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Abstract: The paper presents a segment of research results concerned with the identification of the influence of chip 
segmentation process during the turning process and the “free” segment of the vibration acceleration signal specter 
aiming at the creation and laboratory verification of the proposed method for recognizing tool wear condition in 
turning. There is a comparative survey of the oscillations calculated by utilizing the finite element method (FEM) and 
the measured vibrations of the cutting system elements during the machining operation. The analysis of the microscopic 
structure of the chip generated in the turning process is employed to determine the chip segmentation frequency and the 
agreement with the measured system vibrations. The aim of the paper is to prove that there exists a dominant influence 
of the chip formation process in the high-frequency specter segment with the neglectable participation of the proper 
higher frequencies of the cutting system. 
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1. INTRODUCTION 
 
The sources of vibrations appearing on a tool are of 
diverse origin, while their causes can be classified into 
deterministic and non-deterministic. Among the 
deterministic ones are: material deformation, friction of 
the tool and workpiece and chip separation. Their main 
feature is the inherent nonlinearity, having as a 
consequence the appearance of self-induced vibrations in 
the cutting process [1]. 
The increased loads lead to the pass over the material 
elastic point, which can be observed in the leap into the 
plastic deformation zone and material failure. In the 
process, the accumulated energy that appears impulsively 
each time the lamella shearing process occurs i.e. a chip is 
being formed, is released. This can be explained by the 
fact that in the material that has the crystal structure, the 
micro crack occurs during the crystal breakage and it 
rapidly moves creating the material failure i.e. breaking 
the inter-crystal connections and releasing the energy. 
These short-term individual events induce the elastic-
viscous element structure of the workpiece system that 
generates vibrations in a wide frequency specter [2]. 
The friction on the contact areas between the tool and the 
workpiece creates the “stick-slip” effect. This effect 
introduces the aperiodic oscillatory induction into the 
workpiece system, which, same as in the case of the 
formation of chip segmentation can be observed as a set 
of discrete energy impulses inducing the elements of the 
workpiece system in the wide frequency specter as well. 
 
2. CHIP SEGMENTATION PROCESS 
 
Segmented appearance of chip lamellas comprises of two 
phases in which the workpiece material is plastically 

deformed in front of the tool causing the material 
convexes on the free chip surface. The result of the 
material deformation in the process of chip segmentation 
occurrence is composed of the moderately deformed chip 
segments separated by detached narrow band with the 
intensive material deformation. The described model of 
chip segmentation is presented in Figure 1 [3]. 
One of the important induction mechanisms causing the 
vibrations in the machining process is the creation of chip 
lamellas. In their research, Cotterell and Byrne [3] have 
determined the frequency of the occurrence of a lamella 
fseg by analyzing the video material with chip formation. 
The frequency of chip segmentation formation linearly 
increases with the increase of the cutting speed, and 
decreases with the increase in depth. Chip frequency can 
occur in the range from 3.8 kHz to 250 kHz in hard 
material turning [4, 2], leading to great variations in the 
frequency of forces in a tool. The influence of chip 
segmentation onto the tool wear and processed surface 
quality has not yet been explained in detail, although it 
has been determined that it influences the intensity of 
force in the cutting process and the tool condition [5, 9]. 
Crater wear and wear band are the primary processes in 
tool wear with the cutting speed in the range between 50-
800 m/min [6]. 
Lamella formation in the cutting process is characterized 
by their occurrence frequency. The frequency of chip 
segmentation formation can be calculated on the basis of 
the lamella formation steps pc, cutting depth (thickness of 
the undeformed chip part) h, height of the deformed chip 
part hch and cutting speed vc,, applying the expression:  
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Based on the expression (1), one can observe that the 
increase of the thickness of the undeformed chip leads to 
the decrease in the lamella formation frequency which is 
directly observed in the decrease of the chip deformation 
coefficient [1, 2]. 
 

 
 

Fig.1. Chip formation model [1] 
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The relation 2 comprises parameters linked to the tool 
cutting geometry and technological parameters speed, 
feed and depth of cutting. On that basis, it can be 
concluded that the lamella formation frequency is directly 
proportional to the machining speed and feed, and 
indirectly proportional to the depth. The increase in the 
cutting speed directly influences the chip segmentation 
formation frequency, the increase in the energy that is 
reflected in the intensified heat release and the decrease in 
lamella steps; in a word, the overall wear dynamics is 
being increased. In the performed experimental research 
with the plate made of hard metal and the cutting speed 
range between 200 and 250 m/min, the frequencies of the 
chip segmentation were around 8 – 100 kHz. The area of 
the lamella formation frequencies, based on the 
mathematical calculations following the Bähre formula, 
approximates the measured frequencies of the tool handle 
oscillations, i.e. its natural frequencies, between 8.5 kHz 
and 88 kHz 
 
3. FREQUENCY OF THE CHIP 

SEGMENTATION FORMATION 
 
Most researches in material processing are directed 
towards the chip formation mechanism and tool wear 
characterization. Significant for the research in the tool 
wear effects and chip formation morphology are also 
cutting conditions. It has been observed that the alteration 
in the tool wear degree and cutting conditions alters the 
shape of the occurring chip lamellas [6]. 

Tool wear, cutting process parameters and their influence 
on the chip appearance and shape have been monitored in 
the experimental research. The shape of the chip has been 
measured by a microscope depending on the tool wear 
degree, in diverse cutting conditions (cutting speed, feed 
and cutting depth). During the processing, the vibrations 
on the tool handle have also been measured, while the 
segmentation frequency has been calculated on the basis 
of the measured parameters for the chip cross section in 
an electronic microscope. 

 
 

Fig.2. Microscopic presentation of the chip cross section 
in worn tool processing 

 
Figure 2 presents the chip cross section, on an electronic 
microscope, in the worn tool processing. 
The research in the chip segmentation formation 
contributes to determining chip segmentation formation 
mechanisms, as well as defining the most suitable 
processing technology [6]. The crater increase on a front 
tool surface has a very significant influence on the chip 
segmentation formation mechanism, same as on the 
frequency of lamella formation and chip shape. 
Crater wear directly influences the basic initial structure 
of chip segmentation formation that always tends to have 
the character of a continual indefinite chip. Rear chip side 
in an extremely formed crater leads to the beginning of 
the occurrence of layers on the tool cutting edge 
 
4. MODELLING THE DYNAMIC TOOL 

BEHAVIOUR  
 
Within the research, the dynamic behavior of a turning 
knife has been analyzed by applying the finite element 
method [8]. Knife handle and cutting plate have been 
modelled as a monolith structure. All degrees-of-freedom 
have been removed on the part of the handle utilized for 
fixing (upper and lower surface), while the loads 
responding to cutting loads are set on the top. 
The analysis of the dynamic behavior of a turning knife 
generates a very important a priory feeding set which can 
be utilized for building a neural-fuzzy system for the 
intelligent recognition of the tool wear condition [9, 10]. 
The presence of the tool’s natural frequencies in the upper 
part of the specter, in the concrete example over 15 kHz, 
presents a problem in monitoring the tool wear condition, 
since this is the part of the specter where the frequencies 
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occurring in the process of the chip segmentation 
formation are also situated. In such a “deformed figure”, 
the monitoring of the chip formation process by analyzing 
the adjoining frequency content will be significantly 
harder, if not even disabled. Presumptive information on 
the dynamic behavior of the tool can be utilized for 
separating the specter part that is not contaminated and 
whose monitoring can, with high precision, establish an 
unambiguous correlation between tool condition and tool 
vibration signal measured by an adequate sensor. 
It is important to note that, due to the features of the tool 
carrier and other elements of the workpiece system linked 
to the mass, their influence on the dynamic behavior of 
the workpiece system measured on the tool handle is not 
critical. The frequencies of these elements are situated in 
the lower specter part which is significantly distant from 
the specter part where the frequencies generating the chip 
formation process are situated. Hence, the dynamic 
behavior analysis of the mechanical structure of the 
workpiece system is limited only to the tool behavior 
analysis. 
Vibration signals originating from the cutting process are 
difficult to be measure by direct methods, and they are 
technically and practically rather inaccessible for 
measuring in order to define the real influence. In the 
practical sense, what can be measured are the reactions of 
the overall system “tool-workpiece-machine” on the tool. 
In measuring, certain limitations occur in identifying and 
separating the induction mechanisms and transferring 
vibrations from other machine elements. It practically 
means that for certain processing operations only the 
phenomenological explanation is possible. Determining 
the precise content of the measured vibrations from the 
cutting process in the output sensor signal presents a very 
important task. Dominant influences of natural tool 
frequencies in the signal specter can be relatively 
precisely calculated by applying certain calculation 
methods. These calculations can greatly simplify the 
specter dismembering, which will be further explained 
and presented. 
The analysis of the dynamic behavior of the turning knife 
handle, utilizing the finite element method, has an 
objective to determine natural frequencies and oscillation 
amplitudes of the knife handle in the machining process. 
Furthermore, the analysis by finite element method 
enables the establishment of connections between 
experimental research and certain models in the 
machining process linked to tool wear and cutting 
geometry alteration. 
The analysis of vibration signals tends to identify the 
difference between natural and self-induced tool 
vibrations during the cutting operation and the entire 
system vibrations. 
 

4.1. Natural tool oscillation frequencies  
 

Figure 4 shows the comparative presentation of the 
calculated natural frequencies of the tool and the vibration 
acceleration signal specter obtained in experimental 
research for three cutting conditions. The calculated 
natural frequencies of the knife are presented by broken 
lines. Within the experimental research, apart from the 

turning knife handle acceleration, the simultaneous 
measuring of the cutting forces has also been performed, 
and hence the turning knife has been fixed to a 
dynamometer whose rigidity is lower than the tool carrier 
rigidity. 
Based on the presented results, one can observe that 
almost all natural frequencies of tool oscillation are 
situated in the upper domain of the frequency specter. 
This confirms the feasibility of the adopted approach in 
modeling and analyzing the dynamic tool behavior. In this 
case, significant approximations in setting the model have 
not reduced the dominant vibration effects in the 
machining process. 
 

 
Fig.4. Vibration signal specters obtained in experimental 

research and calculated natural frequencies for tool 
oscillation utilizing the finite element method 

 
For calculating the characteristic oscillation amplitudes of 
the knife handle, the method of harmonic analysis of 
oscillations has also been utilized. Harmonic analysis 
comprises the frequency range from 4 to 60 kHz. Figure 6 
presents the amplitude frequency knife characteristics in 
the direction of the axes X, Y and Z. The analysis of the 
obtained results can argue that the oscillation amplitudes 
in the directions of the axes Y and Z are of the same size 
order in the larger number of natural frequencies, while 
they are significantly smaller in the direction of X axis, 
even at the frequency 46.6 kHz which presents the largest 
frequency in the direction of this axis. 
 

 
Fig.5. Amplitude frequency characteristic of the knife in 

the directions of X, Y and Z axes 
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The analysis of the experimental results and the results 
obtained by the calculation from the finite element 
method can be utilized to connect the oscillation modes 
on calculated and measured frequencies with the 
conditions of their occurrence: 
1. At 13.8 kHz there is knife oscillation in the directions 

of Y and Z axes where the largest amplitudes occur on 
the knife top and they are around 30 to 35 [µm]; 

2. At 22.95 kHz the amplitudes of movement in the 
direction of the stated axes are around 10-20 [µm] and 
occur on the knife handle (neck); 

3. At other frequencies 23.09 and 46.5 kHz the maximal 
movement amplitudes also appear on the turning knife 
neck. 

Maximal amplitudes on the knife handle overlap with the 
places for setting the accelerators in experimental 
research. The mentioned natural frequencies entirely 
cover the part of the frequency range in which there are 
dominant components of induction generated by 
discontinuities during the chip segmentation formation. 
 
5. CONCLUSION 
 
In the range between 10 and 50 kHz there are a larger 
number of the tool’s natural frequencies, creating a space 
for the appearance of the resonance under the action of 
induced force generated by chip segmentation formation. 
The increase in the oscillation intensity induced by the 
tool resonance on a larger number of frequencies has a 
greater intensity and deforms the signal content occurring 
in the process of chip segmentation formation. This 
situation has been recognized in the experimental 
researches and the solution to this problem urges the 
necessity to develop methods and technologies for the 
work with higher frequency ranges, of over 50 or even 
over 200 kHz. Research on higher frequencies, where the 
signal content deformation derived from the chip 
segmentation formation process is minimal, can be 
utilized to determine more precisely the trend of the 
frequency in chip segmentation process. 
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