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Introduction
Turning is the continuous process of separation of materials, but the values of individual components of force are variable over time. To determine the frequency of the variation of individual component, the measured data (cutting force component) has to be translate into Fourier row (using FFT). Linderberg and Lindstrom [1] have noticed that the maximum natural frequency of any component in the system tool-machine-processed is below 1 kHz. Frequency of creating of a lamella does not depend on the stiffness of machine, because natural frequencies of individual parts of machine tool are quite below this frequency. By performing of monitoring of the cutting process in the frequency domain, one can found all the changes that are happening in each of the participants or processes, and thus adjust the parameters of the cutting process. Increasing of the cutting speed influences the frequency range to increase.
Keywords: Turning, FFT, Chip forms, Mechanical properties, Dynamic properties
1. FREQUENCY ANALYSIS OF THE FORCE SIGNALS
Measurement and monitoring of cutting parameters aimed to estimate the dynamic behaviour of the cutting process is known for the decades. Theoretically, the turning process, comparing it with, for example, milling, is a continuous process of separation of materials. However due to a change of cutting depth, thickness of separate particles, feed, and a cutting speed of separate particles, as well as the conditions of wear of tools, affect the variable cutting conditions, and as the final result, vibrations in the process of cutting. Tool vibrations in turning have a negative impact on the quality of machined surface and the intensity of wear of tools. 
Vibration testing process is usually limited to the two-dimensional or orthogonal cutting for ease of geometric characteristics and flow of separated particles. Areas of questioning related to the phenomenon of vibration are directed to three locations the contact material:

     1. primary zone cutting in the front of cutting edge of tool, where maximum yield stress appears in the material and separates the particles, 

     2. secondary deformation zone along the contact tool and separate particles, where it appears sliding,

     3. tertiary zone on the slip rear surface of the tool by machined surface, 

     4. breaking zone of separate particles stopped in the creation of separate particles.

With other discrete processes of cutting, such as milling, an additional source of vibration stripes cutting edges over the machined surface. 

The values of resonant frequency stated by Bahre [2] are: 

      - Resonant frequency range for measuring device is 3.5 kHz, 

      - Resonant frequency range for the tool insert is 6-7 kHz 

      - Resonant frequency range for cutting is 15-50 kHz.

Component of cutting forces obtained during the processing of steel 40 CrMnMo7 with tools of CBN are shown in Figure 1. Force values are shown over the time domain. From the figure 1 it is visible that this relationship cycle repeats after each revolution (with duration of approximately 0,033 s) and almost no significant change of this value is determined for the observed time interval of 0.2 s.
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Figure 1. Presentation of measured values of cutting force components

Analyzing the frequency response of the cutting and thrust force data in Figure 2, the spindle rotation frequency range (25-30 Hz), can be identified and characterized by frequency measuring devices over the range (about 3-6 kHz), the tool holders (about 5 kHz), cutting inserts frequency range (about 9 kHz) and frequency range for separation of material-cutting around 20kHz. 

Changing the cutting speed influences the frequency range (the increase in cutting speed leads to the shifting frequency category of separation of materials in multiple higher frequencies (Figure 3).
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Figure 2. Frequency response of cutting force Fc and thrust force Fp with the label of characteristic frequency range
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Figure 3. Influence of speed on the shape and the values of frequency range domain

2. fREQUENCY ANALYSIS OF the chip formATION PROCESS

Linderberg and Lindstrom (1983) [1] exploring the phenomenon of "saw-tooth" form of separate particles on the steel AISI (1035) and came to the conclusion that this is a typical form of chips for hard machining which dissapears at higher cutting speeds and at low feeds. Characteristic frequency range of appearance of the particles with that form was 14 kHz. A similar result (14.5 kHz) has been given also by Reinfelder [3]. Frequency of creating a separate slices of particles calculated by the expression [4]:
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where a:  

              fl - Frequency of creating lamella, Hz 
              vc'- separate particle velocity, m / s 
              kl - step lamella separated particles, m.
Assuming the value of the coefficient of chip compression (ψ=1) 
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, which is  considered to be very practical for fast calculations and with satisfactory accurate simplification. 
According to MC Shaw [4] starting frequency of slice creation of separate particles at the speed of 150 m / min was 14 kHz, and reduced shift away, as well as separate particles acquire a continuous form.
Processing of steel 40CrMnMo7 with the tool insert made of the CBN in different processing conditions (speed, feed, depth, radius of the edge) and collection of separated particles after the process stops is aimed to analyzing the influence of processing parameters on the shape of the chips.
Separated particles were fixed into moulds and video records were made. Some of records are shown in Figures 5 and 6.
The isolated particles (shown on pictures 5 & 6) observed as a "saw-tooth" form of chips which have top corner angle of about 45o. The same value of the top corner angle is determined by Shaw when processing two steels: AISI 4340 and Inconela 718 with mixed ceramic tool Al2O3/TiC [4]. It is concluded that the "saw-tooth" form of chips with corner angle around 45o occurs during the processing of hard materials regardless of the material of cutting edge. Type of „saw-tooth“ forms disappears when cutting process is performed with a small feeds refered by Shaw [4] and the larger corner radius of  tools.
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Figure 4. Skech of the formation of chip lamells [6]
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     Figure 5. The shape of chips 1                               Figure 6. The shape of chips 2
       vc=400 m/min    ap=0,2 mm 


vc=1500 m/min     ap=0,35 mm 

       f=0,2 mm          rε=1,2 mm


f=0,2 mm             rε=0,4 mm

2.1. Influence of workpiece hardness on chip forms
Experimental tests were conducted on the test sample produced of the workpiece material Ck 45 steel. The geometry of test sample is the bar with two diameters, shown in Fig. 7. Test sample was locally (approx. one quarter of magnitude) induction hardened (Fig.8.) to achieve alternate hardness over the cylindrical surface, which will be turned. 

Tests were performed on turning machine TNP 160 A Prvomajska , main power 2,2 kW, nmax 4000 min-1 . Test sample was tightened into chuck. Cutting tool was carbide, with geometry CNMA 120404. Tool was nested into holder PCLNL 2525M12 - MED25100. 

Influence of three input parameters of cutting regime during the experiment was observed (shown in Table 1):

                                                      Table 1. Cutting parameter
	Parameter/value
	minimum
	Average
	maximum

	no. of revolution n, min-1
	560
	800
	1120

	cutting depth    ap, mm
	1
	2
	3

	average hardness  HV 30
	270
	-
	640
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       Figure 7. Geometry of the test sample              Figure 8. The test sample after hardening

 Performing induction hardening process, starting and stop location of treatment are identified on surface as location with  significantly smaller hardness – soft zones.
Chip types in machining are determined by the combined effects of workpiece material properties, cutting speed, and tool geometry. The chips produced in each cutting experiment were collected and visually analyzed. The shape of chips looks like horse-shoe (Fig. 9). 
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Figure 9. Horseshoe-type of chips

Generally, the forms of chips are significantly different for soft zone and hard zone. Deformation of chips from hard zone is stronger in comparison with chips from soft zone (Fig. 10 & 11). Saw-toothed types of chips have been identified in hard zone. 
Since the length of hardened zone is cca 60 mm, chip has been broken at least once. For the higher depth of cut, the length of chip correlates with peripheral workpiece wheel length.
	
	kl (μm)
	vc (m/s)
	fl (Hz)
	Corner angle

	Hard zone
	349
	3,14
	8999
	40°

	Soft zone
	139
	3,14
	22589
	45°
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       Figure 10. Saw-tooth type in hard zone                Figure 11. Chip types in soft zone

4. CONCLUSION

This paper presents the results of the estimation of the frequency range for the occurancies during hard /soft turning process. Analyzing the force signals of cutting in frequency domain, it is possible to determine several ranges where dominant frequency peaks appears. These frequency peaks refers to the certain component of machining equipment. Identification of each peak is performed with observation of magnitude of certain frequency range while cutting conditions are changed (hardness, cutting speed, insert radius, tool wear …). Heat treatment is in experiment conducted to achieve two hardness zones (640 HV30 and 270 HV30) on the surface of workpiece which will be fine machined after. Deformation of chips from hard zone is stronger in comparison with chips from soft zone and thicker lamellas on lower frequency appear. Due to its higher ductility, chips of the soft zone are more severely deformed with the higher chip thickness and thinner lamellas. Increasing of cutting speed influence the increase of chip formation frequency range. Experimental results and numerical modeling of cutting process offers a great potential in improving the efficiency and quality of hard turned and fine machined parts.
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