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ABSTRACT

The significance of cutting disturbances appearing in hard turning process case is shifting the process in dynamically very affected one. Therefore in this paper, as an objective, the turning process is evaluated by radial force variation analysis, as a function of depth of cut, tool nose radius and effective lead edge angle, through static and dynamic indicators. Tool/workpiece contact zone is in the case of hard turning, mostly limited within tool nose radius region. Therefore in this paper, geometry of the tool/workpiece contact line is analyzed. The depth of cut is calculated as a geometric difference of prior and instantaneous tool pass profile. The calculated values of the depth of cut are time dependant, and can vary by 60%. Various process monitoring techniques have been used to identify and confirm these variations as well as quantify the level of process stability. The obtained results confirm the assumption that effective lead edge angle and radial force are influenced by depth of cut, feed rate and tool nose radius. Additionally, it is shown that low values of depth of cut and prior pass machined surface valleys geometry are shifting the hard turning process on a dynamically more sensitive level if comparing to soft machining.
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1. INTRODUCTION
The stability of a cutting process in the past has been analyzed by the dynamic properties of tools, workpieces and their elastic deformations that appear due to tool/workpiece (T/W) contact surface exerting force. Contact surface geometry is influenced by cutting tool and workpiece origin profiles, as well as their deformation during the cutting process and tool-wear. Forces with the amplitude and variation/vibration values, sourced by variation of T/W contact surface geometry and non-deformed chip thickness are known as a fact in the cutting process, and are even amplified, if high strength of the workpiece and inadequate stiffness of machine tool is the case. The latter is usually connected with hard machining processes. In this work, the stability of outer diameter of hard turning is explored. The work begins with an overview of previous work in Section 1,  following by tool/workpiece contact influence on the radial cutting force in Section 2. Continuing with Section 3, where experimental procedure, analysis of the results and numerical T/W contact determination approach, using a nonlinear chip area modeled, are carried out. In Section 4, the relation between contact surface geometry profile and acceleration are discussed, followed by the conclusion section (Section 5) that finalizes the paper.
In machining process, the chip thickness uniformity and an uncut chip area are influenced by T/W contact surface geometry as a function of cutting parameters, cutting tool – workpiece geometry, thermo mechanical states, tribology, etc. All this is affecting the cutting process behavior. However, as long as the tool-wear is not excessive, the major parameters affecting the process are related to geometrical characteristics and are in this way presenting the core part of this paper.
Due to the workpiece initial shape, or due to the T/W contact conditions, the waviness of the machined surface can appear. As a result, disturbances are appearing, leading to vibrations, chatter, and nevertheless, to process instability/stability known as regenerative chatter.
Based on the experiments made by Kato and Marui (1974), investigating regenerative chatter while considering the workpiece as a single-degree-of-freedom system and cutting force to be proportional to the chip load, it was concluded that the regenerative effect is the main cause of chatter. In Merritt's (1965) chatter model, the workpiece is simplified into a lumped system with either one or many degrees of freedom; the cutting force is assumed to be proportional to the instantaneous uncut chip thickness. In Merritt's theory, an overlap factor is introduced to account the overlapping portion of the prior cut over the instantaneous one. In case of zero overlap, the chatter is termed as primary chatter; otherwise, it is termed as regenerative chatter. In regenerative effect, observed in milling process by Hartung et al. (2006), the tool cuts the material within the surface that was formed by the prior tooth pass, therefore the chip thickness and consequently the cutting force depend on the actual (instantaneous) tooth position and the position of tooth one pass earlier. The mathematical model of the regenerative machine tool chatter is a delay-differential equation with a corresponding infinite dimensional state space. To describe the cutting process in turning operation, partial delay-differential equations have to be used and a set of dynamic equations considered. After performing the Laplace transformation into frequency domain, stability can be analyzed based on the length, radius, natural frequency, deflection, aspect ratio and the workpieces material stiffness (Chen, C.K. et al., 2006).
The hard turning conditions are related to lower values of cutting speed (Vc) and uncut chip cross-section (Ac), while feed rate ( f ) and depth of cut (ap) values become equal or even smaller than the cutting tool nose radius (r). These conditions are favorable for disturbances, recognized also in some other machining processes (milling, etc.) in contrast to conventional turning. Under these conditions, the cutting insert is exposed to cyclic loading conditions that occur as a result of variation of uncut chip area, in particular, depth of cut and feed rate combination. The variation of the depth of cut, as a result of the prior cut surface, feed rate, push-off effect, cutting speed and effective lead angle, along with the tool path, produce significant dynamic force variation and induced process disturbances. More recent investigations have implemented the effects of real process geometry parameters on the stability of turning (Reddy et al., 2002). The ability to position a cutting tool, with respect to a workpiece, is often desired to rectify positional inaccuracies/disturbances during a machining process. Furthermore, cutting disturbances are also associated with the eccentricity errors of the workpiece geometry, machine tool, and tools (Andreasen et al., 1993) that might lead to self-exited vibration. Additionally, it is stated that with increasing of rotational speed of machine tools, the force in radial direction is also increasing with the square trend. In hard turning several other factors such as heat distribution and friction, tool-wear, different types of coatings, etc., can affect the force change. However, while the geometrical influences are the most dominant, this paper is limited to those investigations.
The presence of regenerative vibration in the cutting process, can lead to irregularity of machined surface shape, and nevertheless, to the machined workpiece surface damage. This is of course affecting the functionality of the product (demanded precision in dimensions and product shape), therefore, when a hard turning process is applied even higher attention has to be given to it.
Concerning the cutting forces - radial force (Fr) with vibration, and surface quality, the nose radius and its influence on the cutting process has to be analyzed. Briefly, a smaller nose radius leads to smaller cutting forces and higher vibration amplitude. While on the other hand, a higher nose radius allows a finer surface finish on the account of increased specific cutting energy (Povel et al., 2005).
2. FREQUENCY/TIME DOMAIN ANALYSIS AND EXPERIMENTAL PROCEDURE
It is very difficult to make a unique/generic classification of the disturbances concerning their causes. Data analysis in frequency domain can establish the most dominant disturbing frequencies that can be compared with natural frequencies of a single component of the machining system (1). The vibratory system of a workpiece consisting of a main spindle, workpiece, tailstock and supporting shaft can be reduced to a system with one degree of freedom consisting of an equivalent mass, damper, and spring. The equation of motion of the workpiece, regarding to the coordinate system, is expressed in Equation 1.
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(1)

where: m is equivalent mass of the workpiece assumed to be concentrated on the workpiece, k is the spring constant with regard to the coordinates, and c is the damping coefficient.

However, there is a drawback of this method that the equation is linear and therefore cannot take into account nonlinear relations. Therefore, as a solution to identify causes, analyses of experimentally derived measures, as forces, accelerations, etc. have to be and are carried out in this work. The process vibration are experimentally evaluated in time and frequency domain (signal spectrum, e.g., a tight and broad spectrum).
Experimental procedure

The tests were performed on the Boeringer CNC turning machine with the main power Pmax = 7.5 kW and maximum rotational speed nmax = 4000 min-1. The test sample was tightened into chuck and supported with a tip cone on the other side. The cutting tool was CBN 25, with geometry CNMA 1204__** TN3 (** - depending on the tool radius that will be specified later). The cutting tool was inserted into a holder PCLNL 2525M12 - MED25100. The workpiece material was steel 40 CrMnMo7, developed for the work under high temperatures (850-1050oC). The steel was heat-treated with hardening at 880oC (100 min.) and tempered at the temperature of 440oC. The workpiece shape was a bar with a diameter of 200 mm and 60 mm long. As a consequence of thermal preparation, the average hardness working with was 45-47 HRC.
The cutting process dynamics undergoes larger variations, influenced by the various cutting conditions. Therefore during the process, the cutting forces and cutting tool accelerations are the main measures performed in the experiments.

The cutting parameters and the results are stated in the next section. As a quick idea, it was observed from existing experiments that the cutting speed has higher influence on stability of the machine tool from all the cutting parameters. The influence on the stability of other cutting parameters may be analyzed through their effects on the cutting stiffness and damping. Therefore, the bases for the model establishment with the aim of cutting process disturbances evaluation, the analyses of sensor-recorded signal data have been performed in this work.
3. RELATION BETWEEN T/W CONTACT SURFACE GEOMETRY AND RADIAL FORCE
The tool/workpiece load distribution and heat interaction with hard turning, are defining the finish hard turning expression (besides high workpiece hardness), where the cutting tool-workpiece interaction is limited to the cutting tool nose radius region (Figure 1), i.e., within a curved T/W contact surface.


[image: image2]
Figure 1: T/W contact surface geometry parameters.
The curved geometry is actually defining the actual lead angle (re) based on the cutting tool lead angle (r), feed rate, tool nose radius, and depth of cut in accordance to Equation 2 (Li, 2001). Besides this, it has to be mentioned that the effective lead angle is significantly smaller than the insert lead angle and is dependent on the cutting parameters as shown on the Figure 2.


[image: image3.wmf](

)

(

)

tan0.5053tan1.04730.4654

e

e

kk

=++

rer

p

r

f

ra

 
(2)


[image: image4.emf] 

0  

0 . 4  

0 . 8  

1 . 2  

1 . 6  

2  

0   0 . 5   1   1 . 5   2  

a p   [ mm ]  

r ε   [ mm ]  

 r   =   95 o  

 r   =   60 o  

 r   =   80 o  

Hard  turning  


Figure 2: Characterization of hard turning related to influences of depth of cut (ap), tool nose radius (r), and lead angle ((r).
If a variation of depth of cut during cutting exists, the effective lead angle will vary too (Figure 3). As a consequence, lowering the depth of cut decreases the effective lead angle as well. The radial force has the same tendency of decreasing, due to smaller chip cross section. Lowering the tool nose radius value will lead into increase of the effective lead angle, while the radial force in this case decreases. In experimental work of this paper, CNMA geometry of cutting insert and PCLNR geometry of tool holder are used (lead angle (r = 95o). This means that in correspondence to hard turning, the values of depth of cut are smaller than ap = 0.43 mm (Figure 2). This value is calculated for a small tool nose radius rε = 0.4 mm and feed rate f = 0.4 mm/rev.
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Figure 3: Influence of depth of cut (ap) and tool nose radius (r) on an effective lead angle (re).
As a consequence of an uncut chip, thickness variation during a turning process, dependant on prior and instantaneous cut profile difference a cutting force variation occurs that can lead to a nearly subcritical instability of the amplitude versus the width-of-cut plane (Chandiramani, 2006). For the observation of ap variation nature, during the cutting process, a model of T/W contact surface was developed, and the range for depth of cut ap,min < ap <ap,max (Figure 4) was calculated for different prior-instantaneous machined surface profile cases, according to the profile shift, p (p ≥ 0).

[image: image6]
Figure 4: Geometry of prior and instantaneous cut and the corresponding uncut chip thickness.
Determination of depth of cut along the cutting path is also of high interest due to the need for understanding its actual distribution over the T/W contact area. Therefore the model was used to establish this relation and is presented in Figure 5.

[image: image7]
Figure 5: Correlation of depth of cut (ap) and length of T/W contact.
If we now calculate the variation of ap (calculated values obtained by contact geometry analysis), they are in the rage of 60-80% (Figure 6), while in the case of soft steel turning, this value would drop down to about 10% or even lower. In accordance with the actual depth of cut, ap = 0.3 mm, these 60% equals roughly ± 0.1 mm. A depth of cut variations in hard turning could be slightly lower (25-30%) with the usage of higher tool nose radius or a smaller feed rate. On the other hand, slightly higher variations can be expected (10-15%) for the other overlapping, p.
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Figure 6: Variation of depth of cut (ap) (Kopac et al., 2006).
From the measurements of radial force, Fr, given in time domain, it was observed that the radial force is affected by the same tendency of variation as ap variation. The radial force variation reached over 70% (Figure 7). This value is close to the prior consideration (a 60% variation of ap), and confirms the assumptions of dynamic behavior of the depth of cut. The force signals in frequency domain show peaks only in the range below 2 kHz (observation range was up to 20 kHz), and high power peak at the frequency which corresponding to the frequency of tool passing the valley peaks of prior pass. This ap variation can also be sensed by an acceleration measurement. Therefore, also the acceleration measurements were performed and are described in next section.
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Figure 7: Verification of depth of cut (ap) variation with the measurements of radial cutting force (Fr).
4. RELATION BETWEEN T/W CONTACT SURFACE GEOMETRY AND VIBRATION - ACCELERATION
The ap variation and the lead angle variation, influenced by the tool nose radius imply the dynamics to the cutting process. Since the uncut chip geometry varies along the tool path, the tool path for several revolutions is analyzed, and presented as force/accelerometer data. The radial force measurements confirm the significance of contact surface geometry, only at low frequencies (<2 kHz). To observe its influence at higher frequencies, we have conducted two tests while measuring the cutting tool accelerations: 

· new insert tests (comparing vibrations for two different nose radius)
· new and worn insert tests
The concept of performed measurements is shown in Figure 8. As shown in Figure 8, the direction of accelerometer (acceleration component measurement) is parallel with the direction of radial force, and can be therefore directly correlated.
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Figure 8: Cutting tool acceleration (a) measurement setup.
In those experiments the CNMA 1204 TN3 cutting tools were used. The useful length of a test workpiece (heat treatable steel Ck35 E) was slightly less than 350 millimeters. This cutting length was divided into several sections, while in each two neighbor sections, the machining was performed under the same conditions (the same cutting parameters). For each section, 10 single acceleration signals were measured, transformed into frequency domain (Fast Fourier Transformation), and averaged. Thus, getting the average spectra over 10 repetitions, for the sake of statistical weight. The sampling frequency of measurements was 100 kHz, and the number of discrete points equals 8192. According to the relations between sampling frequency, the number of discrete points and the length of time series, the period was 0.08192 s. This corresponds to approximate 12.207 Hz frequency resolution.
Two acceleration signal power spectra are presented in Figure 9, for two different tool nose radiuses, r = 0.4 mm and r = 1.2 mm. From those results, it can be seen that the amplitude peak at 4 kHz is inversely proportional to the nose radius rε. Therefore it can be claimed that the amplitude peak at 4 kHz is a reliable criterion for the identification of cutting nose radius (Kopač, 2006). There is another significant peak at 10 kHz, however, the difference between amplitudes, corresponding to different tool nose radiuses, are not so dominantly distinguishable. Additionally, the spectrum floor is in case of smaller tool nose radius, raised up on all the observed frequency spectrum ranges, which is also a sign for higher vibration. Therefore, it can be concluded that only the first resonant peak has a physically logical meaning: a smaller nose radius results in smaller tool holder stability (stronger vibrations) at this frequency in comparison to a larger nose radius.
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Figure 9: Tool nose radius (r) influence on the cutting tool accelerations (a).
In analyzing the cutting tool-wear influence on the cutting tool accelerations (Figure 10), the 40CrMnMo7 workpiece material was machined; the cutting tool CBN CNMA 120404 was used, while the cutting parameters for the experiments were the following: Vc = 1000 m/min, ap = 0.35 mm and f = 0.2 mm/rev. The machining was performed under dry conditions. To perform this analysis and accelerate the tool-wear, high cutting speed was used resulting in very short tool-life (T < 0.2 s).
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Figure 10: Tool-wear influence on the process vibrations.
During time period from 0.0557 to 0.128 s, the cutting tool-wear is so drastic that the cutting tool has reached the critical tool wear and is not useful any more. The data were analyzed and quadratic increasing of radial force with dominancy of frequency spectra peaks at 27 Hz and 300 Hz were observed. The measurements show narrow acceleration variation for the new insert (up to 0.057 s), and a wide range acceleration variation when the cutting tool was worn out (after 0.128 s). As a confirmation of the results, in work of Schmitz (2003) the variation spreading were able to be evaluated with the variance estimation, what is in accordance with these results.
5. CONCLUSION

Presented in the paper, is an approach for identification of cutting disturbances in a hard turning process. A depth of cut (ap) variation was found by a tool/workpiece contact surface and its chaining nature effect on the force and acceleration vibrations derived, based on experiments. It was shown that the depth of cut is varying by approximately 60% of the initial value, depending on the prior and instantaneous cutting conditions (mostly related to the feed rate, tool nose, depth of cut, lead angle and overlapping). Surface roughness is a consequence of both cutting disturbances and the tool/workpiece non-uniform loading distribution. The disturbances appearing at low frequencies are possible to be identified by force measurements, while for the analysis of higher frequency variations; measurements of accelerations are preferable. The force signals in frequency domain show high power peak at a frequency corresponding to the tool passing frequency over the valley peaks of a prior cut profile. Analogue variation values as for the ap, were observed in the radial force time series (force variation were up to 70%, while ap variations equals 60%). The disturbances identified at higher frequencies are more inherent for smaller tool nose radius cutting tool, leading to smaller process stability (stronger vibrations). Under the given circumstances, the amplitude peak at 4 kHz is a reliable estimator identifying the tool nose radius, while the acceleration amplitude at this frequency was inversely proportional to the tool-nose radius rε. 
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