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Abstract: Profile end-milling processes are very susceptible to vibrations caused by cutter runout
especially when it comes to operations where the cutter diameter is ranging in few millimeters scale.
At the same time, the cutting conditions that are chosen for the milling process have a complementary
role on the excitation mechanisms that take place in the cutting area between the cutting tool and the
workpiece. Consequently, the study of milling processes in the case that a cutter runout exists is of
special interest. The subject of this paper is the experimental analysis of the effect of cutter runout
on cutter vibration and, by extension, how this affects the chip removal and, thereby, the workpiece
topomorphy. Based on cutting force measurements correlated with the workpiece topomorphy under
various cutting process parameters, such as the cutting speed, feed rate, and the axial cutting depth,
some useful results are extracted. Hence, the effect of vibration phenomena, caused by cutter runout,
on the workpiece topomorphy in end milling can be evaluated.
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1. Introduction

During the cutting process, it is very important to know, as precisely as possible, the relationship
between the vibration behavior of the machine tool-cutting tool-workpiece system and the cutting
conditions (cutting speed, feed rate and axial depth of cut) in order to achieve high workpiece surface
quality [1,2].

This is especially the case when it comes to the use of contemporary computer numerical control
(CNC) machine tools in micromachining processes [3], for which it is crucial to define a group of
optimal cutting conditions aiming at:

• ensuring dynamic stability [4,5] of the cutting process without side vibration phenomena [6] with
an unfavorable impact both on the workpiece surface quality and the cutting tool life;

• achieving efficient machine tool performance;
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• avoiding rapid development of cutting tool wear;
• reducing processing time and consequently production costs.

Finding an appropriate combination of process parameters has been such a challenging problem
that a great deal of research has been devoted to the topic. Generally, it is difficult to define optimal
cutting conditions to fit every cutting process. However, it is feasible to find out proper cutting
parameters for a specific combination of machine tool, cutting tool and workpiece material.

The aim of the paper is to investigate experimentally the effect of the tool runout both on the
cutting forces and the resulting workpiece surface. The paper follows a previous one [7], which was
dealing with the effect of vibration phenomena on the workpiece topomorphy in general. The current
research puts particular emphasis on the effect of vibrations caused by cutter runout on the workpiece
surface quality. This is even more important when it comes to micromachining [3,8,9].

Tool clamping is usually accompanied by cutter runout. Although the cutter runout may
be reduced by careful clamping performed by skilled machinists, a residual runout exists in the
micro scale.

In the case of a residual cutter runout, unequal cutting forces are developed on the tool flutes
during each cutter revolution. One of the flutes, where the eccentricity appears, undertakes the main
cutting work and, therefore, is over-loaded, whereas the other flutes remain under-loaded. Because of
that higher stresses are developed on the rake surface and the principal cutting edge of the particular
flute. Such a situation leads to early flute wear, which deteriorates the whole cutting process. Moreover,
the process is susceptible to becoming unstable [1].

Additionally, the effect of the cutter runout should be taken into consideration in order to secure
the surface quality in profile end milling [10]. In this case, the enhanced cutting forces induce tool
bending, thereby worsening the surface finish.

To investigate the effect of cutter runout on the cutting forces and the workpiece surface texture,
dedicated experiments were conducted evaluating the cutting forces and the workpiece surface
topomorphy. In particular, by means of experimental results, the cutting conditions which affect the
cutting process outcome were studied. In this sense, the purpose of this experimental study was to find
out the effect of the cutter runout on the cutting mechanism, on the tool vibration, and sequentially on
the workpiece surface quality.

2. Experimental Procedure

To measure the cutting forces, specific milling experiments were conducted on the 5-axis CNC
machining center DECKEL MAHO MH600C (DECKEL MAHO GmbH, Pfronten, Germany) shown
in Figure 1. Before the measurement of the cutting forces, the workpiece was roughened in order
to achieve the necessary flatness thus ensuring a constant depth of cut through the entire machined
surface. For the roughing process, under the usage of coolant, an end-mill cutting tool of 40 mm
diameter was selected.

The cutting tool used in the experiments was manufactured by the OSAWA Company (Osaka,
Japan) with type G2CS4, and is shown in Figure 2. It is a 4-flute end-mill cutter of 2 mm diameter.
The cutting tool material is micrograin carbide with multilayer physical vapor deposition (PVD) high
performance coating of 3500 HV hardness. Due to its excellent abrasion resistance and the fact that it can
withstand higher temperatures, this cutting tool is suitable for working with or without lubrication at
high cutting speeds. All experiments of the research were performed under dry machining conditions.

The cutting tool was mounted on the ISO40 Tool holder by the aim of a ER32 collet. By a typical
tool clamping procedure, the cutter was set up with a radial eccentricity leading to cutter runout of
7 µm. The resulted cutter runout was measured using a specific tool measurement device (DMG
Violinear) with 1 µm resolution. The result of the eccentric tool mounting is schematically explained in
Figure 3a.
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Figure 1. The experimental setup.

Figure 2. The cutting tool used in the experiments.

The cutting kinematics considering the cutter runout is depicted on the surface texture with a
varied waviness profile (Figure 3c). Specifically, the height of the waviness profile is increased as well
as the waviness length. The theoretical maximum roughness Rt of the roughness profile is expressed
by Equation (1) when the tool is ideally axisymmetric and, correspondingly, by Equation (2) in the case
that a tool eccentricity exists [11,12]. From these equations it can be clearly seen that an increase in
feed per tooth fz causes surface roughness growth, whereas an increase in tool diameter D, causes a
decline in surface roughness.

Rto =
D
2
−

√
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z
4

' f2
z

4 ·D (1)

Rte = R− 1
2
·
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2
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It is also worth noticing that the surface roughness parameters in the above equations often vary
from the real surface roughness values, especially for low tool feed speed. One of the reasons of these
discrepancies are cutter displacements related to the cutter’s runout. Moreover, the tool’s vibrations
have an additional effect also.
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Figure 3. Representation of the workpiece waviness profile (c) due to tool radial eccentricity (a,b).

The parameter er depicted in Figure 3b denotes the radial displacement between the cutting edges
related to cutter runout. The cutter’s static runout is mainly due to the offset between the position
of the tool rotation axis and the spindle rotation axis. It is worth mentioning that in an end-milling
process this radial cutter runout affects only the wall surface of the machined workpiece.

The material of the workpieces used for the experiments was aluminum alloy of class 7075 T651
(AlZn5.5MgCu). In Figure 4 the metallographic microstructure is shown. In the micrograph there are
visible various phases granulation formed (Al-MgZn2, MgSi2, and phase contains Fe) in the Al matrix.
This material has very high strength and, therefore, is used widely in applications in aerospace and in
military industry.

In order to measure the cutting forces, metrological equipment was used, which consists of the
stationary dynamometer type KISTLER 9257B (Kistler Group, Winterthur, Switzerland), the charge
amplifier type KISTLER 5233A and an Analog/Digital converter of the National Instruments type NI
PCI-MIO-16E (National Instruments, Austin, TX, USA) which was connected to a computer.

The three cutting force components Fx, Fy and Fz were measured in real time, whereby Fx
component represents the feed force, Fy component represents the back force and Fz component
represents the main cutting force (Figure 1). The measurements were taken with the aid of the inbuilt
piezoelectric sensors. The output of the sensors is an electric charge (Q) linearly proportional to
the force acting to the sensor. The charge amplifier intensifies this charge into a normalized voltage
signal, which can then be digitized and acquired in the signal-processing system. The digital signals
are subjected to a further processing in order to be evaluated both in time and frequency domain.
The cutting parameters of the conducted experiments are shown in Table 1.
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Figure 4. Metallographic structure of the aluminum alloy used in the experiments.

Table 1. Cutting conditions.

Symbol Parameter (Units) Value

S Spindle Speed (rpm) 5500
Vc Cutting Speed (m/min) 34.5
f Feed Speed (mm/min) 220/440
fx Feed per tooth (mm/tooth) 0.01/0.02

axz Radial depth of cut (mm) 0.5
ae Axial depth of cut (mm) 0.2/0.4/0.6
D Cutter diameter (mm) 2

3. Experimental Results and Discussion

The cutting force components, after undergoing a low-pass filtering of 200 Hz, were recorded
within a time frame of 0.04 s by a sampling rate of 25,000 samples/s. In Figures 5 and 6, typical
measurement graphical interfaces are illustrated, showing the cutting parameters and the three cutting
force components both in the time and frequency domains.

From all measurements, it is obvious that there is a direct correlation between the feed rate and
the amplitude of the main cutting force (Fz) and the feed force (Fx). Regarding the passive force
component (Fy), it is negligible.

Furthermore, taking into account that the cutting force is proportional to the axial cutting depth,
it is confirmed that by working at higher material removal rates (MRR) more intense tool excitation is
expected, leading to vibration phenomena capable of affecting the workpiece surface quality.

The effect of the tool runout on the cutting force and thereby on the vibration phenomena is
clearly depicted in the Fast Fourier Transform (FFT) spectra of the cutting-force components. The tool
rotation frequency amounts to 91.67 s−1. From the cutting force spectra, we can see that only one
cutter flute contributes to the cutting process at this frequency. This is more evident for the main
cutting force (Fz) in relation to the feed force (Fx). Generally, the primer cutter flute located at the
offset direction of the tool undertakes the main cutting work and the next flutes have less material to
remove. This is demonstrated with the lower magnitude spectra peaks at 2×, 3× and 4× of the main
tool-rotation frequency.
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Figure 5. Cutting force components during milling process (feed rate 0.01 mm/tooth, axial depth of
cut 0.4 mm).

Figure 6. Cutting force components during milling process (feed rate 0.02 mm/tooth, axial depth of
cut 0.4 mm).

In manufacturing, it is important to verify the topomorphy of the final workpiece in order to
produce high-quality products. The influence of the cutting parameters in cutting processes and
the workpiece surface is evaluated through the workpiece topomorphy and the roughness profile.
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The combination of the cutting parameters has a direct impact on the cutting forces. This is due to the
modification of the cutting process kinematics. As a result, the cutting process dynamics changes and,
therefore, tool vibration excitations emerge.

In order to correlate the cutting parameters with the cutting force and thus the cutting dynamics
the workpiece topomorphy was studied. For the quantitative and qualitative assessment of both
workpiece topomorphy and the roughness profile, an optical profilometer of type VEECO NT1100
(Veeco, Tucson, AZ, USA) was used, which operates on the principle of white light interferometry.
The measurement resolution in the depth direction of the workpiece topomorphy (perpendicular to
the surface) amounted to less than 1 nanometer, while the resolution in the plane of the surface was
about 0.4 microns. The resolution of the scanned areas by the white light interferometer was about
1 mm2 (0.92 mm× 1.2 mm) for the×10 magnification and 0.045 mm2 (0.1853 mm× 0.2436 mm) for the
×50 magnification, captured by a 0.3 Mpixel sensor. The measurements were taken on the floor as well
as on the wall of the machined surfaces. In Figure 7 the cutting tool paths in end milling are shown.

Figure 7. Cutting tool path and machined surfaces.

In Figure 8 the workpiece topomorphy and the roughness profile of the machined floor surface
for feedrate 0.01 mm/tooth under various axial cutting depths are presented. The cutting tool traces
are clearly depicted and according to the tool feedrate (0.04 mm/rev) the distance between two
successive traces is approximately equal to 40 µm. In the digitized roughness profile, which refers to
a length of 0.92 mm, a total of 23 tracks can be identified. This means that at every tool revolution
just only one cutter flute path was imprinted on the surface texture. Apparently, each cutting flute
takes part in the cutting process, but the eccentric one demonstrates higher force amplitude, which
means that the specific flute cuts much more material. The traces of lower depth generated by the
other flutes were removed because of the dominating flute path, leaving on the surface only one trace
per tool revolution. Additionally, the tool deflection yielded an “axial runout”, where the dominating
flute was touching the workpiece more than the others, thus generating the observed bottom marks.
Respectively, in Figure 9 the corresponding surface characteristics for feedrate 0.02 mm/tooth are
shown. In this case, as expected, the distance between the successive tool traces amounted to 80 µm.

Table 2 shows the results of the maximum roughness value Rt of the roughness profile concerning
the machined floor surface under three axial cutting depths. Each of the results represents the mean
value of Rt (Rt) for 10 profiles measured in the feed direction.

By increasing the axial cutting depth, the workpiece roughness becomes higher. At the same time
an enhancement of the tool feedrate results in an additional increment of the workpiece roughness.
This is expected since by increasing the volume of removed material the main cutting force increases
too, leading to cutting tool deflection, which yields higher roughness.
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Figure 8. Topomorphy (zoom ×10) and roughness profile of the workpiece floor surface for
0.01 mm/tooth feedrate and 0.2 mm (a) and 0.4 mm (b) axial cutting depth.

Figure 9. Topomorphy (zoom ×50) and roughness profile of the workpiece floor surface for
0.02 mm/tooth feedrate and 0.4 mm (a) and 0.6 mm (b) axial cutting depth.



Machines 2018, 6, 27 9 of 11

Table 2. Maximum roughness profile value Rt of the machined floor surface.

Axial Cutting Depth (mm) Feedrate 0.01 mm/Tooth Feedrate 0.02 mm/Tooth

Roughness Profile Rt (µm)

0.2 1.68 -
0.4 2.18 2.78
0.6 - 3.13

In Figure 10 the topomorphy of the machined workpiece floor surface is presented in detail
(zoom ×50). It can be observed that waviness is formed on the workpiece surface inside the cutting
tool path (see figure detail). This waviness has occurred due to the tool vibration during the cutting
process. The tool was subjected to high vibrations, as a result of the relatively high cutting forces,
because of the tough cutting conditions of the specific experiment in relation to the others.

Figure 10. Workpiece topomorphy detail (zoom ×50) at the workpiece floor surface for tool feedrate of
0.02 mm/tooth and axial cutting depth of 0.6 mm.

In Figure 11, the workpiece topomorphy of the machined wall surface is illustrated for a tool
feedrate of 0.02 mm/tooth and axial cutting depth of 0.2, 0.4 and 0.6 mm. The cutting tool traces due
to the tool kinematics are shaped in the form of waves at each tool revolution. Observing the number
of the waves at the examined length, the cutting tool feedrate can be validated. That means that in a
length of about 0.9 mm, 11 waves appears with a wavelength of 80 µm, which is equal to the cutter feed
per revolution (0.08 mm/rev). This means that just one cutting edge per tool revolution dominates in
the cutting process because of the cutter runout effect. The waviness profile height depends on the
axial depth of cut because of the superimposed cutter declination and cutter runout.
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Figure 11. Workpiece topomorphy (zoom ×10) at the machined wall surface for tool feedrate of
0.02 mm/tooth.

4. Conclusions

In profile end-milling processes, the excitation mechanisms that take place in the cutting area
between the cutting tool and the workpiece need to be carefully studied in order to ascertain the factors
that affect the cutting operation. The present paper examines the effect of cutter runout on cutting
forces and, thereby, on the workpiece topomorphy in cases where cutting tools of a few millimeters
scale diameter are implemented in end-milling operations.

Specific experiments under various cutting conditions were conducted, whereby the cutting forces
were recorded and appropriately processed. The results revealed that the cutting forces increased with
the tool feedrate. Moreover, a rise of the axial cutting depth which resulted in a higher metal removal
rate can cause more intense tool excitation, thus leading to vibration phenomena capable of affecting
the workpiece surface finish.

In the case of the use of cutters with a residual runout, the topomorphy of the machined workpiece
surface was also investigated. Increasing the axial cutting depth led to a higher surface roughness.
Moreover, the surface roughness became worse with a higher tool feedrate. The experimental
results have revealed that a direct correlation between the cutting conditions and both the workpiece
topomorphy and the surface roughness exists.

In the case that a residual cutter runout is present, it has been verified that one cutting flute per
tool revolution mostly takes part in the cutting process. Furthermore, evaluation of the machined
workpiece topomorphy in end-milling process provides useful information about the effect of the
vibration phenomena caused by cutter runout. To this end, the findings of this research can serve as
useful suggestions for machinists who are confronting problems caused by tool runout.
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