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Introduction values of roughness, waviness, hardness, residual

The surface quality affects the operational
properties of the machines parts. The machined
surface of any geometric shape is characterized by the

stresses, and deformation of the crystal lattice of
material. The surface roughness is an aggregate of
irregularities with the relatively small steps on the
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reference length [1]. The low surfaces roughness
ensures reliable coupling of two or more machines
parts and high accuracy of measurements. Machining
the billet surface must be performed at the high cutting
speeds and the low feed rates for achieving low
roughness. The cutting depth should be minimal for
elimination of heat in the cutting zone. However, the
machining performance is reduced in the conditions of
the mass production.

Machining is the most commonly used method
for manufacturing the machines parts. Milling is
removing allowance from the billet by means of the
various milling cutters. The roughness formation of
the machined surface of the part when milling on the
machine with the computer numerical control (CNC)
is presented in the number of the scientific works [2-
9]. Since milling takes place in the conditions of
removing variable allowance and constantly cutting
the teeth into the billet material, it is necessary to

increase rigidity of the cutting tool and the billet for
reducing the surface roughness.

The optimal milling modes for the certain range
of the cutting tool rotational speeds, the cutting
depths, and the billet feed rates can be determined
after the complex data processing of the multi-factor
experiment, which includes the analysis of the high-
quality three-dimensional images of roughness and
waviness of the surface.

Materials and methods

The experiment consisted in machining the billet
with the milling cutters and subsequent studying the
surface roughness on the microscope. The plate made
of aluminum alloy was used as the billet, since the
experiment was performed at the high milling speeds.
The billet was pre-machined on the universal milling
machine for ensuring the necessary dimensions, the
geometric shapes and the surfaces arrangement. The
billet dimensions are presented in the Fig. 1.

The open grooves were machined by the high-
speed and carbide end milling cutters with the
diameter of 10 mm on the wide flat surfaces of the
billet. Three cutting teeth were used for the high-speed
milling cutter, and two cutting teeth were used for the
carbide milling cutter. The tools for milling the open
grooves on the billet are presented in the Fig. 2.
Machining was carried out on the DMC 635 V ecoline
CNC milling machine. This machine allows to
perform high-speed machining of the parts made of
steels and non-ferrous alloys. The DMC 635 V ecoline
CNC machine has the following technical
characteristics: moving along the X-axis — 635 mm;
moving along the Y-axis — 510 mm; moving along the

Figure 1 — The billet dimensions.

Z-axis — 460 mm; the maximum spindle rotational
speed — 12000 rpm; the drive power — 13 kW; the
torque — 83 Nxm; the feed force — 5 kN; the feed rate
— 24 m/min; positioning accuracy — ISO 230-2; the
tools number — 30; the maximum tools weight — 6 kg;
the maximum tool length — 300 mm; the maximum
tool diameter — 80 mm; the table load — 600 kg; the
power consumption at 100% power-on duration — 17
kVA; the control system - 15" DMG MORI
SLIMline® with Operate on SIEMENS. The
technological equipment for performing the
experiment is presented in the Fig. 3.

Figure 2 — The tools for milling: the high-speed end milling cutter with the diameter of 10 mm (left); the
carbide end milling cutter with the diameter of 10 mm (right).
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of the billet on the machine table for performing the experiment (B).

Machining was carried out using the ECOCOOL
68 CF3 universal water-miscible coolant. The coolant
was supplied to the cutting zone under pressure of 3.7
bar.

The experiment was implemented on the various
milling modes. The minimum and maximum values of
each mode were accepted: the rotational speed of the
cutting tool n —2000 and 10000 rpm; the cutting depth

t—0.25 and 1.5 mm; the billet feed S — 300 and 1500
m/min. Since the number of the accepted factors was
three and the levels number was two, it was necessary
to perform eight tests in accordance with the planning
matrix [10] for conducting the complete multi-factor
experiment. The planning matrix of the multi-factor
experiment is presented in the table 1.

Table 1. The planning matrix of the experiment.

Test number | n, rpm | t, mm | S, m/min
1 2000 | 0.25 300
2 10000 | 0.25 300
3 2000 15 300
4 10000 | 15 300
5 2000 | 0.25 1500
6 10000 | 0.25 1500
7 2000 15 1500
8 10000 | 15 1500

The laboratory studies of the profile of the
machined surfaces of the billet were performed using
the 4XB metallographic microscope. The equipment
is equipped with the digital video camera for taking
microphotographs. The microscope has the following
technical characteristics: the magnification — 100x-
1250x; the length of the mechanical tube — 160 mm;
the adjustment range (the microfocus) — 7 mm; the

discreteness (the microfocus) — 0.002 mm; the rough
adjustment range — 7 mm; the mechanical table —
75x50 mm,; the illuminating lamp — 6 V, 12 W (the
bromine-tungsten lamp). The general view of the 4XB
digital metallographic microscope is presented in the
Fig. 4.

Figure 4 — The 4XB metallographic microscope, connected to the computer, for studying roughness of the
machined surfaces of the billet.
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Results and discussion

The machined surfaces of the billet on the
various milling modes are presented in the Fig. 5. The
images show the visual presentation of the quality of
the machined billet surfaces. The numbers on the billet
are the numbers of the tests performed in accordance

with the planning matrix of the multi-factor
experiment. The more detailed image of the

macrostructure of the machined surfaces of the billet
was obtained at the 100x magnification on the
microscope.

Figure 5 — The machined surfaces of the billet: A — the side view; B — the top view.

Roughness of the machined surfaces of the billet
was measured at the reference length of 15 mm in the
longitudinal direction. The step (through which the
surface image was captured) was accepted 1 mm. 15
images of the machined surfaces of the billet were
stitched into one panoramic image. The panoramic
image of the machined surface was presented in the
2D and 3D formats. The 2D and 3D images of the
machined surfaces of the billet on the different milling
modes are presented in the Figs. 6-21.

Increasing the machining performance by
increasing the billet feed must be implemented in
compliance with the necessary requirements for the
quality of the machined surface. The best result is
provided when high-speed semi-finishing machining

with the high-speed milling cutter (the eighth milling
mode). High-speed machining with the carbide
milling cutter leads to a decrease in the surface
quality. However, reducing the billet feed at the high
rotational speed of the tool and removing the
maximum accepted layer of material from the billet
allow to get low roughness of the machined surface
(the fourth milling mode). The waviness value of the
machined surface depends on the feed rate of the
billet. The waviness value is shown by the boundaries
of the color scheme on the machined surfaces. The
most complete profile of the flat surface is observed
after machining with the carbide milling cutter on the
first and fourth modes.

Figure 6 — The 2D and 3D images of the surfaces machined with the high-speed milling cutter
(the first mode).
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Flgure 10 The2D and 3D |mages of the suraces machlned with the high- speed mllllng cutter
(the third mode).

Figure 12 — The 2D and 3D images of the surfaces machined with the high-speed milling cutter
(the fourth mode).
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Figure 15 — The 2D and 3D images of te surfaces machined with the carbide iIIing cutter (the fifth mode).
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Figure 18 — The 2D and 3D images of the surfaces machined with the high-speed milling cutter
(the seventh mode).
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Figure 19 — The 2D and 3D images of the surfaces machined with the carbi
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Figure 20— The D and 3D images of the surfaces machined wit
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Figure 21 — The 2D and 3D images of the surfaces machined with the carbide milling cutter

(the eighth mode).
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Conclusion

The formation of required roughness and
waviness of the machined surface is associated with a
rational choice of the cutting tool material and the
milling modes. For increasing the performance of
machining with the formation of the desired profile of
the flat surface, it is preferable to choose the high-
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