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Vibration based characterization of tool wearing in micro-milling of ceramics  
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A B S T R A C T   

The main aim of the paper is to monitor the micro-milling tool wearing process offline, by a microscopic tool 
measurement on one hand, and using high-frequency vibration measurement online, during the cutting process, 
on the other. Relations between the rake face wear stages and the measured online and offline parameters were 
determined applying an own-developed, artificial neural network based feature selection solution. As the main 
result, the experiment-based research appoints that measured vibration variable component(s) which charac-
terizes the key, three tool wearing phases in the same way as the real rake face wearing stages occur.   

1. Introduction 

The main aim of the paper is to monitor the micro-milling tool 
wearing process offline, by a microscopic tool measurement on one 
hand, and using high-frequency vibration measurement online, during 
the cutting process, on the other. 

The cycloid or trochoidal form is a milling technology, where the tool 
milling is going along an arc, avoiding sharp changes in the direction 
that is especially important in micro-milling of ceramics. Although, it 
does not control the tool engagement owing to cycloid form, it can 
reduce the tool load, and can make the optimization of the roughing 
strategy easier [1]. The problem with the traditional toolpaths is that the 
tool load increase significantly in the corners requiring shallower depths 
of cut and reduced feed. This problem can be avoided with cycloid and 
wave form paths. Since the experimental test machining unit, called 
pocket, as a small geometry to eliminate it from the base material by 
micro-milling not had circle geometry, the technology was optimized 
with entremets, which is an option in the tool control software to reduce 
the tool load in the corners [1,2]. 

The effect of having smaller radial cutting forces increases the sta-
bility of the cut, i.e., there is a substantial decrease in the force for 
pushing the tool to the workpiece and in the vibration level as well. 
While increasing the cutting speed and reducing chip thickness, the heat 
generated at the cutting point is reduced, so it is possible to increase the 
cutting depth further. These positively changed milling conditions 
ensure that the tool and the machine are more wear-resistant, exhibiting 
a much longer service life, and the machining process thus becomes very 
effective and desirable in many new applications [3–5]. This technology 
can be applied to produce deep grooves, pockets or high workpiece 
sides, with high process reliability and long tool life [6–8]. 

In the previous paper of the authors, the process of tool wearing was 
investigated by direct and indirect methods in relation to the different 
CAM (Computer Aided Manufacturing) toolpaths [9,10]. These research 
results concluded that the nature of the volume change of the manu-
factured pockets can be accurately traced by an engineering feature 
calculated on the basis of the workpiece connected vibration 

measurement series:  

• Number of the times the vibration signal crosses its mean value (1): 
∑

( sgn(x(i) − x)∕= sgn(x(i+ 1) − x)
)

(1) 

Fig. 1 shows the almost identical change in the micro-milling tool 
wear described by the changes in the volume of the machined pockets 
and the vibration based, calculated variable appointed by the feature 
selection method [11]. Based on the graph, one can recognize that the 
two diagrams behave almost identical, consequently, the actual status of 
the tool lifetime can be well monitored with vibration-based diagnostics 
method in micro-milling of ceramics. After sufficient number of mea-
surements and experiments, the tool monitoring can be automatized 
during ceramics micro-milling, and finally, the system could be 
optimized. 

The aims of the paper are – continuing a previous research of the 
authors [10] – to concentrate only on one kind of diagnostics of rake face 
wearing of the micro-milling tool angles in machining of ceramics and to 
determine the relationships between the related cutting vibration and 
the rake face wear of the tool. Finally, the two rake faces can be diag-
nosed separately and individually. 

2. Rake face wear of the cutting tool 

Micro-milling tools were applied for the cutting experiments on ce-
ramics (Fig. 2). Such tools, which have zero or negative rake angles, 
should be chosen for cutting the given kind of brittle materials. 

Measurements were performed using Zeiss Discovery V8 microscope 
and based on the taken pictures the authors evaluated the wearing. The 
tool was applied until its breakage, this cycle of measurements covered 
the entire tool lifetime resulting in various identified phenomena. 

Asymmetrical wear of the cutting edges was observed during tool 
lifetime. This phenomenon was also observed in the previous research of 
the authors, too, where the waveform strategy was investigated in cut-
ting of ceramics material [9]. 

During the experiments, it was not possible to take microscopic 
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photos after every machining, thus, these were taken after every 5th 
pocket. Based on these measurements, the different rake face stages of 
the micro ball mill can be determined, at the first checkpoint in Fig. 3. It 
was observed that while one of the rake faces began to wear, the other 
cutting edge remained intact. Up to the 3rd checkpoint, this difference 
was continuous, but the extent of the difference decreased. At the 4th 
checkpoint the tool edges have become equally unusable. 

After determining the wear curves, it was necessary to find the 
boundary points where the worn-in and the linear wear stages of the 
cutting edges ended (followed by the and worn-out stage until the break) 
as specified by the Taylor curve. Having defined these thresholds, the 
rake face wear stages can be differentiated for each machining along the 
entire tool lifetime, Consequently, the individual micro-cutting 
machining were ordered to these three, different classes (worn-in, 
normal, wear-out). After these classes and their machining members 
have been defined, the next step was to apply the feature selection 
method (FS) developed by some of the authors [11]. It was applied to 
find the most descriptive statistical/engineering features for 

distinguishing the three different stages of the tool life. Additionally, the 
frequency values of the vibration signal where also analysed to separate 
the classes of the Taylor curve from each other (as feature selection in 
frequency domain). 

3. Vibration diagnostics using the feature selection method 

3.1. Analysis of engineering features for the “A” rake face 

Analysing the “A” rake face (Fig. 2), as result, the algorithm identi-
fied that the mean value of the vibration signal and the number of the 
times the signal crosses the mean value calculated at each workpiece can 
differentiate the three stages of the rake face tool wear. 

Based on the Taylor curves, the worn in phase of “A” rake face ends at 
5th pocket, while the normal wear range ends at 13th pocket. The graph 
in Fig. 4 shows that the mean values decrease to 5th pocket and after 
then a break point is observed. 

In the normal wear range, a steeper drop is observed than in the 

Fig. 1. Applying the trochoidal toolpath, the similar behaviour between the measured vibration signal based, selected engineering feature and the change in the 
micro-milling tool wear described by the changes in the volume of the machined pockets [10]. 

Fig. 2. Micro-milling tool geometry in 3D view and the most important wearing places at the early tool life period.  
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worn-in section. The average values range extends from − 0.2 to − 0.24, 
apart from th11th pocket. The tool enters the worn-out range from 14th 
pocket. However, it can be seen in Fig. 4 that a sudden jump occurs at 
the 15th value. However, this value is the transition point to the worn- 
out range of the “B” rake face. 

Based on the Taylor curve and on the curve of the change in the 
average values (Fig. 5.), it can be stated that the whole tool enters the 
worn-out phase between the 14–15th pockets. In the case of the second 
analysed statistical/engineering feature represented in Fig. 5, the 
normal wear phase is well separated from the worn-in phase. In the 
worn-out phase, a gradual decrease of the related values is observed. 

3.2. Analysis of engineering features for the “B” rake face 

Analysing the “B” rake face, as result, the FS algorithm identified that 

the mean value calculated at each workpiece can differentiate the three 
stages of the tool wear. The “B” rake face enters in the normal wear 
range at the 10th pocket where a breaking point is observed. The cutting 
tool enters the worn-out range at the 15th pocket, where another jump is 
observed at the data set values, like at the “A” rake face represented in 
Fig. 4. 

3.3. Analysis of frequency features for the “A” rake face 

The use of above described statistical/engineering feature-based 
selection can be extended to monitor the wear of a complex tool angle 
system. 

Thus, the previously applied method was extended by the frequency 
feature selection (FFS) method. Using FFS, the characteristic frequencies 
of the signal can be determined in which the rake face wear stages 

Fig. 3. Different behaviour of “A” and “B” wear of rake faces during trochoidal toolpath micro-milling of ceramics.  

Fig. 4. Mean values as a function of the manufactured workpieces analysing the “A” rake face.  
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change. 
According to FFS calculations, the separation of the wear ranges at 

the “A” rake face occurs around 4.3 kHz. The results, as separated fre-
quency domain amplitude curves, are shown in Fig. 6. 

Based on Fig. 6, the tool life stages are well separable. Furthermore, 
as the tool wear increases, the amplitude decreases. This is probably due 
to the continuous decrease in the contact area between the tool and the 
workpiece. 

3.4. Analysis of frequency features for the “B” rake face 

In the case of “B” rake face, the separation of the three stages of the 
Taylor curve is observed at 6068Hz (Fig. 7) as separated frequency 
domain amplitude curves. 

At the “B” rake face, the values of the amplitudes in the worn-in 
range are low and constant (Fig. 8), in the normal wear range the 
values suddenly jump, and then return to low values in the worn-out 
range. 

4. Conclusions 

The preliminary research results of the authors [1,9] mirrored that 
the wear of the micro-milling tool in machining ceramics can be well 
monitored by considering the volume of the formed pockets. However, 
to gain a deeper understanding of this process, the result in the di-
agnostics in the wearing of each cutting-edge angles are presented in the 
paper. The purpose was to find a relationship between the wear of 
cutting-edge angles and the vibrations signals. 

During the tests, it was found that the cutting edges and the tool faces 
show asymmetric wear when using a trochoidal toolpath. Examining the 
statistical/engineering vibration signal features resulted that the change 
in the mean values and the number of the times the signal crosses the 
mean value of the measured signal successfully describes the complex 
wearing course for each cutting edges. Additionally, analysing the signal 
vibration in the frequency domain resulted that the amplitudes at 4.3 
and 6 kHz represents the complete separation of the worn-in, normal 
and wear out stages of the “A” and “B” rake faces, respectively. Finally, 
the two rake faces can be diagnosed separately and individually. 

Fig. 5. Number of the times the signal crosses its mean value as a function of the manufactured workpieces analysing the “A” rake face.  

Fig. 6. Separation of the sharp (thin curves), normal (middle sized curves) and worn (thick curves) tool at 4.3 kHz analysing the “A” rake face.  
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All these results represent the really complex and diverse tool 
wearing behaviour of micro-milling tools, considering the different 
cutting edges. 
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(ELKH), Budapest, Hungary 

John von Neumann University, Kecskemét, Hungary 

* Corresponding author. 
E-mail address: viharos.zsolt@sztaki.hu (Z.J. Viharos). 

Fig. 7. Separation of the sharp (thin curves), normal (middle sized curves) and worn (thick curves) tool at 6 kHz. analysing the “B” rake face.  

Fig. 8. Amplitude value change in relation to the tool wear stages at 6 kHz, 
analysing the “B” rake face. 
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