, 180 HB.
Set cutting data: f, = 0.2 mm/tooth, 0.4 mm/tooth, v = 200 m/min, 300 m/min,
ap = 0.4 mm, a. = 58 mm. Studied roughness parameters: Ra, R, Rp, Ry, Sa, Sz, Sp, Sk.)

10
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T4.0On surfaces generated by face milling with single tool marks, the variation in 2D

TS.

Té.

roughness values measured in directions inclined to the feed direction is minor (below
12%) up to an angle of 30°. At higher angles, up to 90°, the variation becomes significant
—reaching up to 108% for amplitude parameters (R,, R, Rpand S, S, Sp), and up to 126%
for functional parameters (Rx and Sk). Surface values representative of the entire area can
be obtained by using multiple offset parallel measurement planes aligned at an angle to
the feed direction. The change in measurement direction has no influence on the 3D
surface roughness characteristics of the topography. [N15, N21, N22, N24]

(Applied tool: an OCKX 0606-AD-TR octagonal cutting insert in an ATORN 10612120
tool, Ds; = 80 mm, kr = 43°, yo = 25°, 0o = 7°, e = 0.5 mm. New edges for each surface.
Workpiece material: normalized C45 steel, 180 HB. Set cutting data: f, = 0.4 mm/tooth,

ve = 300 m/min, ap = 0.4 mm, a. = 58 mm. Studied roughness parameters: Ra, R, Ry,
Rk: Sa, SZJ Sp; Sk)

The geometrical characteristics of the tool and the workpiece influence topography

inhomogeneity as follows:

e Increasing the diameter of the milling tool — for surfaces of the same size — reduced
the variation/range in roughness values from a maximum of 70% to 19%. However,
at a constant engagement angle, the variation remains below 20%.

e Increasing the width of cut — without changing any other cutting or measurement
parameters — resulted in nearly identical level of inhomogeneity.

e Face-milled surfaces produced with tools having different edge geometries were
ranked based on the degree of inhomogeneity. In increasing order: parallelogram-
shaped (24-32%), octagonal (38-51%), square-shaped with facet (37-74%), and
round insert tools (31-73%). [N10]

(Applied tools: an RCKX 1606-MO-TR round cutting insert in an ATORN 10612120
tool, Ds; = 80 mm, iC = 16 mm, yo = 23°, ao = 7°, an OFEX 05T3AFE octagonal cutting
insert in a Tungaloy T2845 PM 050.05Z4, T2845 PM 063.05Z5W or T2845 PM
100.05Z8 tool, Ds, = 50 mm, 63 mm, 100 mm, i = 45°, yo = 25°, a0 = 7°, re = 0.4 mm;
an R215.44-15T308M-WL parallelogram-shaped cutting insert in a Sandvik R252.44-
080027-15M tool, k: = 90° 1: = 3° yo = 0°, a0 = 11° r: = 0.8 mm; an SEKN 1203
AFTN square cutting insert in a Canela 074890063 tool, Ds, = 63 mm, 1 = 45°, yo = 0°,
oo = 20° bs = 0.85 x 45°. New edges for each surface. Workpiece material: normalized
C45 steel, 180 HB. Set cutting data: f, = 0.4 mm/tooth, v. = 300 m/min, a, = 0.4 mm,
ae =50 mm, 58 mm, 63 mm, 100 mm, @1 = @2=30° 60° 90° Studied roughness
parameters: Ry, R;, Rp, Rx.)

Changing the values of feed and cutting speed within the investigated ranges has a
significant impact on the inhomogeneity of the surface topography. Increasing the feed
per tooth caused the inhomogeneity of the face-milled surface to rise from 51% to 108%
for amplitude parameters Ra, Rz Rp and Sa, Sz Sp, and from 49% to 75% for functional
parameters Ry and Sk. Increasing the cutting speed, on the other hand, reduced the degree
of topography inhomogeneity from 77% to 51% for amplitude parameters, while for
functional parameters the variation fluctuated up to 67%. [N6, N8, N9, N13]

(Applied tools: an SEKN 1203 AFTN square cutting insert in a Canela 074890063 tool,
Ds, = 63 mm, k= 45° yo = 0°% a0 = 20° be = 0.85 % 45° an RCKX 1606-MO-TR round
cutting insert in a ATORN 10612120 tool, Ds, = 80 mm, iC = 16 mm, yo = 23°, oo = 7°.
New edges for each surface. Workpiece material: normalized C45 steel, 180 HB. Set cutting
data: f, = 0.2 mm/tooth, 0.4 mm/tooth, 0.6 mm/tooth, v. = 200 m/min, 300 m/min,
400 m/min, ap = 0.4 mm, a. = 58 mm. Studied roughness parameters: Ra, R, Rp, Rx.)

11
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2.2. Possibilities of applications and further development

By applying the investigation method presented in the dissertation, the surface topographical
characteristics can be described in greater detail than previous research results, and their
inhomogeneity can be specified more precisely based on the analyzed roughness parameters.
Consequently, components can be designed and manufactured to better meet the functional
requirements of the machined surfaces. This is especially significant given the continuously
increasing number of precision components produced.

The results of the dissertation can be further developed in several directions. For example,
the topographical characteristics of the face-milled surfaces — such as the variation in the height
and radial width of the tool marks, as well as the distinctive features of the tool mark
intersections — can be explored in more detail, and a database can be created to support the
planning of machining. Additionally, I intend to investigate the effects of machining parameters
not covered in this dissertation, such as the use of cutting fluids, spindle tilting, and stepover,
on surface inhomogeneity.

In the next phase of the research, I plan to investigate the closer relationship between surface
inhomogeneity and functional parameters, including tribological tests. Furthermore, I intend to
characterize topographies created with more complex tool geometries (e.g., end milling, ball-
end milling) and to extend the analysis method to other machining processes using tools with
geometrically defined cutting edge.

12
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