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Abstract 

Although the stability lobe diagram (SLD) for high-speed milling has been 
researched extensively for the past decade, the effect of levels of various 
controlling factors on SLD has not been adequately analyzed. A classical 
methodology to obtain SLD involves a combination of modal parameters and 
directional dynamic force coefficients, both are obtained experimentally. The 
experimental acquisition of dynamic force coefficients limits the analysis of 
sensitivity of various cutters, workpieces and process based parameters which 
defines the SLD. In a current approach, a generalized process mechanics based 
MATLAB algorithm was developed to predict the stability lobe diagram (SLD) 
for a high-speed milling. A comprehensive sensitivity analysis of the SLD has 
been carried out using different parametric levels of the input variables.  
     A significant effect of cutting tool geometry aspects such as tool diameter 
and the number of flutes was observed on SLD. An inherent characteristics of 
workpiece material such as the melting temperature and the Johnson Cook 
coefficients (A, B, C, n and m) significantly affect the SLD among others. Unlike 
the depth of cut, cutting speed and feedrate are the significant machining 
parameters defining the nature of SLD. The most sensitive parameter among all 
was found to be the dynamic stiffness of the tool tip followed by the type of 
milling whether, up-milling, down-milling or slotting. A combination of 
optimum feasible controling parameters has been suggested to achieve the best 
possible SLD towards better performacne of a machine tool. 

1 Introduction 

The ‘quick-delivery-against-order’ culture now-a-days demands close tolerance 
products at the higher productivity rates. In the case of subtractive machining, 
the productivity is defined by the rate of removal of material from the 
workpiece. The higher productivity can be achieved operating at higher cutting 
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speeds and feeds. This ultimately led to the development of concept of high 
speed machining (HSM). However, HSM has its inherent limitations in terms of 
spindle power, high heating of the spindle and, the inadequate dynamic 
characteristics of the machine tool to sustain the dynamic cutting loads. The 
heating of spindles due to higher speeds resulted into one of the remedial efforts 
such as, use of air-oil mist as a lubricant and the cooling agent. Nevertheless, the 
higher cutting loads can affect the dynamically weaker machine structure in 
terms of occurrence of chatter which can further damage the quality of the 
machined product. Therefore, it is necessary to know the dynamic characteristics 
of the machine tool. This can be achieved by the development of stability lobe 
diagram (SLD) for a typical operation on a typical machine tool. The objective 
of the SLD is to escape from the dominant natural frequencies of vibration of all 
the machine tool components. Thereby, it is recommended to machine at a 
combination of cutting speed and depth of cut where, the stable machining can 
be achieved without exciting the natural frequencies of the components of a 
typical machine tool.
     The SLD differentiates between the stable and unstable machining zones in 
the shape of lobes on the depth of cut v/s spindle speed plot. The SLD requires 
modal data of a cutting tool tip and the cutting coefficients generated during 
machining operation. The former data represents dynamic characteristics of the 
complete machine tool as well as the cutting tool which can be obtained using 
tool tip frequency response function (FRF). The latter data represents 
characteristics of cutting tool and workpiece geometry, material and the process 
parameters. Most often these data required for the development of SLD were 
obtained experimentally. The cutting tool FRF data was obtained using hammer 
test [1] and the cutting coefficients were obtained by performing preliminary 
cutting tests at various parametric combinations [2]. However, obtaining these 
data experimentally is not recommended especially, at a continuous production 
shop floor where cycle time is a crucial aspect for a higher productivity. 
Therefore, mathematical models based on beam theories have been adopted by 
few researchers [2] to predict the tool tip FRF at the cutting tool tip without a 
necessity for hammer test. Nevertheless, the cutting force coefficients still need 
to be obtained experimentally due to complexities involved in the mathematical 
models for their prediction. This further limits the cutting tool, workpiece and 
process parameter based sensitivity analysis of SLD which is important to 
optimize the chatter-free higher productive machining operation.     
      Present research represents the development of SLD plot for a high-speed 
milling process. The cutting force coefficients have been predicted using 
mathematical models as a function of cutting tool, workpiece and process 
parametric combinations [3]. The effect of various sub-aspects of cutting tool, 
workpiece, process parameters and dynamics of machine tool have been 
analysed to obtain the optimized SLD.   

2  Development of stability lobe diagram (SLD) 

The SLD comprises of tool tip FRF and the cutting coefficients as shown in 
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Fig. 1. The modal analysis data at tool tip has been obtained using an impact 
hammer test. The tool tip FRF has been used to define natural frequency, modal 
damping ratio and the modal stiffness associated with the specific frequency of 
vibration which has been further input to the SLD. The cutting force 
coefficients were obtained using strain in deformed chip (SDC) model which 
was developed for the milling operation [3].The SDCM model for ball-end 
milling operation in Ref. [3] has been modified for the flat end mill operation 
based on the similar assumptions and the approach. The equations for bending 
and compressive strains applied on the chip are given as [3],  
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And, 
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where, �� is a plastic strain due to shear during cutting operation.   

The effective instantaneous strains due to bending and compressive/shear 
effects in Y-direction along the thickness of the deformed chip is given as, 
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Figure 1: Development of a stability lobe diagram (SLD) 
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Further, the cutting ratio i.e. ratio between undeformed and deformed chip 
thickness during a complete tool rotation can be given as, 

∫
��

��

� �⁄

���
= 1 + ∫ ������

� �⁄

���
(4) 

Therefore, the instantaneous shear angle can be obtained as, 
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Once the instantaneous magnitude of shear angle is known, the cutting force 
coefficients along tangential and radial directions can be evaluated as, 
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where, � is a flow stress which is evaluated using Johnson-Cook material 
model; ��is friction angle and �� is chip flow angle; both can be evaluated with 
known magnitude of shear angle ɸ�.  

The experimentally obtained tool tip FRF and mathematically modeled cutting 
force coefficients from Eqn. (6 and 7) lead to the prediction of SLD. The 
critical axial depth of cut as a function of chatter frequency is evaluated as, 
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where, Nt is number of cutting edges, Kt is a cutting force coefficient and, 
Re[FRFtool tip] is a negative real part of a tool tip FRF.

Similarly, the boundary of the stability lobe is given by the following equation, 
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The chatter frequency dependent spindle speed corresponding to the limiting 
depth of cut is given as,  
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where, fc is the frequency associated with the real and imaginary part of the tool 
tip FRF in Hz, � is a spindle speed in rpm and N is a number of lobe in SLD. 

3  Sensitivity analysis of SLD

After development of SLD as a function of dynamic characteristics of the cutter 
and machine and, the dynamic cutting coeffiecients as discussed in the previous 
sections, it is important to study the effect of each variable on SLD. A typical 
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SLD plot for a slot milling of EN08 steel (HRc 40) is shown in Fig. 2. The detail 
of input variables used for the generation of SLD plot are shown in a tabular 
form in Fig. 2. The SLD plot in Fig. 2 predicts the critical depth of cut of 1.46 
mm below which the chatter-less (stable) machining can be achieved at all the 
spindle speeds from 0-25000 rpm. The variables are categorized into four 
categories as: i) Cutting tool, ii) workpiece, iii) machining parameters and, iv) 
tool tip FRF. The following sub-sections discuss the effects of various 
parameters on SLD.     

3.1  Effect of cuttting tool parameters 

The cutting tool plays an important role to define the nature of SLD in the form 
of cutter dynamics as well as a major aspect influencing the cutting force 
coefficients. A total 5 parameters associated with the cutting tool were analyzed 
independently for their effect on the critical depth of cut in an SLD.  

3.1.1 Diameter 

The cutting tool dimeter was varried from 3 mm to 36 mm considering wide 
range of cutting requirements in a typical machining center. In a total 22 
variables considered affecting the critical depth of cut in an SLD, the diameter of 
cutting tool is 0.34% effective. Nevertheless, the interdependence of all these 
parameters has not been taken in account during analysis. A typical SLD plots 
obtained at various levels of cutting tool diameter are shown in Fig. 3. It is 
observed that although the profile of SLD lobes remain unchanged, the 
magnitude of critical depth of cut increases with an increase in the tool diameter. 
It is attributed to the increase in the stiffness of the tool at the higher diameters. 

3.1.2 Helix angle 

The helix angle seems to be one of the least significant parameter to affect the 
SLD. The helix angle was changed from 50 up to 600. It can be due to its least- 

Figure 2 Prediction of stability lobe diagram using variables levels as a reference  
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Figure 3 Effect of parametric levels of cutting tool diameter on SLD

influence on the dyanmic characteristics of a cutting tool. It can only affect to 
the cutting force coefficients as it affects the chip load and the chip removal 
process.   

3.1.3 Rake angle 

Similar to the helix angle, the rake angle of the cutting tool is found insignificant 
(0.07%) to affect the SLD. The rake angle was varied from 00 up to 150. A 
similar explaination can be given as that of helix angle as the rake angle doesnt 
play a significant role in the dynamics of the cutting tool except affecting the 
cutting force coefficients.   

3.1.4 Number of cutting flutes 

It is the most significant parameter (2.6%) among all the parameters of the 
cutting tool geometry to affect the SLD. The number of flutes were varied from 
1 to 8 as the corresponding critical depth of cut in SLD reduces from 5.86 mm to 
0.73 mm. Therefore, a least number of flutes are preffered for rough machining 
and a higher number of flutes are recommended for the finish machining.    

3.1.5 Tool overhang 
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Although cutting tool overhang plays an important role deciding nature of SLD, 
it was analyzed independently in the present study without its effect on the 
dynamics of the cutting tool. Therefore, it is found to be the least significant 
parameters among all. The tool overhang was varied from 20 mm to 60 mm.    

3.2 Effect of workpiece charactristics 

Even though the cutting tool point geometry and its dynamics are considered 
significant affecting the quality of machining, the workpiece characteristics need 
not be neglected. Moreover, it is observed that the workpiece parameters control 
the SLD more than the tool parameters. Total five major aspects of workpiece 
have been considered to study their effect on the SLD.  

3.2.1 Inclination angle 

A total five levels of workpiece inclination angles (00, 100, 200, 300, 400) were 
analyzed. It is found that the crital depth of cut in SLD increases from 1.27 mm 
at a horizontal flat workpiece to 1.62 mm at 400 workpiece inclination. It is 
attributed to the fact that the cutting edge-workpiece contact length increases 
with the workpiece inclination angle ultimately increasing the stiffness at the 
machining process.  

3.2.2 Youngs’ modulus 

The Youngs’modulus of the workpiece was varried from 10 GPa to 30 GPa 
which also represents the increase in the stiffness of workpiece. Nevetheless, the 
effect of Youngs’modulus was observed minimum on the SLD as it marginally 
affects the cutting force coefficient during machining. 

3.2.3 Melting temperature 

The melting temperature of a workpiece defines the nature of the SLD. Total 
five levels of workpiece melting temparatures were considered from 10000C to 
18000C. A significant reduction in the critical depth of cut was found from 1.73 
mm to 1.34 mm at these respective temperatures. This could be due to ease of 
softnening of the workpiece during machining at the lower melting points.    

3.2.4 Johnson-Cook coefficients 

The plastic deformation of the workpiece during machining greatly affect the 
quality of machining and subsequently the nature of SLD. A Johnson-Cook 
plasticity model is used in this analysis considering its applicability to the 
machining of almost all types of workpieces. The five major constants used to 
define the model were analyzed for their sensitivity. The elastic limit constant A
was varied from 150 MPa to 1350 MPa. A significant effect is observed on SLD
as the critical depth of cut reduces from 2.74 mm to 0.74 mm at these levels of 
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constant A. It was the most significant parameter among all the other workpiece 
parameters. The modulus of strain hardening B was varied from 300 MPa to 700 
MPa and the strain rate sensitivity index C was varied from 0.01 to 0.05 without 
having a significant effect on the SLD. Similarly, the exponent of strain 
hardening n and thermal weakening m were varied from 0.1 to 0.3 and 1.5 to 
3.5, respectively, having the least effect on the nature of the SLD.  

3.3 Effect of machining parameters 

Although the effect of machining parameters have been largely analyzed among 
all the other aspects of machining, the effort in this reasearch is to compare their 
significance to all the other aspects of the machining. The feed was varied from 
0.01 mm/tooth to 0.05 mm/tooth, speed from 2000 rpm to 10000 rpm and the 
depth of cut from 0.25 mm to 1.25 mm. Among the three, cutting speed was the 
most significant and the depth of cut was found to be the least significant 
parameter affecting the SLD.    

3.3.1 Average machining temperature 

It is the least significant process parameter among the process related aspects 
affecting the nature of the SLD. It depicts the significance of coolant in the 
machining process. Nevertheless, the ease of chip removal due to use of coolant 
has not been considered in the present analysis. 

3.3.2 Type of milling: up, down, slotting 

The type of milling is one of the most significant aspect of machining which has 
a sensitivity of about 10-11% on the nature of the SLD. The five radial depths 
from 1mm to 12 mm (1, 3, 6, 9, 12) were considered both in up and down 
milling to analyze the their effect on the SLD. The up milling, where the feed 
and the cutting direction is the same, shown preference over the down milling as 
the large magnitudes of the critical depth of cut were observed at the up milling. 
This is obvious as the speed and feed remains in synergy in up milling unlike the 
down milling where the small periodic impacts may generate due to opposite 
direction of the feed and the speed.  

3.4 Effect of tool tip FRF

The dynamics of cutting tool point is a significant aspect of machining which 
directly defines the magnitude and the nature of the SLD. The tool dynamics in 
terms of natural frequency, damping and the stiffness acquired at the tool tip 
using the impact hammer test were analyzed. However, in the present study, all 
these three aspects of tool dynamics were analyzed as independent parameters.  

3.4.1 Natural frequency of vibration 
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The natural frequency of the tool tip was varied from 100 Hz to 2000 Hz which 
have not shown any effect on the magnitude of the critical depth of cut in SLD. 
However, the nature of the SLD changed significantly with the change in the 
natural frequency as shown in Fig. 4. 

Figure 4 Effect of parametric levels of tool tip natural frequency on SLD

3.4.2 Modal damping ratio 

The modal damping ratio at the tool tip was varied from 0.01 to 0.05 which has 
changed the critical depth of cut in SLD from 0.48 mm to 2.44 mm at these 
corresponding damping values. The damping has about 1% effect on the SLD
among all the aspects.  

3.4.3 Modal stiffness 

The modal stiffness was found to be the most affecting parameter among all the 
categories of variables showing about 74% of effect on the nature and 
magnitude of the SLD. The stiffness at the tool tip found to be directly 
proportional to the magnitude of the critical depth of cut in SLD. The stiffness 
was varied from 106 N/mm to 1010 N/mm resulting into the change in the 
magnitude of the critical depth of cut from 0.014 mm to 146.5 mm.  

The overall sensitivity analysis for all the 22 variables is represented in Figure 5.   
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Figure 5: Variable sensitivity analysis for critical depth of cut in SLD

5 Conclusion 

The parametric levels of variables affecting machining process in terms of 
magnitude and nature of the SLD have been analyzed. The variables were 
catergorized into four main classes as, cutting tool, workpiece, process and 
dynamics of tool tip FRF. Total 22 variables were analyzed for five levels of 
each. Among all, the dynamic stiffness at the tool tip was found as the most 
significant parameter followed by, the type of milling (up and down), number of 
cutting flutes and the damping at the tool tip.  
 The major paramaters for the best possible SLD could be the higher 
stiffness and damping of the cutting tool and the machine tool, up-milling, 
minimum number of flutes, and the lower elastic limit (A) of a workpiece. 

This study can be further used for the enhancement of the quality as well as 
the productivity of the machining knowing exactly the variable which need to be 
fine-tuned. However, the uncertainity which can be about 25% above and below 
the stability lobe line need to be considered due to model assumptions.         
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Variable sensitivity analysis for critical depth of cut in SLD
Tool dia
Helix angle
Rake angle
No. of flutes
Tool overhang
Workpiece inclination
Workpiece Young's modulus
Average machining temperature
Workpiece melting temperature
JC parameter A for workpiece
JC parameter B for workpiece
JC parameter C for workpiece
JC parameter n for workpiece
JC parameter m for workpiece
Feed
Speed 
Axial depth of cut
Up Milling
Down Milling
Natural frequency at tool tip FRF
Damping at tool tip FRF
Stiffness at tool tip FRF


