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A bstract: The article presents the results of comparative investigations concerning surface topography obtained as a result
of machining the workpiece with ball end and lens-shape end mills. The analysis was conducted for various values of width of
cutting ae and feed speed fz. The research results include the comparison of surface topography maps and parameters of linear
and surface roughness. It was shown. as a result of the research. that the use of lens-shape end mill allows to obtain similar
values of surface topography parameters to the obtained values in machining with ball end mill. while achieving more than twice
the efficiency of machining. As a result. there was demonstrated the potential for the use of lens-shape end mills in finishing
operations as a useful alternative to ball end mills.
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Streszczenie: W artykule przedstawiono wyniki badan poréwnawczych topografii powierzchni uzyskanych po obrébce
przedmiotu frezem kulistym oraz soczewkowym. Analize przeprowadzono dla réznych wartosci szeroko$ci skrawania a, oraz
predkosci posuwu f,. Wyniki badari obejmuja poréwnanie map topografii powierzchni oraz parametréw chropowatosci. liniowych
i powierzchniowych. W wyniku badan wykazano. ze zastosowanie freza soczewkowego pozwala na uzyskanie zblizonych wartosci
parametréw topografii powierzchni jak po obrébce fezem kulistym. osiggajac przy tym ponad dwa razy wiekszg wydajnosc
obrébki. W rezultacie wykazano potencjat zastosowania frezéw soczewkowych w operacjach wykonczeniowych jako uzytecznej
alternatywy dla narzedzi kulistych.

Stowa kluczowe: frez soczewkowy. frez barytkowy. frez kulisty. topografia powierzchni. chropowato$¢ powierzchni

Introduction

Currently. the five-axis milling method is widely used
in the production of components with complex geometry
in many branches of industry. Thanks to its flexibility.
this technology found its success in the production of
parts for several industries like aviation. automotive.
tool. energy and medical industries. Additionally. five-
axis milling is subject to increasing expectations both
in terms of dimensional accuracy and surface quality of
manufactured products.

In the case of finishing machining freeform surfaces.
the types of mills with the widest use are the ball end
mills (Fig. 1a). Their main advantage is a wide range
of applicability in relation to the shape of the machined
surface and easy gen-eration of tool paths. However.
the machining process using ball end mills shows a has
a very low efficiency due to the large quantity of tool
paths required [4-7] .

The popularity of ball end mills is reflected in a very
large number of scientific studies. The issues related to ~ Fig- 1. Diagram of: a) ball end mill (d = 2-). b) lens-shape end
the mechanics and dynamics of the process were taken L. (2153 2Hp () O T GO il (2755 245
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up by Altinas et al. [1, 8]. In their work. they developed
a mathematical description of the geometry of the ball
end milling cutter and model of the cutting layer cross-
section as well as proposed mechanistic equations for the
components of the cutting force.

Larue. Ferry et al. [9, 10, 12] extended the analysis
with the peripheral milling. Moreover, Wojciechowski
[22] proposed a model of the components of the cutting
force. vibration. deformation and tool wear when
machininghardened steels. Additionally. Ghorbani et al.
[11] included the values of the principal curvatures of the
machined freeform surface and the values of the radial
runout of the mill in the cutting force model.

The subject of surface topography obtained after
machining with a ball end mill was discussed by
Arizmendi et al. [2]. They proposed an analytical model
for determining the surface topography after machining
with a ball end mill based on the trajectory of the cutting
edge movement. taking into account technological
parameters such as tool feed. cutting depth. cutting width
and tool radial runout. Moreover. Seyed Ehsan et al. [15]
continued the issue for the case of five-axis machining.
They proposed a method for determining the surface
topography in which the position of the tool axis was
taken into account by defining the lead and tilt angles.

Due to the intensive development of CAM software. it
is becoming more frequent to use the tools with unusual
shapes. Circle segment end mills are gaining more and
more popularity. especially in the finishing of freeform
surfaces. The geometry of these tools is defined by an
arc. whose radius r, is many times greater than the radius
of the tool shank d/2 [24. 25]. This solution makes possible
maintaining the desired surface quality. while significantly
reducing the number of tool paths. However. the main
disadvantage of that type of tools is the limited positioning
range in relation to the machined surface [4-7].

Scientific studies concerning the circle segment
end mills most often put their focus on barrel-shape
and oval form tools. Artrxe. Urbikain et al. [3] presented
a mathematical description of the geometry of an oval
form endmill and proposed a mechanistic model of cutting
force components with reference to the radial runout of
the tool. In subsequent works [16, 17, 19] the model
was developed further by analysing the influence of the
lead angle. tilt angle and vibrations on the distribution of
cutting force components. This issue was also developed
for barrel-shape tools in the work of Olver et al. [14].

Urbikan et al. [18, 20] presented a mathematical
and empirical models for the determination of surface
roughness after machining with an oval form and a barrel-
shape mill. The issues of positioning and generating
a tool path of the barrel-shapeend mills were taken up
in the work of Wang et al. [21]. YaoAn et al. [23] and
Ming et al. [13]. Each of the works presents different
algorithms for determining the position of the tool axis
and points of contact with the machined surface in the
case of peripheral milling.
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One type of circle-segment end tools is the lens-
shape end mill. Despite theavailabilityof the solution of
this type of mills offered by tool manufacturers. there is no
scientific literature on this subject. The aim of this study
is to demonstrate the applicability of lens-shape end mills
as an alternative to ball end mills in five-axis finishing
milling operations.

Materials and methods

The first stage of the research was to perform
a finishing operation of the test workpiece. consisting of
a surface divided into 16 areas (Fig. 3). Different values
of the path width b, and the tool feedrate v, were used for
each of 16 machined areas. Tests numbered 1 — 8 were
carried out with a EMUGE FRANKEN 3544L.10020A
lens-shape end mill with a radius of r, = 40 [mm] (Fig.
2a). while tests numbered 9 —16 were performed using
a Sandvik Coromant R216.42-10030-AC19P 1620 ball
end mill with a radius r=5 [mm] (Fig. 2b). Both tools were
mounted in a Sandvik Coromant 930-HA06-HD-20-104
holder with the same overhang equal to 37 [mm].

<
)

a)

b)

Fig. 2. Tools used for tests a) lens-shape end mill EMUGE
FRANKEN 3544L.10020A b) ball end mill Sandvik Coromant
R216.42-10030-AC19P 1620

b)
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Fig. 3. Scheme of a) machine tool configuration. b) lens-shape
end mill machining. c¢) ball end mill machining

TECHNOLOGIA | AUTOMATYZACJA MONTAZU nr 4/2021




Fig. 4. Research-measurement stand: a) DMU 100 monoBLOCK milling centre. b) 3Dsystem InfiniteFocus Alicona optical micro-

scope

In each operation, a lead angle was used to avoid
contact of the tool tip with the machined surface. which
would result in a machining at zero cutting speed. In the
case of the lens-shapeend mill, the lead angle was set
to 4° (Fig. 3b). Using a larger value would engage the
radius r, in machining. On the other hand, for the ball end
mill, a lead angle of 45° was set in order to achieve the
maximum effective diameter of the tool (Fig. 3c). In this
case, setting a larger lead angle would result in a collision

of the tool holder with the workpiece. The tests were car-
ried out on a DMU 100 monoBLOCK multi-axis milling
center (Fig. 4a). The material machined during the tests
was 42CrMo4 steel. The technological and kinematic pa-
rameters used during machining are presented in table 1.

The next stage of the research was focused on
measurements of the machined surface topography.
They were performed using the 3Dsystem Infinite Focus
Alicona optical microscope (Fig. 4b).

Table 1. Technological and kinematic parameters used during the first stage of the test

Cutting width | Cutting deapth Tool feed v, Spindle speed o . o
No Tool b, [mm] a, [mm] [mm/min] A [min] Lead angle [°] Tilt angle [°]
1 0.2
2 0.4
1145.85
3 0.6
4 Lens-shape end 0.8
mill Emuge Franken 4
5 3544L.10020A 0.2
6 0.4
1604.19
7 0.6
8 0.8
0.2 7939 0
9 0.2
10 0.4
1145.85
11 0.6
Ball end mill
12 Sandvik Coromant 08 45
13 R216.42-10030-AC19P 0.2
1620
14 0.4
1604.19
15 0.6
16 0.8
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Results and Discussion

For all measured surface roughness profiles. the va-
lues of the profile roughness parameters Ra. Rq. Rz. Rt
(Fig. 5) show similar trends. As the path width increases
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linearly. The roughness parameters increase in an ap-
proximately linear manner. The change in tool feed did
not significantly affect the results because the discrepan-
cies it caused were within the measurement error margin.

1
I I
- «=d1 il NI

0,2 0,4 0,6 0,8

b, [mm]

12

10

Rt [pm]
(o]

N

- unll IlI "l II|
0,2 0,4 0,6 0,8

b, [mm]

Ball end mill
vi= 1604.19 [™/min]

[7 Ball end mill
vt = 1145.85[™™/min]

Fig. 5. Graphs depicting profile parameters of surface roughness a) arithmetic mean deviation — Ra. b) Root mean square devia-

tion — Rq. ¢) Maximum height — Rz. d) Total height — Rt

In the case of machining with a ball end mill. along
with the increase in the width of the tool path. the sur-
face roughness value increases significantly. It is parti-
cularly noticeable in the case of low path widths — when
changing the b, from 0.2 [mm] to 0.4 [mm] an increase in
all roughness parameters by over 100% is visible. With
a further increase in the br parameter, the increase in
the roughness parameters for the subsequent steps is
approximately 50% and 30%, respectively.

Measurements of the roughness of the surface milled
with a lens-shape end mill show lower values compared
to the surface machined with a ball end mill. For the path
width b= 0.2 [mm], it can be observed that the values
of Ra and Rq parameters constitute 30% of the values
obtained for the surface machined with a ball end mill.
and for Rz and Rt they equate to 50% of this value. An
increase in b, parameter causes an increase in the rough-
ness parameters. By analysing and comparing the values
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of the roughness parameters, in particular for larger path
widths, at least a 70% decrease in the roughness para-
meters values is visible.

All areal roughness parameters computed from me-
asurement data show similar tendencies. As the path
width b, increases linearly. there is an approximately
exponential increase in the surface stereometry parame-
ters Sa. Sq. Sz. St (Fig. 6).This tendency is particularly
visible on the measured surface topographies (Tab. 2).
where the increase of the path width b, is much more
significant in the upper ranges of the b, values. It is no-
teworthy, that for a lens-shape end mill the exponent is
smaller than for a ball mill. This relationship is clearly
visible on the measured topography which shows much
greater differentiation for the ball mill. At higher b, valu-
es, when comparing the analysed cutters, the results of
measurements are characterized by much greater diffe-
rences. For v= 1604.19 [mm/min] with b, = 0.2 [mm] the
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Fig. 6. Graphs depicting areal surface parameters of roughness a) arithmetic mean deviation — Sa. b) Root mean square deviation

— Sq. c) Maximum height — Sz. d) Total height — St.

difference in the Sq parameters for both end mills is only
about 0.2 [um]. After the increase to b, = 0.8 [mm], the
measurement of the Sq parameter of the surface machi-
ned by the lens-shape end mill was 1.1937 [um], and for
the ball end mill it was 4.8151 [um]. This means that for
Sq parameter, using a lens-shape end mill with a large
path width b,, it was possible to achieve a 75% reduc-
tion of the measured value. In the case of areal surface

Table 2. Surfaces topography after milling

roughness parameters, similarly to the profile rough-ness
parameters, no significant changes resulting from a chan-
ge in tool feed were observed. The only inaccuracy is in
the measurement of the parameter Sz and St, where for
b, = 0.8 [mm] there was observed a decrease in the value
of the roughness parameter with increasing tool feed. It
can probably be caused by external disturbances or vi-
brations in the cutting process.

N° 1: v, = 1145.85 [" _ 1b, = 0.2 [mm]
Sa =0.19470 [um] Sq = 0.24274 [um]

N° 9: v, = 1145.85 ["/min] b, = 0.2 [mm]
Sa =0.42792 [um] Sq = 0.52928 [um]

N° 2: v,= 1145.85 ["™__ ] b,= 0.4 [mm]
Sa =0.32818 [um] Sq = 0.40083 [um]

N° 10: v, = 1145.85 ["™/ ;.1 b, = 0.4 [mm]
Sa =1.0423 [um] Sq = 1.2251 [um]
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N° 3: v,= 1145.85 ["/_ ] b, = 0.6 [mm]
Sa =0.57917 [um] Sq = 0.68962 [um]

N° 11: v, = 1145.85 [™/_. ] b, = 0.6 [mm]
Sa =2.2159 [um] Sq = 2.5983 [um]

EEE s

N° 4: v, = 1145.85 [mm/min] b, = 0.8 [mm]
Sa =1.0025 [um] Sq = 1.1867 [um]

N° 12: v, = 1145.85 [mm/min] b, = 0.8 [mm]
Sa =4.0601 [um] Sq = 4.7517 [um]

N° 5: v, = 1604.19 [mm/min] b, = 0.2 [mm]
Sa =0.28247 Sq = 0.35433

N° 13: v; = 1604.19 [mm/min] b, = 0.2 [mm]
Sa = 0.39209 [um] Sq = 0.47982 [um]

N° 6: v, = 1604.19 [mm/min] b,= 0.4 [mm]
Sa =0.33048 [um] Sq = 0.40120 [um]

N° 14: v, = 1604.19 [mm/min] b, = 0.4 [mm]
Sa =1.0463 [um] Sq = 1.2352 [um]

N° 7: v,= 1604.19 [mm/min] b, = 0.6 [mm]
Sa = 0.58755 [um] Sq = 0.70416 [um]

N° 15: v, = 1604.19 [mm/min] b, = 0.6 [mm]
Sa =2.2358 [um] Sq = 2.6240 [um]

E T .

Ne° 8: v, = 1604.19 [mm/min] b,= 0.8 [mm]
Sa =1.0094 [um] Sq = 1.1937 [um]

N° 16: v, = 1604.19 [mm/min] b, = 0.8 [mm]
Sa =4.1592 [um] Sq = 4.8151 [um]

Conclusions

The results of research allow to draw the following
conclusions:

* As the path width br increases, all the measured va-
lues of the surface geometrical structure parameters
increase. However, the surface geometrical structure
parameters increase with the path width b, exponen-
tially. At the same time the profile roughness parame-
ters increase with the path width br linearly (fig. 5).

» The surfaces machined with a lens-shape mill is cha-
racterised by a lower roughness compared to the
surfaces machined with ball end mill, especially when
larger values of the path width b,, even up to 75%, are
considered.

* The feed in the range of values applied in the tests
does not significantly affect the roughness parame-
ters.

The research shows that the use of a lens-shape end
mill allows for obtaining values of the surface topography
parameters similaras the ones after the machining with
a ball mill. with more than a double of the path width b,.
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The potential of using lens-shape end mills in finishing
operations as an alternative to ball mills provides grounds
to continue research in the same direction as for other
circle segment end mills.
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