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1. Description of the research topic, main objectives
The demand for miniature components is highly growing in many areas of
the industry. The production of these parts poses significant challenges to
modern manufacturing technology. One of the most important technologies to
produce small structures is micro-milling since it is suitable for the highprecision production of complex 3D geometries in a wide range of engineering
materials with high process flexibility, and relatively high material removal
rates. The technology is similar to the conventional-sized milling; however, the
size reduction results in many specialities and challenges; therefore, the
knowledge acquired in conventional sizes cannot be adapted directly. Due to
the size reduction, several features come into view that can even be negligible
in macro sizes. Due to the relatively large tool deformation, as well as the
relatively large cutting edge radius, the thickness of the minimally separable
material layer plays a particularly important role, which also greatly affects the
material deformation mechanisms (shear, ploughing). Due to the special
characteristics, the effect of the ploughing phenomenon is very significant.
However, there are also further difficulties such as the presence of relatively
strong vibrations as well as strong burr formation.
The objectives of the research were defined in the following four points:
 Detailed experimental and theoretical – including finite element simulations
– investigation of the micro-milling technology on hardened AISI H13 hotwork tool steel and hardened Böhler M303 martensitic corrosion resistant
steel with a hardness of 50 HRC. I also aimed to understand the process
characteristics in-depth, which contributes to a well-reproducible
technology, as well as the results that can be directly utilised by industry.
 Study of the effect of different cutting parameters – feed per tooth, depth of
cut, and milling strategies – on process and quality characteristics. One of
the aims was to investigate the dynamics of micro-milling process through
the analysis of cutting forces and vibrations. Another objective of the
research was to study the specific characteristics of micro-milled surfaces,
like surface roughness and burr formation.
 Determination of an acceptable, proposed cutting parameters combination
– based on extensive experiments – from the point of view of modern
production technology was also part of the objectives.
 A further aim was to investigate the applicability of dynamic milling
strategies in micro sizes by analysing the dynamic characteristics of the
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process and determining an optimal parameter combination for the dynamic
milling conditions based on the experimental results.

2. State of the art, research methods
2.1. State of the art in micro-milling
The purpose of micro-milling is to produce small-sized structures that
typically fall in the size range of 1-999 µm. Implementing the conventional
milling process to micro sizes poses a number of difficulties and challenges
despite the very similar milling kinematics and tool geometries (Fig. 1). The
term size effect is used for summarising the differences due to the size
reduction, which includes – among others – relatively large tool run-out and
tool deformation, relatively strong
vibrations, and very significant burrs
relative to the size of the structures. In
contrast to conventional sizes, the
importance of the anisotropy, grain size,
and crystallographic defects of the
workpiece material also comes to the
fore [1]. The effective cutting angles
change significantly at micro-milling, as
Fig. 1 A micro-milling tool and a conventionalthe chip thickness is comparable to the
sized milling tool
cutting edge radius [2, 3] – or the grain
size of the material [4] –, therefore the cutting occurred with strongly negative
rake angle, as can be seen in Fig. 2 [5]. In micro sizes, the minimum chip
thickness (hmin) has a significant role. If the chip thickness is smaller than hmin
(Fig. 2), then the dominant material deformation mechanism is the ploughing,
which is also a difference compared to conventional-sized milling [6].
According to the researchers, the value of hmin is a function of the cutting edge
radius (rβ), and the ratio of hmin/rβ is unanimously found between 0.2 and 0.48 at
the different workpiece materials [7–9].
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Fig. 2 Different geometrical conditions at micro-milling in the case of different chip thickness values [S1]

The cutting forces and vibrations have great importance in understanding
the dynamics of the process. Due to the small-sized structures to be produced,
typically small-diameter tools are used, which have small rigidity. In this case,
even small cutting forces can cause significant tool deformation. Furthermore,
the geometry of the cutting edge of micro-milling tools is continuously
changing as wear progress, which also affects almost all other process and
quality characteristics in addition to the cutting force [10–12].
The micro-milling process is characterised by relatively strong vibrations. It
is known from the scientific literature that the presence of vibrations and chatter
can also cause poor surface quality and tool failure due to the unstable cutting
conditions [13–15]. In addition, regenerative effects, and the effect of the cutting
edge on chip formation are stronger in micro sizes than at the macro sizes due
to the small theoretical chip thickness [15].
One of the most important quantitative characteristics of the micro-milled
structures is the surface roughness (Rz – mean roughness depth, Ra - average
surface roughness). However, in addition to the metrics, it is also essential to
examine other characteristics of the surface profile, which was also one of the
research’s main objectives. In the case of micro-milled surfaces, the defects
appearing on the surface are mainly caused by the elastic recovery and the
dislodging of the individual grains, the feed marks, the material smears due to
the plastic deformation, the traces of the plastic lateral flow, and the material
debris [1, 16, 17]. Furthermore, the theoretical surface profile shows a “sawtooth” pattern due to the strong tool deformation characteristic of the process
[1]. Therefore, the question arises as to what kind of the actual profile of micromilled surfaces is and what factors play a role in its formation.
Another major problem of micro-milling is the strong burr formation. By
reducing the characteristic size range, the burr is smaller in absolute size, but it
could be large in relative proportions. It also can be even as large as the tool
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diameter [18]. Based on the scientific literature, two approaches have become
common in conventional sizes to eliminate the burrs. One of them is the
subsequent removal of the burr, which is a serious challenge due to the micromilled features’ size. The insufficiently carefully chosen technology has a
detrimental effect on the quality of the part. Moreover, it is a subsequent
operation, which could result in higher costs [2, 19, 20]. The other approach is
to reduce the size of the burr already during machining [21]. According to the
literature, in addition to the cutting parameters – among other factors – the
effect of the milling strategies is significant [21], but the opinions are divided
on their effect. According to scientific publications, the burr is larger on the
down-milling side [22–24], but statements to the contrary of this can also be
found [25, 26].
In addition to cutting parameters, milling strategies (down-milling, upmilling, and groove milling) also significantly impact all aspects of the process.
The effect of these on burr formation and surface quality can be found in many
scientific publications; however, only very limited information is available on
either the effect of strategies on process dynamics or comparison of theirs. For
this reason, these were also an important part of my research.
Dynamic milling strategies, – milling with high depth of cut and small radial
width of cut values – are preferred at macro sizes due to their advantageous
properties such as more favourable thermal conditions, tool life, and
productivity [27–29]. However, the question arises whether the strategy can be
applied in micro sizes due to the difficulties that come from size reduction. In
the case of small contact angles, the tool deformation, the “lack” of the axial
support of the tool, and the problem of minimum chip thickness come to the
fore, as the theoretical chip thickness for small contact angles is significantly
lower than the set feed per tooth value.
Based on scientific publications, micro-milling was studied in the case of
many workpiece materials; however, due to the wide range of engineering
materials, only a small proportion deal with hardened steels and an even
smaller group with stainless steels. However, these materials are of paramount
importance for base materials to micro-injection moulding tools. This is one of
the reasons why the workpiece materials were selected from the abovementioned two categories.
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2.2. Research methods
The full-factorial experimental design was used for the micro-milling tests
since maximising the gathered information has utmost importance in the case
of micro-milling, which is of paramount importance for such a process with
many challenges. During the research, I used – among others – statistical
analyses, frequency-based signal filtering, fast Fourier transform (FFT), shorttime Fourier transform (STFT), continuous wavelet transform (CWT), analysis
of variance (ANOVA), and finite element methods (FEM).
The main programs used in the research are Microsoft Excel, Autodesk
Inventor, Microsoft PowerPoint, MATLAB, AutoSignal, Deform, Gwyddion,
NI DIAdem, and NI LabVIEW. In the latter one, I also developed several own
programs.

3. Summary of the research and description of theses
In order to investigate the micro-milling of hardened steels in detail, I set up
a specific measuring system shown in Fig 3. During the research, I used a VHTC
130 five-axis micromachining centre to perform the experiments. For the tests,
commercially available 500 µm diameter two-fluted, AlTiN coated carbide
micro-milling tools were used. The tools have a corner radius (50 and 100 µm),
which established the increased edge stability. The micro-milling experiments
were performed on such hardened steels with a hardness of 50±1 HRC, which
can also serve as a base material for micro-injection moulding tools. One of
these was a hardened AISI H13. However, in the case of injection moulding
tools – in addition to the hardness – the industry also requires corrosion
resistance in many cases. Therefore, the other applied workpiece material was
a hardened Böhler M303 martensitic corrosion resistant steel. For measuring the
cutting force components, a Kistler 9257A three-component dynamometer in
combination with a Kistler 5080A charge amplifier were used. The vibrations
were measured with a Brüel-Kjaer 4518-001 type one-component accelerometer.
Data collection was performed with two NI USB-4431 devices and a LabVIEW
measurement software. To evaluate the results of the experiments, I also
developed programs in the LabVIEW environment.
To study the micro-milling process in-depth, I used full-factorial
experimental designs to maximise the collected information. During the
research, several series of experiments were designed and carried out, but
within the framework of the thesis booklet, I present only those, which are the
most closely related to the new scientific results (theses).
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Fig. 3 The applied measuring system

To investigate the effect of the cutting parameters on process and quality
characteristics, I applied the settings shown in Table 1.
Table 1 Experimental design

Cutting speed, vc (m/min)
Feed per tooth, fz (μm)
Depth of cut, ap (μm)
Milling strategy

90
1, 2, 4, 6, 8, 10, 12
25, 50, 100
Down-milling, up-milling, groove-milling

One of the main problems of the micro-milling process is the relatively
strong tool deformations, which are mainly caused by forces that act in a plane
perpendicular to the tool axis. Therefore, it is expedient to set up mathematical
models with power regression to predict the active forces in the mentioned
plane. The results of the models are in a good correlation with the measured
results. The model takes all the specific features of the process into
consideration through constants, such as tool run-out, tool deformation and
material structure features, due to the experimental background. The
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presentation of the model and the description of its characteristics can be seen
in Thesis Nr. 1.
Thesis 1:
In the case of micromachining of high alloy steels in hardened state by upmilling, down-milling, or groove-milling strategy, the following power
regression model can be applied to calculate the average maximum value of
the active force (Fa), which can predict the results with a correlation (R2) of
greater than 95%:
=

+

∙

∙

( ),

where
 C, B, x, y – constants depending on cutting conditions,
 Amax – maximum chip cross-section (Amax=fz∙ap (mm2), where fz – feed
per tooth (mm), ap – depth of cut (mm)), with this form, it is not
necessary to determine an equivalent value for a chip thickness,
which varying point by point along the cutting edge,
 lc – theoretical contact arc length between the workpiece and the tool,
which can be used to take also the instantaneous friction conditions
into account.
As the model is based on measured results, it is suitable to consider all the
specific characteristics of the micro-milling process under given machining
conditions.
Own publications related to the thesis: [S1], [S3], [S5], [S6], [S8], [S9], [S10], [S11]
The examination of the dynamics of the process includes – among others – a
statistical evaluation and the frequency analysis of the force and vibration
signals. In the frequency analysis, the ten highest amplitude frequencies were
taken into consideration. As a result, the connections between the cutting
parameters and the mentioned process characteristics were determined. In the
case of different milling strategies, the vibration amplitudes show significant
differences; however, there are no significant differences in the characteristic
frequencies. Among the frequencies characterising micro-milling, in addition to
the frequency of spindle speed and impact of the cutting edges, their harmonics
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also appeared. Furthermore, lower-frequency vibrations were also identified,
which originating from the characteristic of the machining environment. In the
case of micromachining, the vibrations from the machining environment are
relatively larger – compared to the characteristic dimensions of the process –
than in conventional sizes. Thus their effect is also greater on the surface
quality.
In the next stage of the research, the roughness, the profile and the
characteristics of micro-milled surfaces were examined. The small-sized tool
with small rigidity deforms to a relatively greater extent than in conventional
sizes due to the forces and vibrations, which also affects the surface profile.
However, the question arises of how the vibrations influence the surface profile
and how much role has the traces of the cutting edges originating from the
milling kinematics. The basis of the tests was provided by the cutting
parameters presented in Table 1. For the analysis, the results of the groovemilling strategy were applied. The tests were also performed on AISI H13 and
Böhler M303 workpiece materials. Furthermore – among others – additional
experiments were carried out in a very wide range of feed per tooth values:
fz=0.1 - fz>30 µm, to study the minimum chip thickness and the effect of the feed
per tooth. Furthermore, in another series of experiments, the spindle tilting
effect was investigated to compensate the tool deformations. To measure the
roughness of the micro-milled surfaces, a Mitutoyo SJ-400 surface roughness
tester and a confocal microscope (Alicona Infinite Focus) – for a more detailed
examination of the topography of the surfaces – were applied. The roughness
values obtained in this way were also used to validate the measurement data of
the contact roughness tester.
Figure 4 shows two surface profiles. Part a) shows the effect of lowfrequency vibration, which originating from the machining environment, and
part b) shows the imprints created by the cutting edges, which correspond to
the feed per rotation value instead of the feed per tooth value. The analysis
subject was also the examination of the ratio of the mean roughness depth and
the average surface roughness (Rz/Ra) of the micro-milled surfaces. This
combined roughness parameter is suitable – among other things – for the
qualification of non-conventionally machined surfaces [30–33]. It is related to
the amount of surface defects (e.g. material smears, material debris, and
possibly dislodging carbide grains), and the tribological behaviour of the
produced surfaces, which may be of particular importance in the case of microinjection moulding tools.
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Fig. 4 Confocal microscopy images (vc=90 m/min, ap=100 μm, Böhler M303, a) fz=4 μm, and b) fz=12 μm)

It was found that – in addition to the milling kinematics – the effects of the
machining environment (vibrations) are also significant in terms of the surface
profile. Tilting the main spindle to compensate the deformations of the micromilling tool results in an improvement in the mean roughness depth. However,
due to the former reasons – because of the significant effect of the vibrations –
the improvement was not significant.
During further investigations, I analysed the frequencies, which play a role
in the formation of the surface profile with a new approach. These were
compared to the frequency components resulting from the vibrations of the
machining environment and the kinematics of the milling. The essence of the
new method is that I converted the length-roughness profile to a timeroughness domain based on the cutting parameters. In this case, the data was
already suitable for identifying the frequencies that play a role in creating the
surfaces using the fast Fourier transform. The method is able to establish a
connection between the characteristic frequencies – which play a role in the
formation of surface profiles – and the dominant frequencies of the process,
which come from the data of other sensors. I summarise my new scientific
results related to surface quality in the Theses Nr. 2, 3, and 4.
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Thesis 2:
The frequencies of the vibrations characterising the micro-milling process
are closely related to the characteristics of the micro-milled surfaces. Using
the following new evaluation method, the repetitions appearing on the
micro-milled surfaces can be compared with the dominant frequencies of the
micro-milling process, which are resulted from other sensors’ data collection.
Steps of the evaluation method:
1. Determining the roughness profile along line based on roughness
measurement.
2. Converting the roughness profile data to time - roughness domain.
3. Performing the fast Fourier transform.
4. Collecting the characteristic frequencies.
5. Analysing the results, and comparing them with the results originating
from other sensors’ data collection.
The evaluation method establishes a relationship between the dynamics of
the process and the characteristics of the micro-milled surfaces.
Own publications related to the thesis: [S1], [S3], [S4], [S7], [S11]
Thesis 3:
In addition to the imprints generated because of the milling kinematics, the
surface profile at micromachining of hardened steels, is significantly affected
also by low-frequency vibrations (50, 100, 200 Hz) originating from the
electrical network, and the machining environment. The proportion of the
imprints of the tool edges in the machined profile is smaller than that of the
vibrations caused by the machining environment. The ratio of the
characteristic frequencies playing a role in the formation of the surfaces
depends on the set feed per tooth value.
Own publications related to the thesis: [S1], [S3], [S4], [S7], [S11]
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Thesis 4:
In the case of micro-milling of hardened steels with a hardness of 50±1 HRC,
the ratio of Rz and Ra surface roughness parameters is decreasing by
increasing the feed per tooth in the parameter range between 0.1 and 40 μm,
i.e. by decrease in the size effect. The ratio of Rz/Ra characterising the amount
of surface defects can even exceed the value of 12 at small feed per tooth
values (<1-2 μm), which is significantly higher than that in the case of
conventional sized machining (around 4-7). Considering the previous
statement the ratio of Rz/Ra can also be applied as an indicator of the size
effect.
Own publications related to the thesis: [S1], [S3], [S4], [S7], [S12]

Fig. 5 Scanning electron microscopy images of the bottom of the micro-milled grooves in the case of ap=100
μm and fz=2 μm, and fz=6 μm parameter combinations

The burr size investigation was also part of the research since the strong burr
formation in micro sizes is one of the main problems of the process. Fig. 5 shows
representative samples of the relatively large top burr on the microstructures.
Micro-milling tests were performed to determine how to reduce the burr size
already during machining. Based on the experimental results, the correlations
between the cutting parameters and burr formation were determined. I have
also partially resolved the contradictions in the literature regarding the burrdominant side.
After analysing the process and quality characteristics – taking into account
the productivity (material removal rate) – I determined a proposed parameter
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combination, the details and results of which are summarised in the Thesis Nr.
5.
Thesis 5:
The fz=8,33 μm and ap=77 μm is the proposed, also experimentally validated
cutting parameter combination in the case of micro-milling of hardened AISI
H13 hot-work tool steel (50±1 HRC) with a two-fluted micro corner radius end
mill of a diameter of 500 μm, considering the following parameter ranges:
fz=1-12 μm (feed per tooth), ap=25-100 μm (depth of cut), and vc=90 m/min
(cutting speed). The proposed parameters are determined based on the
calculation of the extremum value of the following objective function (OF),
which aims to minimise the force components, vibration, Ra and Rz surface
roughness parameters, and the burr size on the up-milling and down-milling
side, and maximising the productivity, also considering industrial demands
weights:
OF=MIN(w1 ∙ i1 ∙ Fa + w2 ∙ i2 ∙ Fz + w3 ∙ i3 ∙ Acc + w4 ∙ i4 ∙ Ra + w5 ∙ i5 ∙ Rz + w6 ∙ i6 ∙ S1 +
+ w7 ∙ i7 ∙ S2 – w7 ∙ i7 ∙ MRR),
where
wi – weight: w1, w2 … w6=1; w7=2
ii – importance: i1, i2 … i6=1; i7=2
Fa – active force component
Fz – axial force component
Acc – vibration amplitude
Ra – average surface roughness
Rz – mean roughness depth
S1 – top burr width on the down-milling side
S2 – top burr width on the up-milling side
MRR – material removal rate
Own publications related to the thesis: [S1], [S3], [S4], [S5], [S7], [S10], [S11]
In the scope of the research, I made an experimental design with a wide
range of cutting parameters to investigate dynamic milling strategies in micro
sizes. The questions were as follows: on the one hand, whether the strategy
already applied in macro sizes could be advantageous in the case of micro sizes,
and, on the other hand, what are its limitations due to the size reduction. The
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examined factors were the contact angle between the tool and the workpiece,
the feed per tooth value, and the milling strategy. The experimental design for
dynamic milling tests is shown in Table 2.
Table 2 Experimental design – dynamic milling

Cutting speed, vc (m/min)
Depth of cut, ap (μm)
Feed per tooth, fz (μm)
Contact angle, ϴ (°)
Milling strategy

90
200
1, 4, 8, 12
30, 45, 60, 75, 90
Down-milling, up-milling

Due to the challenges that come to the fore in the case of micro-milling, such
as the relatively large tool deformation and the problem of the minimum chip
thickness, it is questionable, whether the set (correct) amount of material is
removed in each case. In micro sizes, the feed per tooth values could
“accumulate” from rotation to rotation due to the deformation of the tool in the
feed direction, and material removal takes place only after reaching a critical
hmin value [1, 8]. In the case of dynamic milling strategies, this accumulation can
occur even in the direction of the radial depth of cut. For this reason, I used
three consecutive infeeds at each setting, which makes the differences in forces
as well as vibrations observable.
In the case of small contact angles – for the above-mentioned reasons – it is
assumed that material separation does not take place during every edge
impacts, as the theoretical chip thickness is significantly smaller than the set
feed per tooth value. Taking this into consideration, the experimental design
was expanded with a feed per tooth values of 15.68 and 23.52 µm for ϴ=30° and
16.8 µm for ϴ=45°. During the research, I studied the dynamics of the process
through the analysis of the cutting forces and vibrations. It was a well-observed
phenomenon that although the material removal rates (MRRs) were the same
for some settings, the process characteristics still showed significant differences.
Thus I compared the parameter combinations resulting in the same MRR in
terms of process characteristics in detail. Furthermore, a technologically
proposed parameter combination for the dynamic milling strategy was
determined. I summarise my new scientific results in this regard in Thesis Nr.
6.

Barnabás Zoltán BALÁZS

15

PhD thesis booklet
Thesis 6:
Dynamic milling strategy has been used so far exclusively in the case of
conventional sized machining, but it can be advantageously applied also at
micro-milling. The ae=34.8%, fz=8.28 μm, and down-milling strategy is the
proposed parameter combination in the case of dynamic milling of hardened
AISI H13 hot-work tool steel (50±1 HRC) with a two-fluted micro end mill of
a diameter of 500 μm, considering the following parameter ranges: fz=1-12 μm
(feed per tooth), ae=7-50% (width of cut given as percentage value of the
diameter), ap=200 μm (depth of cut), and vc=90 m/min (cutting speed). The
proposed parameters are determined based on the calculation of the
extremum value of the following objective function (OF), which aims
minimising the force components and vibration, and maximising the
productivity:
OF=MIN(w1 ∙ i1 ∙ Fa + w2 ∙ i2 ∙ Fz + w3 ∙ i3 ∙ Acc – w4 ∙ i4 ∙ MRR),
where
wi – weight: w1, w2 … w4=1
ii – importance: i1, i2…i4=1
Fa – active force component
Fz – axial force component
Acc – vibration amplitude
MRR – material removal rate
If only a smaller width of cut value can be set than the proposed one due to
technological limitations, then it is recommended and also possible to apply
a significantly higher feed per tooth value than usual in order to ensure the
actual chip removing (fz can be even as high as 23 μm).
Own publications related to the thesis: [S1], [S2], [S3], [S5], [S11]

4. Exploitation of the achievements
The research results provide important and partly directly usable
information for the modern industry due to the determined relations between
cutting parameters and the process and quality characteristics. The results
especially contributed to the machining of micro-injection moulding tools,
which often made from hardened steels. However, this knowledge can also be
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applied more widely. The results also contribute to the production of injection
moulding tools in an economical and well-reproducible way, and to a deeper
understanding of the process of micro-milling. The findings presented in the
dissertation also provides a good basis for tool and process condition
monitoring applications.
The investigation of dynamic milling strategies in micro sizes establishes a
strong basis and can even be directly adapted to the application of trochoidal
tool paths in the case of micro-milling.
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