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Abstract: Chatter is a complicated problem faced by machine tool operators. Chatter is a self-excited vibration that can occur 
during machining operations. This is an undesirable phenomenon which limits the productivity of the machine. A lot of 
techniques have been developed to control the chatter. 
Stability lobe diagram is an effective tool which helps the operator to select specific spindle speeds during production to 
avoid chatter in machine. Stability lobes are plotted against axial depth of cut vs. spindle speed, which shows a boundary 
between stable and unstable cutting regions. Numerous experimental and analytical techniques have been developed to 
establish stability lobe diagram. This paper presents a review on experimental and analytical methods of obtaining stability 
lobe diagram in high speed milling operation.  
Keywords: High speed milling, stability lobe diagram, FRF, Fourier transform, chatter. 

I. INTRODUCTION 

High speed milling operations are commonly used in present day manufacturing systems for increased production and high 
precision manufacturing. With the development of high speed machining (HSM), many parts which are thin walled, flexible and 
low rigid has become easy to manufacture. A large number of parts of such kind are manufactured in CNC machines with end 
milling tool. During high speed machining, the milling of thin walled plate leads to a lot of dynamic problems. The main 
dynamic problem is self-excited vibration called regenerative chatter.  
Chatter is a self-excited vibration that can occur during machining operations and becomes a common limitation to productivity 
and part quality [1]. This phenomenon has several negative effects such as poor surface quality, unacceptable accuracy 
excessive noise and tool wear, machine tool damage, reduced Material Removal rate (MRR), increased costs in terms of time, 
materials and energy. In workshops, machine tool operators often select conservative cutting parameters to avoid chatter. 
Moreover, in some cases, additional manual operations are required to clean chatter marks left on the part surface.  
The studies on chatter can go back to the 1950s with Tobias Tlusty  and Polacek and Merit, who explained the regenerative 
chatter in orthogonal cutting and developed the two-dimensional stability lobe theory. They simultaneously made the 
remarkable discovery that the main source of self-excited regenerative vibration/chatter was not related to the presence of 
negative process damping as was previously assumed. However, it is related to the structural dynamics of the machine tool-
workpiece system and the feedback response between subsequent cuts. Though, a pioneering research, their model is only 
applicable to orthogonal metal cutting where the directional dynamic milling coefficients are constant and not periodic. 
 

A. Vibration during machining 
Metal cutting processes can entail three different types of mechanical vibrations that arise due to the lack of dynamic stiffness of 
one or several elements of system composed by machine tool, the tool holder, cutting tool and workpiece material. These three 
types of vibrations are known as free vibrations, forced vibrations and self-excited vibrations. Free vibrations occur when the 
mechanical system is displaced from its equilibrium and is allowed to vibrate freely.  In a metal removal operation, free 
vibrations appear, for example, as a result of  an   incorrect   tool  path   definition that  leads to a collision between  the  cutting  
tool  and  the  workpiece.  Forced vibrations appear due to external harmonic excitations. The principal source of forced 
vibrations in milling processes is when the cutting edge enters and exits the workpiece.  However, forced vibrations are also 
associated, for example, with unbalanced bearings or cutting tools, or it can be transmitted by other machine tools through the 
workshop floor. Free and forced vibrations can be avoided, reduced or eliminated when the cause of the vibration is identified. 
Engineers have developed several widely known methods to mitigate and reduce their occurrence. Self-excited vibrations 
extract energy to start and grow from the interaction between the cutting tool and the workpiece during the machining process. 
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This type of vibration brings the system to instability and is the most undesirable and the least controllable. For this reason, 
chatter has been a popular topic for academic and industrial research. 
The regenerative effect is based on the fact that the tool cuts a surface already cut during the    previous revolution, the cutting 
force varies as well as the chip thickness, leading to the time delay of  the  dynamic equation. The classical regenerative 
vibration model plays an essential role in machine tool vibrations. For most cases  taking  the  regenerative  effect  into  account,  
the  structural mode  coupling  effect  is  neglected. The frequency response function (FRF) matrix of the most flexible structure 
(machine–tool) is assumed diagonal, i.e. the vibration modes in different directions are assumed uncoupled and the cross FRFs 
are considered as zeros. For the frequency domain methods [18], such simplification leads to the analytic expression of the 
solution [19]. There are also many other methods  handling the stability  prediction of  the  regenerative chatter besides the 
frequency domain methods, such as  the time domain  methods[30],  the numerical simulation method [36], the semi-
discretization method [20], the Lambert function based  method  [21],  the  Chebyshev collocation method  [22], the full-
discretization method [23], etc. chatter can occur  in different metal removal processes: milling  [44], turning, drilling  [24], 
boring [25], broaching [26] and grinding.  
chatter   occurrence     has  several negative effects: 
1) Poor surface quality. 
2) Unacceptable inaccuracy. 
3) Excessive noise. 
4) Disproportionate tool wear. 
5) Machine tool damage. 
6) Reduced material removal rate (MRR). 
7) Increased costs in terms of production time. 
8) Waste of materials. 
9) Waste of energy. 
10) Environmental impact in terms of materials and energy. 
11) Costs   of recycling,   reprocessing     or dumping      non-valid    final parts to recycling points. 
 

B. Stability lobe diagram 
The two-dimensional stability lobe theory deals with the stability of solutions for dynamical cutting systems, which usually 
stands for the spindle speed and axial depth. Fig.1 shows an example of stability lobe diagram. As a function of these two 
cutting parameters, the border between a stable cut (i.e., chatter-free) and an unstable one (i.e., with chatter) can be visualized in 
a chart called stability lobes diagram (SLD). 3D stability lobes were later established considering radial depth of cut as another 
parameter [15][16]. In the middle of the 1990s,  Altintas and Budak[2] presented an analytical form of the stability lobe theory 
for milling. Both of these stability lobe theories can help to select the appropriate cutting parameters of the spindle speed and 
axial depth to avoid chatter in machining processes. 
Stability studies have two important research approaches. On the one hand, many authors have studied it through machine 
behaviour, assuming a rigid workpiece. The tool tip transfer function is elaborated through models or experimental approaches. 
On the other hand, most of the previous models made the assumption that spindle-tool set dynamics do not change over the full 
spindle speed range. This assumption needs to be reconsidered in HSM, where gyroscopic moments and centrifugal forces on 
both bearings and spindle shaft induce spindle speed dependent dynamics changes. Few studies were also done considering the 
flexibility of workpiece [17]. For accurate dynamics prediction, spindle speed-dependent dynamics must be evaluated. Figure 1, 
shows the SLD curve for stable and unstable zones.  

 

 Figure 1. Example of a stability lobe diagram (SLD) and the stable 
and unstable cutting conditions 
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Faassen et al.[3] And Schmitz et al.[4] considered spindle speed dependent dynamics on the basis of experimental transfer 
function identification at different spindle speeds. Their method uses impulse hammer excitation and contact-free (capacitive 
probe) response measurement of a rotating tool at different discrete spindle speeds. Experimental results revealed speed 
dependent variations in spindle dynamics and hence in the stability limit. However, many conventional testing techniques prove 
unsuccessful at determining spindle behavior during high-speed rotation. Indeed, in an experimental modal analysis of a high-
speed rotating shaft, the location of the hammer impact point and the sensor measurement point is not properly defined. 
The steps involved in the prediction of stability lobe diagram [11] are given below: Initially, the dynamic characteristics and 
milling process parameters of the machine-tool-workpiece system are obtained using experimental analysis. Then the frequency 
response function is determined after selecting the natural frequency and exciting frequency. Using FRF, stability milling limits 
are estimated and the stability lobe diagram is obtained. Prediction of lobes can be done by analytical method, semi analytical 
method and experimental method. 

II. EXPERIMENTAL METHOD 

Experimental method aims to obtain stability lobe diagram by conducting a series of experiments on workpiece by machining it 
using a milling machine tool. Tonshoff [12] showed that, while machining at a certain depth of cut along the tool path, forced 
vibrations turn into self-excited vibrations and the milling process becomes unstable. This principle is used in various 
experiments to determine chatter. 

 

 

 

 

 

Figure 2. Experimental setup for finding stability lobe diagram.  [8] 

Guillem Quintana[8] proposed a method of obtaining stability lobe diagram  completely by experimental method as shown in 
figure 2. A tapered workpiece was machined in a milling machine tool. While machining at a particular speed, the axial depth of 
cut increases owing to the tapered geometry and after certain point, chatter occurs. Chatter is detected if the energy of the 
measured signal exceeds a certain threshold value. The signals from microphone were recorded in PC and analyzed for chatter 
frequency. Various software such as labview, cutpro [7], metalmax are used in monitoring and recording the data from 
microphone. A suitable DAQ assist was used for acquiring the sound signal during machining. The Fast Fourier Transform [9] 
(FFT) was calculated from audio signal to obtain frequency domain. The graph shows high sound level during chatter period 
and low amplitudes for chatter free operations. The critical frequency levels are noted in all experiment cases and stability lobe 
diagram is plotted based on the experimental results. This procedure is repeated for various depth of cut and spindle speed 
combinations. 

 

Figure 3. SLD marked on workpiece surface. 
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Maximum Y travel was directly extracted from the machine tool screen when chatter was detected by the operator and the 
machine tool was stopped. Maximum axial depth of cut can be calculated by applying trigonometric principles since the work-
piece inclination is known. The operator had to decide when to stop the machine following his own criterion based on the 
machining sound. Expert operator can achieve good results applying this methodology as is demonstrated along this work. 
Figure 3, shows SLD marked on machined workpiece surface. The experimental method of determining lobes involves lot of 
time and cost and in order to reduce the experimentation effort, few researches were carried out to determine lobes using semi 
analytical method. 

III. SEMI ANALYTICAL METHOD 

In this method most of the parameters required to obtain stability lobes are calculated analytically. The modal parameters of 
spindle/tool holder/tool systems are obtained experimentally using impulse hammer test [6]. Figure.4 shows the experimental 
set up for modal analysis of spindle/tool holder/tool which is multi DOF system.  This method helps us to determine the modal 
parameters of system which are then used to find the transfer functions. In this method an accelerometer is mounted on the tool 
to sense vibration on tool. The accelerometer is connected to a DAQ card which receives signals and converts it to digital form 
so that the PC can read those signals. The DAQ is connected to PC and software are used to monitor and record the signals. An 
impulse hammer is used to make an impact in the tool which is also connected to DAQ and PC to measure impact provided by 
hammer. With this method a range of frequencies are excited that contain the natural modes of the system. In order to obtain the 
natural frequency of spindle/tool holder/tool system, an impulse needs to be generated and this can be given with a short impact 
using a hammer. To choose the appropriate hammer and sensor, it is necessary to consider the mass, the stiffness and the 
material of the structure [8]. 

 

 

 

 

 

 

 

 

Since the impulse generated is recorded in software, FRF of spindle/tool holder/ tool system can be calculated with help of 
recorded readings. The stability lobe depends on the FRF of above system and hence it is desirable to extract FRF of 
spindle/tool holder/ tool system using experimental method. Then the FRF obtained can be used to calculate stability lobe 
diagram.  

Recent developments in sensors and computers have led to the rise of analytical–experimental methods and computer 
simulation analyses. In manufacturing automation, Altintas [5] explains a widely known analytical–experimental method based 
on the use of an impact hammer instrumented with a piezo electric force transducer. Transfer functions of existing multi-degree-
of-freedom (MDOF) systems can be identified by structural dynamic tests. In this case, to obtain the transfer function, the 
structure is excited with an impact hammer and the resulting vibrations are measured with displacement, velocity or acceleration 
sensors. CUTPRO software implifies the test and offers automatic predictions of the SLD. Another software program called 
Harmonizer scans the sound of the cutting process with a microphone and chatter is detected if the energy of the measured 
sound signal exceeds a certain threshold. 
 
In experimental methods the accuracy of result completely depends on sensors used in experiment. Any errors in sensors cause 
a wrong prediction of lobes. Therefore selection and placement of sensors in tool also play an important role in obtaining 
accurate lobes. The contact type sensors  used for detecting vibration are Accelerometer, Piezo electric sensor, proximity sensor 
and Inductive sensor, while the non-contact type sensors include Fiber optical sensor, Laser sensor, Eddy current sensor and 
capacitive sensor. 

Figure 4. Measurement of the impulse response 
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Fixing the contact type sensors in the system will also contribute to some errors in measurement. Figure. 5 shows the frequency 
characteristics based on sensor fixing ways. The vibration induced during machining also affects the performance of sensor 
since it is in direct contact with the vibrating system. 

 

Figure 5. Frequency characteristics on sensor fixing ways 

So it is important to choose the setup that best meets the required frequency range. Also positional errors may also occur when 
using the contact type sensor. Hence, non contact type sensors can be used for obtaining better results. The semi analytical 
methods have reduced the need for experimentation to a certain extent so that lobes could be predicted in a shorter time. 
Resorting to analytical methods without experimentation to determine the stability lobes will further reduce the time and effort.  

IV. ANALYTICAL METHOD 

Numerous research works are being carried out for determining the stability of spindle during thin wall machining [27-31,43]. 
With help of this method various behaviors of machine tool structures were predicted before they were constructed. Altintas and 
Budak [4] proposed a model which is widely used in present practice. The aim of analytical approach is to obtain the transfer 
functions of structure, which is required in the stability model and to eliminate the need for series of experimental impact testing 
at various points on a thin walled workpiece. The work done by these authors are based on a chatter stability model which 
shows the periodic cutting forces acting on cutter and workpiece [13]. 

Figure 6, shows the dynamic milling force model showing the undulation on machined surface and each tooth removes the 
undulation caused by the previous tooth [10]. Based on this model, equations were arrived to find the chatter free axial depth of 
cut. Using the equations arrived in analytical approach the stability lobes were plotted [14]. 

 

 

While the research work related to SLD was carried out based on analytical approach it was found that the dynamic 
characteristics of spindle/tool-holder/tool were also accounting for the behavior of system [23]. The authors have shown that the 
spindle dynamics depend on a large number of factors, including holder characteristics , spindle shaft geometry and drawbar 
force and the stiffness and damping provided by the bearings. Most of these factors are independent of the spindle speed, but 
bearing stiffness depends on changes in load and spindle. So the equations were modified to account the multiple mode 
characteristics. Cutting force nonlinearities were also taken into account by some investigators [36,37,41]. The workpiece 

Figure 6. Dynamic milling force model. 



www.ijraset.com                                                                                                          Volume 3 Issue II, February 2015 
                                                                                                                                     ISSN: 2321-9653 

International Journal for Research in Applied Science & Engineering 
Technology (IJRASET) 

©IJRASET 2015: All Rights are Reserved 
378 

dynamics affecting stability limit during machining were also studied by authors like Erhan Budak[38]. There are also many 
investigators who used finite element analysis (FEA) for stability simulation. The finite element approaches were mainly used 
to find the workpiece FRF and establishing the transfer function based on the FEA [42] results. Mahnama and Movahhedy [32] 
presented an approach based on FEM for predicting for machining chatter. Garitaonandia et al. [33] propose a dynamic model 
of  a  centreless grinding machine based on FEM. Biermann et al. developed a finite element (FE)  model for the workpiece 
coupled with geometric milling simulation to compute regenerative workpiece vibrations in five-axis milling of turbine blades. 
Seguy et al.  [34] also propose the use of the FEM to calculate 3D stability lobes for thin wall machining. Ostasevicius[35] 
presented a FEM based modal analysis on cutting tools for reducing vibrations during cutting operations. Svetan Ratchev 
[39,40] presented an approach using FEM for determining the workpiece deflections during machining and it’s transformations.  
This eliminates the need for carrying out experiments on workpiece to obtain FRF of workpiece. 

Thus the analytical approach aided with numerical method eliminates the need for experimentation and saves the time and cost 
involved in determining the stability lobes. 

V. CONCLUSIONS 

In this paper, experimental and analytical methods of determining stability lobes are compared. Researchers have predicted 
chatter during machining and established 2D stability lobe diagrams plotted between axial depths of cut and spindle speed. 
Since the radial depth of cut also plays a part in stability, works are done to establish 3D stability lobe diagrams. Stability lobe 
diagram is helpful in selecting the proper spindle speeds for chatter free machining. The experimental method involves lot of 
cost and time, whereas the analytical method eliminates need for experimentation. The stability lobes predicted by analytical 
method needs to be validated experimentally to ensure the accuracy of results. 
 
Few research works have considered spindle/tool holder/tool system as rigid and considered workpiece as non-rigid element. 
Later, few authors have considered workpiece as rigid and spindle/tool holder/tool systems as non-rigid elements, but while 
machining thin wall structures neither workpiece nor spindle/tool holder/tool system is rigid. There is a need to integrate the 
spindle workpiece model to account for the vibratory interaction between the two systems and hence predict the stability lobes 
more accurately.  
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