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1 Introduction

Freeform surfaces can be found in many places, almost everywhere from car parts to everyday
objects. From tool design to mould design, from the shape of wind and hydroelectric turbines
to aerodynamic design, these surfaces are used in a wide range of applications. However,
machining free-form surfaces is one of the most challenging areas for the cutting industry. The
parts produced must meet a wide range of user, technological and other requirements. Such
requirements may be aesthetic, ergonomic, flow or design. The technological requirements are
constantly increasing, and these surfaces must be produced with ever greater precision, both in
terms of roughness and accuracy of shape. In addition to these requirements, productivity and

economy must of course also be met.

Designing the production process is a complex task. The tools available for production and
quality control must be taken into account. Some products are often made of difficult-to-
machine materials and have complex geometries [1]. These factors make it difficult to plan

production.

The free-form surfaces are produced by machining with a ball-end milling tool using 3 or 5-
axis milling [2]. In all cases, the use of CAM (Computer Aided Manufacturing) software is
essential to create the toolpaths required for manufacturing [3]. Different toolpaths can be
produced with different machining strategies, which have an impact on productivity and
accuracy [4]. The correct choice of machining parameters is also an important consideration, as
they have a major impact on the properties of the surface created [5]. The accuracy of a surface
is usually assessed in three aspects, namely dimensional accuracy, shape accuracy [6] and

surface roughness [7].



2 Aims of the research

This thesis focuses on the theoretical and experimental investigation of the accuracy of free-
form surfaces produced using a ball-end milling tool (Figure 1). There are many aspects of
machining surfaces in this way, most of which have been investigated. The selection of the

aspects studied was based on a search of the national and foreign literature.

In the thesis | describe the geometric characteristics of free-form surfaces. In this section their
properties, creation and industrial applications are detailed. This is followed by the production

of components with such surfaces and a characterisation of the technologies used.

In the literature review, after a classification, I will examine in detail the aspects, research
directions and results related to the machining, measurement and accuracy of different free-

form surfaces found in the literature.
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Figure 1: Production of free-form surfaces
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Figure 2: Classification of test aspects

Theoretical studies were carried out to analyse the theoretical chip properties that can be
obtained by geometric modelling, the number of measurement points necessary and sufficient
to establish the accuracy of the shape. During the experimental investigations, the main research
focus was on the toolpaths and process parameters that can be set in the CAM system. | also
analysed the forces generated during milling and their effects. All these were evaluated in terms
of their impact on surface accuracy. The experimental phase was carried out in several phases
over a longer period of time, which are not presented chronologically but in a logical order. The
experiments were carried out at the Institute of Mechanical Engineering and Technology,
Faculty of Mechanical and Safety Engineering, Banki Donat (former Institute of Materials and
Manufacturing Engineering). The thesis statement, the summary and the description of further

research conclude my thesis.

The aim of the research is to investigate the technological aspects of machining free-form
surfaces with ball-end milling cutters, including dimensional and geometrical accuracy of the
surfaces, surface roughness. The technological approach means that during the research,
investigations and analyses are carried out that help the technological design process,

supporting the toolpath design work of the technological engineer in the CAM system. The



results of the research will support the more efficient use of CAM systems, helping to select

toolpaths that allow more accurate and efficient machining.



3 Methods

In the thesis | described the geometry, properties, creation and industrial applications of free-
form surfaces. Theoretical and experimental studies were used to investigate the effect of

different technological parameters and geometric characteristics on micro and macro accuracy.
Theoretical studies:
- | analysed the theoretical chip properties that can be obtained by geometric modelling.

- | have investigated the number of measurement points necessary and sufficient to establish

the accuracy of the shape

- | carried out a time analysis for different tool paths.

Experimental investigations:

- | analysed the toolpaths (sweep, contour controlled, spiral) that can be set in the CAM system,
- machining parameters (feed per tooth Vvf, side feed ae),

- the influence of the geometric characteristics of the workpiece (convexity, curvature, surface
normal) on the micro- and macro-accuracy of free-form surfaces (surface roughness,

dimensional and shape accuracy).

- | investigated the forces (Fc, Ff, Fp, F) generated during milling and their effects. All these

are also evaluated in terms of surface accuracy.
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4 Uj tudoméanyos eredmények

1. Tézis
| have developed a CAD simulation method to determine the shape, volume and mean thickness
of the resulting chips during ball-end milling of free-form surfaces (test parameters ranges: Dc
=10 mm; ap = 0.3 mm; fz = 0.08-0.16 mm; ae = 0.15-0.35 mm.)

Based on the simulation results, | found that for concave and convex surfaces, the chip volume
and the mean thickness vary differently. The variation in the mean chip thickness along the path
(standard deviation) is significant and depends on the milling direction, but the mean value is
only slightly sensitive to the milling direction. The mean value and variance of chip volume are

not sensitive to milling direction.

Based on the simulation data, | created a regression model that gives a good approximation of
the theoretical mean chip thickness, taking into account the feed rate, width of cut, feed
direction and surface normal. The presented simulation and regression method also provides
the possibility to study tool load variations, to select the appropriate milling strategy and to

determine the theoretical roughness.

2. Tezis
Surface measurements on a free-form surface coordinate measuring machine to investigate the
ideal number of measurement points and the point sampling methods and their effect on the
dimensional and shape accuracy under test (Test parameters: surface size 80 x 80 mm; surface

type: concave and convex; point sampling strategy: matrix and Halton-Zaremba.)

The analysis shows that the number of points and the point sampling method have only a small
influence on the measured values in the case of measurement error. In the case of rolling and
surface profile defects, the nature of the surface (convex or concave) and the milling parameters
affect the value of the defects. Increasing the number of points improves the accuracy of the

values.

Based on the measured data, | have found that there is a limit to the number of points above
which the surface profile error value increases only slightly, and this is the minimum value to
be used in the measurements. The experiments show that this value is independent of the

sampling methods considered.



3. Tézis
| have verified that the surface roughness of concave workpieces is better than that of convex
workpieces by smooth milling experiments on free-form surfaces curved in one direction with
a ball-end mill. This tendency is not influenced by the value of feed per tooth or the size of the
side step (tooth width).

However, the surface roughness value is strongly influenced by the surface normal vector and
the relative position of the tool axis. Where the vector is parallel to the tool axis (horizontal
surfaces), the worst roughness values are found, because the contact between the ball-end

milling cutter and the workpiece is smallest in surface area and tool diameter.

The roughness value is significantly influenced by the toolpath direction, so by choosing the
correct toolpath direction, the surface roughness can be improved (test parameters: n = 5100

rpm; Dc = 10 mm; vf = 1650 mm/min; ap = 0.3 mm; fz = 0.08 mm; ae = 0.35 mm;)

4. Teézis
Using smooth milling experiments on free-form surfaces curved in one direction with a ball-
end milling cutter, | have verified that the dimensional error varies with the toolpath direction,
but is significantly affected by the nature of the surfaces. The experiments carried out show that
the radius is larger than the nominal value for concave specimens and smaller than the nominal

value for convex specimens.

The machining parameters and the scanning mode (toolpath strategy) have less influence on the
dimensional accuracy than the nature of the surface in the case of triaxial machining (test
parameters: n = 5100 rpm; Dc = 10 mm; vf = 1650 mm/min; ap = 0,3 mm; fz = 0,08 mm; ae =
0,35 mm;)

5. Tézis
| found that the surface profile error and the surface surface cilindricity are sensitive to the
nature of the surface when testing the accuracy of a freeform surface milled with a ball milling
cutter (test parameter ranges: Dc = 10 mm; ap = 0.3 mm; fz = 0.08-0.16 mm; ae = 0.15-0.35

mm.)

The value of the profile error is strongly influenced by the machining direction (scanning
direction), as well as the feed rate and side step. For the same geometry, convex surfaces have
a lower geometric error. For convex and concave specimens, the deviation can be up to twice

as large.
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Based on these tests, | found that the milling direction has a greater effect on the shape accuracy
than the milling parameters. This is due to the distortion of the geometric relationships resulting

from the nominal cutting parameters due to changes in surface and feed direction.

6. Tézis
| have demonstrated by milling experiments on free-form surfaces that the resultant cutting
force and the individual force components (axial, feed direction, perpendicular to the feed) vary
greatly during the machining process and that the change in resultant force is followed by a
change in the geometric accuracy of the milled surface, but that the change in force is different
from the change in theoretical mean chip thickness. For convex workpieces, the cutting force
is higher and the force reaches its maximum value in the horizontal surface sections (test

parameter ranges: Dc = 10 mm; ap = 0,3 mm; fz = 0,08-0,16 mm; ae = 0,15-0,35 mm).

I have shown that the force momentum can be used effectively to compare the effect of changes
in force and machining time caused by machining parameters. The change in resultant force is
determined not only by the change in chip cross-section, but also by the conditions of the actual
machining section of the tool. When the tip of the tool is involved in the machining operation
(surfaces close to horizontal), the cutting force increases significantly, together with the

deflection.

Based on experimental results, | suggested that for smooth machining of free-form surfaces
with a ball-end tool, a milling strategy should be chosen in which the tool tip is least involved
in the machining to reduce cutting forces and misalignment. When determining the cutting force
by calculation, the position of the tool's working section must be taken into account in addition

to the chip cross-section, as this has a significant influence on the cutting force.
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5 The potential of the results

In my PhD thesis, I carried out a theoretical and experimental investigation of the machining of
free-form milled surfaces. The research investigated the causes of the geometrical accuracy of
machined surfaces from a technological point of view, so that the results can be used in this
field.

As a result of my research, | have identified correlations and conclusions that can be used in
industrial practice and applied in process design. These provide a basis for the fast
determination of the theoretical chip thickness, which is necessary for the estimation of the
cutting force and the resulting surface profile error. The results will support the selection of the
appropriate CAM motion strategy and the correct choice of the parameters that define the tool

path, taking into account the surface tolerances.
There is potential for future research in several areas:

- Extending the regression model based on the CAD model to take into account the depth of cut

and tool diameter.
- Detailed investigation of the effect of machining parameters on surface shape error.

- Development of a simulation application based on the mathematical model built using the
experimental results, able to estimate the surface deformation deviation taking into account the

surface shape, the cutting parameters and the tool path.

12
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