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Abstract
In the past few decades, demand for precise miniature components has grown significantly. Modern production technologies
required for the production of such components, including micro milling, have become extensively researched areas. In spite of
the intensive research in this field, there are still many topics and aspects that merit investigation. Through a systematic series of
experiments, this paper analyses the special characteristics of micro milling including cutting forces, vibrations, burr formation,
and surface quality. A 5-axis micromachining centre with 60.000 rpm maximum spindle speed was used for the experiments
carried out in the scope of this paper, and the machining of hardened hot-work tool steel (AISI H13) with a hardness of 50 HRC
was investigated in detail. Also, a special measurement environment was prepared in order to collect machining data. Based on
the results of the experiments, a power regression prediction model for cutting forces was created. As part of the analysis in the
scope of the experiments, fast Fourier transformation was carried out in order to analyse the dynamic characteristics of the micro
milling process, and to determine dominant frequencies. In addition, an analysis of variance (ANOVA)was applied to extensively
analyse the main effects and interactions of different cutting parameters on different characteristics. Based on the investigations
carried out in a comprehensive parameter range, an optimal parameter combination was also determined. The results of the
experiments introduced in this paper contribute to a deeper understanding of the micro milling process, and this research provides
information directly applicable in the industry.
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1 Introduction

The kinematics and tools used in micro milling are similar to
those used in the case of macro milling. Nevertheless, as com-
pared to macro milling, the process of micro milling has a
number of special characteristics due to the size effect.
Micro milling is characterised by relatively large tool run-
out, strong burr formation, and rapid, unpredictable tool fail-
ure. Furthermore, the effect of workpiece material anisotropy,
grain size, and crystalline errors play a significant role in the
process [1]. Despite similar tool geometries, effective cutting
angles show significant differences. Cutting edge radius (rβ)

has more significant influence on chip removal mechanism in
the scope of micro milling than in the case of conventional
machining [2]. Also, new, unused carbide micro milling tools
have a cutting edge radius between 1 and 20 μm, depending
on whether they are coated or uncoated [3], which parameter
of such tools is almost identical with that of conventional sized
tools. The size of radius depends on the material of the tool, its
grain size, manufacturing accuracy, and constantly changing
tool wear conditions [4]. In the case of micro milling, cutting
edge radius is comparable to chip thickness [3, 5, 6], or grain
size [7] of the workpiece material, and machining is complet-
ed using a strongly negative rake angle [8, 9]. Minimum chip
thickness (hmin) has utmost importance in the case of micro
milling: it is well-known from the literature that below this
chip thickness value, the main material removal mechanism is
ploughing [10], in which case there is no shear, and the mate-
rial is deformed only plastically and elastically, and there is no
chip formation [8]. Given this, certain parameters in micro
milling result in an ineffective way of material removal, and
this also impairs the quality of the surface [11]. Biró and
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Szalay [12] extended an empirical specific cutting force model
to the thin chip removal process, and identified a new
knickpoint in the scale of micro chip formation. This phenom-
enon can be taken into account also in the case of micro mill-
ing. Due to the kinematics of the milling process, chip thick-
ness continuously changes during a rotation. At very low feed
rates, chip thickness may not reach the hmin value within a full
rotation of the tool, so unremoved material layers accumulate,
and the actual material removal occurs only after several turns
[4]. According to many researchers, the value of hmin is the
function of the cutting edge radius [9, 13–15]. Many studies
unanimously place the hmin/rβ ratio between 0.14 and 0.43 [9,
11, 14, 16–18] despite the variety of materials and methods.
According to Bissacco et al. [8], the above-mentioned ratio
has great influence on relative machining accuracy, burr for-
mation, and surface quality. Based on this observation, it is
expedient to increase feed per tooth (fz) for better machining,
but the resulting larger forces and tool deformation have to be
considered, too. Moreover, the radial immersion of the tool
will be another important factor, because it also changes in the
case of machining carried out along tool paths containing arcs
and corners [19]. By increasing fz, the ratio of ploughing to
shear mechanism decreases.

One of the most important evaluation factors of the quality
of microcomponents is surface roughness; therefore, many
research efforts focus on this field. According to
Aramcharoen and Mativenga [20], surface quality will be
the best when theoretical chip thickness and cutting edge ra-
dius are the same. In this case, the ratio of conventional shear
mechanism to the ploughing phenomenon will be appropriate
for the process. With respect to SKD 61material, Li and Chou
[21] found that neither cutting speed nor feed rate have a
significant effect on surface quality, although the effect of feed
rate is dominant in the case of conventional chip separation.
Mian et al. [22] analysed the roughness of micro milled sur-
faces using ANOVA, and found that the ratio of cutting edge
radius to theoretical chip thickness, and cutting speed also
play a determining role. Based on their study, it has been
established that the impact of these factors on results are
28.05 and 28.57%, respectively. Wang et al. [23] investigated
surface characteristics at different stages of tool wear using
Ti6Al4V material. According to their study, the main forms
of surface defects are feed marks, material debris, plastic side
flow, and smeared material. Most importantly, material debris
and plastic side flow became more significant as wear
progressed. Meanwhile, better surface quality was observed
on the up-milling side as compared to the down-milling side.
In another study, TiAlN coated micro milling tool with a 3.0–
3.5 μm cutting edge radius and Ti6Al4V material were used
by K and Mathew [24]. It was found that, in the case of 5 μm
feed per tooth value, surface roughness is reduced as wear
progresses, and it shows a minimum value at the cutting
length of 700 mm, which is certain to be followed by

deterioration. On the contrary, at fz = 0.3 μm, roughness in-
creases along with cutting length. According to the above
authors, it is recommended that the feed per tooth value should
be set slightly above the value of rβ (with respect to surface
roughness).

Prompted by the situation that cutting edge radius and other
features of the tool continuously change due to wear, many
research efforts regarding the effect of wear on cutting forces
[25, 26] and on surface quality were carried out [21, 27].
According to Zhu and Yu [27], tool wear affects surface in-
tegrity and product geometry. Furthermore, Uhlmann et al.
[28] studied the interdependence between the roughness of
machined surfaces and cutting edge radius in the case of
X13NiMnCuAl4-2-1-1 material. With respect to AISI 4340
material, Afazov et al. [29] observed that cutting forces in-
crease with the increase of cutting edge radius, because wear
results in a longer contact section, and therefore increases
friction. In addition to identifying an increase in cutting forces,
while machining OFHC copper, Wu et al. [30] compared the
ratio of shear force and ploughing force to cutting force (with
shear force and ploughing force at 55 and 45%, respectively)
in the case of a cutting radius of 5 μm. As the radius increases,
the difference shown in the study also increases. De Oliveira
et al. [9] studied the effect of feed per tooth on specific cutting
force in both macro and micro sizes. Doubling the feed per
tooth value caused a 22% decrease in specific cutting force on
average, and the doubling of the depth of cut caused a reduc-
tion of 13% in the case of micro size chip separation. At macro
sizes, these values were only 18 and 7%, respectively. Based
on finite element simulations by Zhou et al. [31], who used
NAK 80, it can be stated that the effect of cutting speed on
cutting forces is negligible in the range of vc = 12–36 m/min
and fz = 0.3–12 μm. In addition, cutting forces are also strong-
ly influenced by the milling strategies applied, e.g. up-milling
results in lower forces than down-milling when AISI 1045 is
used (with width of cut being half the diameter of the tool)
[32]. Analytical modelling and finite element simulations of
cutting forces in the case of micro milling are also addressed
by research [33–35]. De Oliveira et al. [9] modelled specific
cutting forces, and they found that the models used in conven-
tional sizes cannot be directly adapted to micro sizes. In addi-
tion, an analytical model was developed by Lu et al. [25] in
order to estimate cutting forces: the model also takes into
account the effect of flank wear. This model showed reason-
able conformity with measurement results. Mamedov et al.
[36] introduced a force model that takes instantaneous chip
thickness, tool trajectory, ploughing force, and elastic recov-
ery of the workpiece material into account. This model was
also validated by experiments using Al 7075.

On the other hand, the vibrations play an important role in
the case of micro milling. Therefore, numerous research ef-
forts are focused on the investigation of this characteristic.
Jáuregui et al. [37] analysed the condition of the tool through
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an analysis of cutting force and vibration signals using fast
Fourier transform and continuous wavelet transform (CWT).
The impact frequency of tool edge (IPF) was used as a basis
for analysing dominant frequencies of the process. In the case
of a healthy tool, harmonic and nonharmonic components
appear on nominal frequencies (1xIPF, 2xIPF, 3xIPF and
0.5xIPF, 1.5xIPF, 2.5xIPF). However, in the case of a worn
tool, the referent frequencies differ from the nominal value,
and an appearance of further frequencies was observed. The
study did not provide convincing evidence that the signal
analysis by FFT or CWT could be applied as an indicator of
tool wear. Yilmaz et al. [38] investigated the dynamics of
micro milling tools. The method presented in their study is
based on inverse stability analysis, where modal parameters
are updated by the results originating from chatter tests in
order to achieve a better approximation of the dynamic behav-
iour of the tip of the micro tool. Since the frequency response
function (FRF) of the tool tip is essential for determining
stability limits, the authors presented an analytical model
which can provide data for FRF. Singh et al. [39] also studied
the dynamics of micro milling tools. A finite element modal
analysis was used to determine FRF, and the results were
validated by experiments. The difference between the results
of the 1st mode natural frequency determined by the two
methods was only 6.6%. The natural frequencies of the first,
second, and third modes of the studied tool were 4851, 5081,
and 7170 Hz, respectively. In fact, these values fall in the
range as the characteristic frequencies of micro milling
process.

Another major problem of the micro milling process is
strong burr formation, which depends primarily on the
actual state of the tool and on the workpiece material,
but machining strategy and cutting parameters play also
an important role in this respect. In the case of micro
milling, burr size can reach almost the diameter of the
tool, which greatly affects the quality of the machined
component [40], and impairs its performance [5, 41].
Removing burr poses a huge challenge concerning micro
sizes [5, 42]; therefore, one of the main directions of re-
search in the case of micro milling is reducing burr for-
mation during machining. In the scope of this effort, re-
searchers analysed the effect of milling strategies on burr
formation using a number of workpiece materials such as
OFHC [43], Inconel 718 [22], Ti6A4V [26], AA1100
[40], AISI 1045 [1], Al6061-T6 [44], and X5CrNi18–10
[45]. In these studies, burr was identified to be larger
mostly on the down-milling side, but there are some con-
trary results too [46]. Wu et al. [43] suggested a subse-
quent milling operation carried out on the up-milling side
in order to remove burr. Actually, the structure and the
size of burr can rapidly change during the process.
According to Mian et al. [22], burr on the down-milling
side is more uniform. Saptaji and Subbiah [44], as well as

Biermann and Steiner [45], observed higher quality on the
down-milling despite larger burr. Mian et al. [22] found
that burr root thickness is primarily influenced by cutting
speed and the hmin/rβ ratio. Aramcharoen and Mativenga
[20] investigated micro milling of hardened H13, and they
found that the larger the ratio between undeformed chip
thickness and cutting edge radius the smaller the burr size,
which can be caused by the phenomenon of reduced
ploughing. Kumar et al. [41] emphasised the complexity
of burr formation, because the material properties of the
workpiece, tool geometry, coatings, as well as cooling and
lubricating also influence burr formation besides cutting
parameters. According to Komatsu et al. [47], a decrease
in the grain size of the X5CrNi18-10 material facilitates
reduced burr formation. In the case of normal grain sizes
(on average 9.1 μm), cutting force suddenly decreases at
the end of the cutting process with accompanying changes
in shear angle, and relatively large burr continues to be
present on the edge. In contrast, in the case of ultra-fine
grained materials (on average 1.52 μm), force reduction
occurs gradually at the end of chip separation, which re-
sults in smaller burr. According to Bai et al. [48], burr
formation is significantly influenced by the properties of
the applied material and its microstructure in the case of
machining ASTM A131 material. Working with AISI
H13, Aramcharoen and Mativenga found that tool coating
also favourably impacts the reduction of the size of burr
[7]. Swain et al. [49] compared burr size when machining
Niomic 75 using uncoated and nanostructured TiAlN
coated tools. It was found that, at the beginning of the
cutting length, tools yield almost the same quality, but
later stronger wear of uncoated tools will result in larger
burr.

In the above section, cutting forces, vibration, surface
quality, and burr formation were discussed in detail, as
well as the relevant literature on the role of the size effect
and the cutting edge radius was introduced, as these topics
are related to the most important phenomena of micro
milling. However, relatively few publications deal with a
detailed comparison of milling strategies. As suggested by
the review of the literature, it is also clear that in the case
of burr formation, there are contradictory statements re-
garding dominant burr size. Moreover, studies typically
focus only on one of the main problems of the micro
milling process, and they do not give an overall analysis
of the process itself. At the same time, there are some
excellent summary-purpose books and review papers re-
garding micro milling, which also highlights the impor-
tance of the complexity of this issue [50, 51].

In fact, hardened steels are of essential importance in the
modern industry, and they can serve, among others, as a ma-
terial of micro-injection moulding tools. As a matter of fact,
only a limited number of publications are available that deal
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with the investigation of hardened AISI H13 material, and
even fewer studies focus on the detailed analysis of the micro
milling process performed using a comprehensive range of
cutting parameters. This current research aims to fill this
gap, and offers directly applicable technology to the modern
manufacturing industry.

The main objective of the research introduced in this paper
is studying the effects of cutting parameters (feed per tooth,
depth of cut, and milling strategy) on the characteristics of the
applied process and on the resulting quality (such as cutting
forces, axial forces, vibrations, process frequencies, burr for-
mation, surface quality) in the case of the micro milling of
hardened AISI H13 hot-work tool steel. In addition, this re-
search aims at comparing milling strategies and wishes to
analyse burr formation in order to investigate interdependence
between them. The dependence of the above-listed character-
istics on cutting parameters is sometimes contradictory, there-
fore one of the main objectives of this paper is to determine an
optimal parameter combination, in the context of which inves-
tigation economic aspects are also taken into account. A sys-
tematic experimental series was designed and carried out in
order to achieve the main goals of this research effort as de-
scribed above.

2 Experimental set-up

The experiments were carried out using a VHTC 130M 5-axis
micromachining centre with a maximum spindle speed of
60.000 rpm. The machining environment and measurement
layout are shown in Fig. 1.

Force measurement was provided by a three-component
Kistler 9257A dynamometer and a Kistler 5080A charge am-
plifier. Vibrations were recorded with the help of a Brüel &
Kjaer 4518–001 one-component piezoelectric acceleration
sensor with a sensitivity of 10.2 mV/ms−2 and a measurement
range of 1 to 20,000 Hz. A Dino-Lite AMT413T5 digital
microscope with × 500 magnification was installed for
checking the condition of the tool. NI USB-4431 devices
and LabVIEW software were applied for data collection and
analysis. The diameter of the two fluted, coated carbide micro
milling tool was 500 μm, and the measured rake angle (γ) and
clearance angle (α) were − 10 and 13.7°, respectively, and the
helix angle (λ) was 25°. The tool has a 50 μm corner radius,
which contributes to the stability of the cutting edge. Themain
geometrical characteristics of the micro milling tool can be
seen in Figs. 2 and 3.

All experiments were carried out in the uniform wear sec-
tion of the wear curve; therefore, the effect of tool degradation

Fig. 1 Measurement layout inside
the machine

Fig. 2 Geometry of the micro end
milling tool
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was minimised. Based on images produced by scanning elec-
tron microscopes, it has been established that the cutting edge
radius of an unused tool is in the range of 2–4 μm. The ex-
periments were performed without any coolant or lubricant.
The run-out of the clamped micro milling tool was 0.
Hardened AISI H13 of 50 HRC was used as workpiece ma-
terial. The hardness of 50 ± 1 HRC was ensured by a profes-
sional heat treatment process carried out by voestalpine
BÖHLERHungary. The chemical composition of the material
is shown in Table 1.

Considering the diameter of the tool and the maximum
available spindle speed, a cutting speed of 90 m/min was
applied. The size of the corner radius was also taken into
account when determining the values of the depth of cut
(Fig. 2), since the depth of cut also affects the main cutting
edge angle (κr). Upon determining the range of feed per tooth
values, cutting edge radius was taken into account, and values
were selected below and above rβ. Geometric conditions are
illustrated in Fig. 3 with the help of 3 examples from the
experiment design.

When fz < rβ, the impact of the ploughing phenom-
enon is present for a longer period of time during one
rotation of the cutting edge (see Fig. 4), and the size
effect is stronger. Based on this, the smallest fz value
was chosen close to the assumed minimum chip thick-
ness (Fig. 3a). Figure 3 also shows the change of the
effective rake angle (γe) in the case of low theoretical
chip thickness.

Milling strategy significantly affects the kinematics of
the milling process, so in the scope of the present study
milling strategies were investigated, too. Related factors
and levels are shown in Table 2. All parameter combina-
tions were tested, which means a total of 63 different

settings. A cutting length of 5 mm was applied at each
parameter setting.

3 Results and discussion

3.1 Analysis of the cutting force

Cutting forces have a direct effect on the deformation of the
tool and provide a considerable amount of information about
the cutting process including chip formation, material removal
mechanisms and vibrations [52, 53]. Having clear information
on cutting forces is an essential condition for designing a
repeatable micro milling process. Cutting force (Fc) and axial
force (Fz) are the most relevant components of resultant force
when milling takes place. Cutting force (Fc) consists of force
components which act perpendicular to the tool axis. Equation
(1) shows the determination of the Fc component.

FC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fx

2 þ Fy
2

q
ð1Þ

Table 1 Chemical composition of AISI H13 [34]

C (%) Si (%) Mn (%) Cr (%) Mo (%) V (%)

0.39 1.10 0.40 5.20 1.40 0.95

Fig. 3 Geometrical conditions and chip separation at the different feed per tooth values

Fig. 4 Change of chip thickness during micro milling
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In this research work, Fc and Fz values were calculated as
an average of the maximum force values of 100 rotations. For
the purpose of performing experiment-related evaluations, a
software application was developed in a LabVIEW environ-
ment: the results are shown in Fig. 5. Fc values were increased
along with increasing both the depth of cut and the feed per
tooth values, which is explained and underpinned by an in-
crease in the chip cross-section. In this respect, there is no
significant difference between down- and up-milling strate-
gies. Of course, in the case of full-groove milling, larger forces
were measured because of the double amount of removed
material.

In the case of down-milling at ap = 25 μm depth of cut,
it was realised that a 12 times higher increase of feed per
tooth causes a mere 29.74% (1.55–2.35 N) rise in cutting
force. In the case of the up-milling process, this force
increase is approximately twofold, which can also be con-
sidered small. The reason for such a small change de-
scribed here is due to the small depth of cut. In this case,
the instantaneous main cutting edge angle (κr) is small
due to the corner radius (as can be seen in Fig. 2), which
results in chip thinning phenomena, therefore Fc forces

show only a slight increase. Due to the corner radius
and the small depth of cut, cutting conditions are similar
to circumstances associated with the high feed milling
(HFM) process. Therefore, in the case of this depth of
cut, setting high feed per tooth values is recommended.

In the case of down-milling at ap = 50 μm depth of cut, a
sudden increase of Fc is observed around fz = 4–6 μm, which
is followed by a very slight growth, although the feed per
tooth value actually doubles. The main reason for that can
be explained by achieving favourable machining conditions
for the given geometric conditions, where the dominant ma-
terial removal mechanism is shearing rather than ploughing.

The tendency shown by the Fz force component is quite
similar to the change in cutting force (Fc). In the case of using
a down-milling strategy with ap = 25 μm, Fz forces increased
from 3.08 to 4.15 N, which means a change of 34.74%, even if
productivity was 12 times higher as a result of increased feed per
tooth values. In the case of ap = 50 μm, a sudden growth can be
observed around 4–6 μm feed per tooth value (from 3.64 to
5.02 N) too; but the additional doubling of fz did not alter the
forces significantly. At larger depth of cut values (ap = 100 μm),
where the chip thinning effect is less significant, cutting force

Table 2 Applied cutting parameters

Factors ap (μm) fz (μm) Milling strategy

Levels 25; 50; 100 1; 2; 4; 6; 8; 10; 12 down-milling using half diameter of the tool, up-milling using half diameter of the tool,
full-groove milling

Fig. 5 Relationship between
cutting forces and cutting
parameters; a and c: in the case of
using the full-groove milling
strategy, and b and d: in the case
of using the down-milling
strategy
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shows amore dominant increase, while the change ofFz remains
limited.

Based on the diagrams shown in Fig. 5, it can be concluded
that in the case of both up- and down-milling strategies, the
difference between Fz values are smaller than that between the
Fc values. Above fz = 6 μm, smaller depth of cut can even
result in a larger axial force. This is explained by the special
effects of smaller actual κr, which is due to geometric condi-
tions, and the effect of the helix angle.

Figure 6a) shows changes in cutting force without any fil-
tering. The lower curve was recorded at fz = 1 μm, and the
upper one relates to fz = 12 μm. In general, it can be stated that
the larger the feed per tooth value is, the more separable the
run of the signal of each cutting edge is. This indicates a more
stable cutting process. There is also a clear increase in forces,
both in absolute terms and in ranges. This increase was ex-
pected due to an increase in chip cross-section. Furthermore, it
can also be observed that Fc does not decrease to zero either
before the moment of entering or after exiting the cutting
edges. This means that the tool is under continuous load,
which indicates that elastic deformation of the system cannot
be eliminated during the cutting process.

The deflection of the tool is mainly caused by the forces
acting in the plane perpendicular to the axis of the tool.
Mathematical models with power regression were created
for different milling strategies, which closely match the values
measured during the experiments. Since the deflection of the
micro milling tool is primarily influenced by cutting force, the
proposed model can be a good basis for such kind of research
in the future. Theoretical chip thickness (h) changes from
point to point along the radius of the applied micro milling

tool featuring a corner radius, so it was decided to use the
maximum chip cross-section (Amax) instead of h (Eq. (2)):

Amax ¼ f z � ap mm2
� � ð2Þ

where Amax is the maximum chip cross-section (mm2), fz is
the feed per tooth (mm), and ap is the depth of cut (mm). In the
mathematical model, the contact length of the cutting edge (lc)
was also taken into account due to frictional conditions, which
play an important role in micro milling due to the ploughing
effect. The mathematical model of cutting forces in the case of
full-groove milling is shown in Eq. (3).

Fc;full ¼ 1:236þ 1220 � Amax
0:4872 � l0:82c Nð Þ ð3Þ

The correlation of the model to the measured data is
99.23%. The model described in Eq. (4) yields the forces of
up-milling with a correlation of 99.08%.

Fc;up ¼ 0:6393þ 267 � Amax
0:4057 � l0:4638c Nð Þ ð4Þ

Finally, the mathematical model of down-milling is shown
in Eq. (5): here the correlation is 97.25%.

Fc;down ¼ 0:02119þ 212; 8 � Amax
0:3438 � l0:4845c Nð Þ ð5Þ

Based on the correlation values obtained, the models pre-
sented above, through offering good approximation, are able
to describe and predict measured results. The graphical

Fig. 6 a Cutting force measured
at different feed per tooth values,
b comparative display of cutting
force calculated with the help of
mathematical models and discrete
measurement points obtained
during the experiments

Table 3 Validation of the cutting force model

fz (μm) ap (μm) Fc calculated (N) Fc measured (N) Variance (N) Error

2 75 3.841 3.594 0.202 6.42%

6 75 5.684 5.391 0.384 5.16%

3 100 5.595 5.849 0.275 4.53%

5 100 6.827 6.870 0.311 0.63%

14 100 10.469 11.073 0.372 5.76%

16 100 11.090 12.053 0.463 8.68%
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representation of the approximation under the investigated
circumstances is shown in Fig. 6b.

In order to validate the model, further experiments were
carried out using different parameter combinations in the case
of full-groovemilling. The results are shown in Table 3. Based
on these experiments, it can be stated that the model offered in
the scope of this paper is able to offer approximations with
respect to all results.

As part of the evaluation of forces, analysis of variance was
carried out in order to perform a detailed examination of full-
groove milling. The main effects of both feed per tooth and
depth of cut were analysed (Fig. 7). In both cases, a clear trend
can be seen: an increase of the parameters results in larger
forces within the investigated range of parameters. In the sta-
tistical analysis, the Fcrit value was 4.381 at a significance
level of 95%. In the case of Fc, the main effect of fz is
3.328 N (F value: 420.85, P value: 0.000), and the main effect
of ap is 4.714 N (F value: 1132.45, P value: 0.000). Thus, it
can be stated that cutting depth has a larger effect on cutting
force. Corresponding ANOVA data are shown in Table 4 (in
the other cases, only the F and P values are given). In contrast,
the main effect of fz is larger (1.526N, F value: 77.54,P value:
0.000) on the axial force (Fz) than that the main effect of ap,
where the same value is 1.42 N (F value: 93.38, P value:
0.000).

Based on the analysis, it can be stated that the interaction
between parameters fz and ap is significant in the case of both
forces. For cutting force (Fc), the F value and the P value are
117.74 and 0.000, respectively, while these values are 8.3 and
0.010 in the case of axial force (Fz).

3.2 Results of vibration measurement

The micro milling process is characterised by strong vi-
brations, which are partly due to the size effect and partly
to milling kinematics. The deformation of the slight tool,
its run-out, and the properties of the workpiece material,
all contribute to the formation of vibration. Information
regarding vibration can be gained by analysing both the
force signal and the vibration signal. Below, a summary of
the results of the analysis of the signals recorded by the
one-component piezoelectric accelerometer will be de-
tailed. During signal processing, the average of the
highest 100 values was considered as the maximum value
shown in the diagrams of Fig. 8.

Based on the investigations, it can be concluded that the
smallest vibration amplitudes are observable in the case of
full-groove milling. This phenomenon can be explained by
the contact number of ψ = 1, which is more favourable than
the contact number specific to shoulder milling strategies.
At a depth of cut of ap = 25 μm, the referent values vary in
a relatively small range (from 8.67 to 13.36 m/s2). The
smallest amplitude (8.67 m/s2) can be found at the param-
eter combination of ap = 25 μm and fz = 8 μm, and the
minimum value (13.26 m/s2) at the parameter combination
of ap = 100 μm and fz = 4 μm, which is followed by a
marked increase. The reason for the different minimum
values at different depths of cut lies in differences
concerning chip cross-sections. In contrast, in cases where
the depth of cut corresponds to the corner radius (ap =
50 μm), the highest vibrations measured were at fz =
4 μm. In this case, a further increase of feed per tooth
has a positive effect on vibration amplitude. In fact, it can
be seen that the curves of the different depth of cut values

Table 4 ANOVA table for forces Fc

Source DF Adj SS Adj MS F value P value

Model 3 116.374 38.7914 520.90 0.000

Linear 2 114.417 57.2084 768.20 0.000

fz 1 31.341 31.3410 420.85 0.000

ap 1 84.334 84.3339 1132.45 0.000

2-way interactions 1 8.768 8.7682 117.74 0.000

fz*ap 1 8.768 8.7682 117.74 0.000

Error 17 1.266 0.0745

Total 20 117.640
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(ap = 50 and ap = 100 μm) cross each other. For example, at
ap = 100 μm, the curve has a minimum value of fz = 4 μm,
which means that productivity has doubled, and the condi-
tion of vibration is more favourable than in the case of ap =
50 μm. The crossing of the two curves is located at a feed
per tooth value of 8 μm.

After the comparison of the milling strategies, it was found
that vibration circumstances are worse in the case of the down-
milling strategy. The reason for this may be the repeated entry
of the cutting edges into the material due to the kinematics of
milling, which means periodic excitation (at certain time in-
tervals). In the case of down-milling, a micro milling tool of
limited stiffness enters the material at maximum chip thick-
ness. By contrast, in the case of up-milling, the tool enters the
material of a chip thickness of 0, and chip thickness gradually
increases to the maximum value during rotation. Therefore,
the down-milling strategy results in stronger excitation than
the up-milling process. At ap = 100 μm, a strong increase of
vibration can be seen with respect to all three strategies. The
vibration can be evaluated as favourable up to a feed per tooth
value of 8 μm. Considering technological and financial as-
pects – such as higher material removal rate and cost-
efficiency – this feed per tooth value can be selected as an
appropriate parameter for industrial purposes.

Figure 9 shows the main effect and the interaction plots of
the cutting parameters investigated. It was observed that the

main effect of the depth of cut (13.56 m/s2) is larger (F value:
21.67, P value: 0.000) than that of the feed per tooth, and such
values show a clear trend. The increase of the depth of cut
results in larger vibration in the investigated parameter range.
The secondary parameter is the feed per tooth, which
has only a modest effect on vibrations in the range of
fz = 1 μm and fz = 8 μm, but its further increase causes a
significant change in vibrations. This can be explained
by the kinematics of the milling process. At higher feed
per tooth values, when the cutting edge enters the ma-
terial, the force grows faster since the tool reaches
thicker chips earlier (Fig. 4), and this generates more
powerful vibrations due to periodically repeating higher
force impulses. The main effect of the feed per tooth is
11.12 m/s2 (F value: 8.77, P value: 0.009). Also, it was
found that there is strong interaction between the pa-
rameters of feed per tooth and depth of cut (F value:
15.97, P value: 0.001).

Furthermore, dominant frequencies of the recorded
force signals were analysed by fast Fourier transforma-
tion. The knowledge of typical frequencies contributes
to a better understanding of the dynamics and periodic-
ities of the micro milling process. As part of the fre-
quency analysis, all the three force components were
considered separately, because this methodology pro-
vides the most insightful results about vibrations.

Fig. 8 Results recorded by the
one component piezoelectric
vibration sensor in the case of a
the full-groove milling strategy
and b the down-milling strategy
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Ten frequencies of the highest amplitude were col-
lected by means of a LabVIEW software application
developed by the authors. FFT is performed on a
steady-state section of the milling process, and the 10
largest amplitudes are automatically determined and re-
corded together with associated frequency values. The
program performs a total of 10 maximum searches,
whereby the previously collected components and their
closest environment (± 5 Hz) are always removed. Thus
– from a technological point of view – different fre-
quencies are collected.

Table 5 shows frequency values typical of the process
and summarises the number of their appearance in the
investigated force component signals of 63 different pa-
rameter combinations. In Table 5, x, y, and z mean differ-
ent force directions (as can be seen in Fig. 1, where the
direction of the feed force is designated by y), and the
number of their appearance at each milling strategy is also
shown in cells with a grey background.

The frequencies were analysed, and their relation to the
impact frequency of the cutting edges (IPF) was examined.
In our previous study [37], it was found that, in the case of a

tool of good condition, the exact multiple frequencies of IPF
appear.

IPF ¼ nz
60

Hzð Þ ð6Þ

where n is the rotation speed (1/min), and z is the number of
edges.

Based on the Eq. (6), IPF should be as high as 1910 Hz,
which would mean a spindle speed frequency of 955 Hz.
According to the measured signal, the frequency of spindle
speed is uniformly 940 Hz, which means a difference of 1.6%
from the set speed. This error can originate from the imper-
fection of the control system of the machine tool. Given this,
the standard IPF value was 1880 Hz.

The frequencies listed here are the most dominant ones
characterising the micro milling process. They are mostly
present among the frequencies of the 10 highest amplitudes
concerning the investigated parameter combinations (at a con-
stant cutting speed of vc = 90 m/min). All of the recorded
signals contain disturbing frequencies originating from the
environment and from the electrical network. The main fre-
quencies characterising the micro milling process arise from

Table 5 Typical frequencies and the number of their appearance

Freq. (Hz) IPF x xup xfull xdown y yup yfull ydown z zup zfull zdown Reason

0 0.00 59 17 21 21 54 21 21 12 63 21 21 21 Nonharmonic component

100 0.05 46 15 15 16 22 7 8 7 – – – – Electric transformation [54]

415 0.22 47 15 15 17 56 19 18 19 48 17 17 14 Machine tool characteristics

940 0.50 54 17 20 17 45 14 18 13 61 20 21 20 Frequency of the spindle speed

1880 1.00 57 16 20 21 63 21 21 21 54 21 12 21 Frequency of the edge impact

2820 1.50 54 21 14 19 47 16 14 17 34 7 16 11 1.5 × IPF

3760 2.00 62 21 21 20 63 21 21 21 59 21 17 21 2 × IPF

4590 2.44 31 6 18 7 – – – – 42 16 19 7 n/d

4700 2.50 60 21 20 19 – – – – 63 21 21 21 2.5 × IPF

5640 3.00 – – – – 53 21 15 17 63 21 21 21 3 × IPF

6580 3.50 42 20 9 13 – – – – 6 2 0 4 3.5 × IPF

7520 4.00 59 21 20 18 – – – – 45 10 17 18 4 × IPF

Fig. 10 Percentage rate of the appearance of 10 dominant frequencies of highest amplitude in the Fx force signal
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the rotation of the main spindle, and from the impact of the
cutting edges of the micro milling tool. Due to strong vibra-
tions and the periodic excitation of the micro milling process,
the dominant frequency characterising the process differs
from IPF: namely, it is two times larger (3760 Hz). The de-
scription of similar circumstances can be found in the study
prepared by Singh and Singh [39] and by Jáuregui et al. [37].

In percentages, Fig. 10 shows the appearance of dominant
frequencies of the Fx force component signal in the case of
different milling strategies (see Fig. 10 based on the data
shown in Table 5). Based on the diagram shown in Fig. 10,
it can be concluded that only the frequencies of 2820, 4590,
and 6580 Hz show larger differences in the case of different
milling strategies. These differences do not play a significant
role: in the case of component “z”, the 2820 Hz frequency is
less significant, and the other two frequencies (4590 and
6580 Hz) do not appear in the other two force components
(as shown in Table 5). Thus, it can be stated that there is no
significant difference between the diverse milling strategies
considering dominant frequencies.

3.3 Analysis of burr formation

Relatively, strong burr formation characterising the micro
milling process is also the result of the size effect, which is a

significant limitation of the process. Due to small dimensions,
burr removal is quite difficult. In the scope of this study, top
burr width was measured using a digital microscope of × 500
nominal magnification. An average of three measurements at
different places was used for the analysis in the scope of the
present experiments. Within the investigated range of param-
eters, changes in the size of the burr on one side of the grooves
were relative high (between ~ 0 and 300 μm).

Strong burr formation during the process is well illustrated
by the images produced using a scanning electron microscope
(Fig. 11). Based on the images, it can be stated that the size of
the burr falls in the range of the diameter of the tool.

Burr on the up-milling side decreases with the increase of
feed per tooth, and it increases at ap = 50 and ap = 100 μm
depth of cut on the down-milling side (Fig. 12). As shown
on the diagrams, the depth of cut is exactly the same as the
corner radius, which causes the most significant burr. Top burr
size was smaller in the case of the down-milling process: when
the depth of cut was smaller than the corner radius. Saptaji and
Subbiah [44, 55] established that burr can be reduced by using
a tapered tool. In this case, a similar effect can be achieved
using ap = 25 μm commercially available micro tools with a
corner radius.

Burr formation on the up-milling side showed the same
tendencies and almost the same size both in the case of edge

Fig. 11 Scanning electron microscope images of the groove prepared when ap = 0.1 mm at fz = 2 μm and at fz = 6 μm

Fig. 12 Variation of top burr sizes
when using different cutting
parameters: milling using half
diameter of the tool in the case of
a up-milling and b down-milling
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milling with half diameter and in the case of groove milling
with full diameter of the tool. On the contrary, larger burr size
was found in the case of groove milling using a full diameter
of the tool in a number of cases at the down-milling side. An
example of this phenomenon is shown in Fig. 13b in the case
of fz = 6 μm. At this feed per tooth value, similar anomalies
were found as in the case of force and vibration measure-
ments. It follows from this that this combination of cutting
parameters should be avoided, particularly because an in-
crease of feed rate has a beneficial effect on productivity.

When ap = 25 μm, top burr of roughly the same size is
formed in the case of both milling strategies. In other cases,
however, it was found that lower feed per tooth values cause
larger burr on the up-milling side, similarly to the con-
ventional milling process. Nevertheless, in the case of
fz = 4 μm feed per tooth, there will be a change, and
burr on the down-milling side will be larger (Fig. 13).
This change occurs when feed per tooth and the cutting
edge radius of the tool are approximately the same. In
fact, the said change can offer a possible explanation of
different opinions in the literature regarding the domi-
nant burr side in the case of micro milling.

In the case of full-groove milling using ap = 50 and ap =
100 μm, the decreasing curve of up-milling burr and the in-
creasing curve of down-milling burr cross each other at
around fz = 4 μm. It can be seen in Fig. 13 that the dominant
burr side relocates from the up-milling side to the down-

milling side when feed rate is increased in the case of full-
groove milling.

Measured data related to burr formation were also analysed
using ANOVA (Fig. 14). Based on the main effect plots
(Fig. 14), it can be stated that an increase in feed per tooth results
in decreased burr on the up-milling side. The main effect of fz is
0.094mm (F value: 24.12,P value: 0.000), while themain effect
of ap is 0.061mm (F value: 4.38,P value: 0.052), but the latter is
not statistically significant. Concerning both milling strategies, it
was found that the larger the depth of cut, the larger the burr size.
Themost unfavourable burr was formed in the case of a depth of
cut equal to the corner radius. In the case of burr on the down-
milling side, the main effect of the feed per tooth is 0.098 mm (F
value: 1.20, P value: 0.289). An increase in the parameters re-
sults in increased burr, but the trend is not monotonous. The
main effect of ap is 0.127 mm (F value: 2.21, P value: 0.156).
Based on the investigations in the scope of this study, it can be
concluded that the parameters have no statistically significant
effects on burr formation on the down-milling side.

As a summary, it is concluded that up-milling side burr
depends primarily on the value of feed per tooth, and second-
arily on the depth of cut, while in the case of down-milling
side burr the effects of these parameters are reversed.

Moreover, the results of ANOVA show that the inter-
action of different cutting parameters does not exert sta-
tistically significant effects (Fig. 15): at the down-milling
side burr, F value and P value are 0.27 and 0.611,

Fig. 13 Top burr width when
using different milling strategies:
in the case of a milling using half
diameter of the tool, and in the
case of b full-groove milling

Fig. 14 Main effect plots for top burr width
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respectively, while at the up-milling side burr, they are
2.34 and 0.14, respectively.

3.4 Surface quality

In order to characterise the surface quality of machined parts,
average surface roughness (Ra) and roughness depth (Rz) are
typically applied in the industry [56, 57]. The surface quality
of micro milled structures depends primarily on the cutting
parameters applied. However, in the case of micro milling,
an excessive reduction in the feed per tooth value is not a
solution, as minimal chip thickness and the ploughing effect
exert limitations on the process. In the scope of the present

study, surface roughness was measured using Mitutoyo SJ
400. With respect to the surface texture caused by milling
kinematics, roughness was measured in the central line of
full-grooves. On the other hand, shoulder milling strategies
using half diameter of the tool are not suitable for accurate
comparison because of the resulting geometry. All data
displayed below are based on the average of three measure-
ments. The results of roughness measurement are shown in
Fig. 16.

A regular increase in the values can be observed only in the
case of ap = 25 μm. As opposed to burr formation, referent
values are favourable at ap = 50 μm. Both roughness param-
eters reach a minimum at fz = 4 μm. In this case, the set feed

Fig. 15 Interaction plots for burr formation

Fig. 16 Surface roughness of the
bottom of the machined structure
in the case of full-groove milling
when using different cutting
parameter combinations

Fig. 17 Main effect plots for surface roughness parameters
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per tooth value is the same as the cutting edge radius. Using
the same material, similar results were obtained in
Aramcharoen and Mativenga’s study [20].

According to the ANOVA analysis performed in the scope
of the study, feed per tooth has a significant effect on results in
the examined range of cutting parameters. The depth of cut
has no significant effect on surface roughness parameters
(Fig. 17). Based on the graphs, it can be observed that there
is a local minimum of Ra and Rz at fz = 2 μm. A potential
reason for this can be the fact that, considering cutting edge
radius, the set value of feed per tooth is larger than minimal

chip thickness. Below this value, deterioration of surface qual-
ity is observed. The main effects of fz on parameters Ra and Rz
were 0.069μm (F value: 35.9, P value: 0.000) and 0.32μm (F
value: 42.84, P value: 0.000), respectively. In addition, the
combined effect of fz and ap on Ra is significant (F value:
6.55, P value: 0.020), although the same null hypothesis at
Rz cannot be rejected (F value: 3.54, P value: 0.077).

3.5 Optimisation

Based on the results of the cutting experiments, optimal ma-
chining parameters were determined in order to offer a cost-
economic production solution to the industry. The outcome of
the optimisation is shown in Fig. 18. The results presented on
the figures were calculated using Minitab software for full-
groove milling. Table 6 shows the criteria applied for optimi-
sation. The given values was calculated by the software. The
forces, vibrations, the surface quality (Ra, Rz), and burr forma-
tion (on both the down- and up-milling sides) were minimised
while productivity (MRR) was maximised. Considering the
importance of cost-economic operation and efficiency, pro-
ductivity was taken into account with double weight. Based
on the above-mentioned aspects, the optimal parameter com-
bination in the examined parameter range is vc = 90 m/min,
fz = 8.33 μm, and ap = 77 μm.

A sample run was carried out with the determined optimal
parameter combination. The results of this setting are in good
agreement with the trends reported in this article. The average
values of the examined characteristics are as follows: Fc =
6.364 N, Fz = 3.995 N, Acceleration = 9.815 m/s2, Ra =
0.078 μm, Rz = 0.51 μm, and the top burr widths on the
down-milling and up-milling sides are 0.049 μm 0.067 μm,
respectively.

4 Summary

The main aims of this research included the following: to
provide a deeper understanding of the micro milling process,

Fig. 18 Result of optimisation

Table 6 Response optimisation by Minitab software

Response Goal Lower
value

Target
value

Upper
value

Weight

MRR (mm3/min) Maximum 0.7162 34.3776 2

Burr down-m. (μm) Minimum 0.0147 0.29500 1

Burr up-m. (μm) Minimum 0.0173 0.17067 1

Rz (μm) Minimum 0.2767 0.80000 1

Ra (μm) Minimum 0.0420 0.14167 1

Vibration (m/s2) Minimum 0.8530 4.98800 1

Fz (N) Minimum 2.8890 5.95900 1

Fc (N) Minimum 1.7290 9.96700 1
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and to offer a method for achieving better quality in the frame-
work of reproducible machining processes. Systematic series
of experiments were designed and carried out in order to in-
vestigate the effects of the most relevant cutting parameters
and milling strategies on the special characteristics of the mi-
cro milling process, on cutting forces, on vibration, on burr
formation, and on surface quality. A 5-axis micromachining
centre with a maximum spindle speed of 60,000 rpm and a
coated carbide micro milling tool with a diameter of 500 μm
were applied. In the scope of the experiments, hardened AISI
H13 hot-work tool steel with 50 HRC hardness was used as
testing material.

& Power regression mathematical models were fitted on the
values of measured cutting forces in the case of different
milling strategies. The models prepared in the scope of
this experiment offer good approximation of the measured
data, with correlations falling between 97.25 and 99.28%.

& In the case of down-milling at ap = 25 μm, Fc shows an
increase of only 29.74%, while productivity increases up
to 12 times. In the case of up-milling, forces will double
under the same conditions. Therefore, considering the re-
sultant forces and economic aspects, higher feed per tooth
values seem expedient.

& The amplitudes of vibration show significant differences
in the characteristics of the micro milling process at ap =
100 μm compared to the other two depths of cut values
(ap = 25 and ap = 50). However, up to fz = 8 μm, it is ad-
visable to choose ap = 100 μm rather than ap = 50 μm,
because the vibration characteristics of the former settings
are more favourable, let alone the accompanying double
productivity associated with it.

& Based on ANOVA, the examined micro milling parame-
ters (feed per tooth, depth of cut) – and likewise the inter-
action between them – have a statistically significant effect
on forces and vibrations.

& An FFT analysis was applied in order to identify and an-
alyse the frequencies characterising the process in detail.

& Strong correlation between corner radius and burr forma-
tion was identified. If the selected depth of cut is smaller
than the corner radius of the tool, burr will be smaller. In
case the value of the depth of cut is at least as high as the
corner radius of the tool, the dominant burr side will de-
pend on the value of fz. If the value of the feed per tooth is
smaller than the cutting edge radius, then burr on the up-
milling side will be larger; and conversely, if this value is
larger, then burr formation will be concentrated on the
down-milling side.

& As shown by ANOVA, the roughness of the surfaces pro-
duced using full-groove milling is almost exclusively de-
pendent on feed per tooth.

& In the range of the investigated cutting parameters, an
optimal parameter combination was established by way

of taking economic aspects into account. Given this, the
optimal parameters are as follows: vc = 90 m/min, fz =
8.33 μm, and ap = 77 μm.
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