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Abstract. Traditionally, forecasting stability lobe diagram in milling is limited by complex damping 

identification procedures, so only structural damping from the impact experiment is used for predicting 

stability lobe diagram in most milling cases. In this study, by using the mathematical expressions among 

damping ratio, “critical limiting depth of cut” and “worst spindle speed”, it is shown that the predicted 

“critical limiting depth of cut” based on the structural damping divided by the measured “critical limiting 

depth of cut” can be approximately equal to the structural damping divided by the total damping. Based on 

this relationship, it is easy to estimate the total damping or process damping from the experiment within the 

selected spindle speeds. In practice, this paper presents an easy method for predicting stability lobe diagram 

using the total damping. At the same time, experiments have confirmed that using the prediction model of 

total damping can more accurately predict the stability lobe diagram.  

1 Introduction  

Damping in the milling process can be divided into two 

kinds, one is structural damping, and the other is process 

damping. Structural damping is the energy dissipation 

mechanism from the cutting tool, fixture, workpiece and 

machine tool structure, and the process damping is the 

energy dissipation mechanism from the milling process. 

Structural damping can be identified through the simple 

impact testing, but the identification of process damping 

is difficult and complex in general case.  

Process damping has been studied for many years. 

Early studies have demonstrated that process damping 

mainly comes from the interference between the flank of 

cutting tool and the formed waves in milling [1-4], and 

the spindle speed is lower, the greater the process 

damping. In the past, the research on the identification of 

process damping can be generally summarized into two 

ways. One is to identify process damping from 

experiments [5-9], and the other is to identify process 

damping by theoretical modelling [10-14]. But so far, 

there is rarely a simple and practical identification 

method to be applied to predict stability lobe diagram in 

milling, the main reason is that the cutting process of 

damping is a nonlinear phenomenon [13], and includes 

some uncertainty [15]. In past studies, most works focus 

on grasping more damping phenomenon in cutting 

process, and the identification procedures are more 

numerous. So, when its application to predict stability 

lobe diagram, the process will be complicated.  
However, the range of selectable spindle speeds is 

generally not too large in practical milling. Under the 

limited spindle speeds range condition, presuming the 

process damping as a constant damping is a reasonable 

assumption. In the limited spindle speeds range, a simple 

and practical identification method of process damping 

for predicting stability lobe diagram is presented as 

follow section. 

2 Identification of process damping  

A typical stability lobe diagram in milling is shown as 

Fig. 1. The ordinate corresponding to the lowest 

position in the figure is called “critical limiting depth 

of cut”, dalim,crit, and its corresponding speed is called 

“worst spindle speed”; at the same time, the speed 

corresponding to the peak of the stability lobe diagram 

is called “best spindle speed”. 

 

Figure 1. Typical stability lobe diagram in milling 

According to the result of eigenvalue analysis by 

Zheng et al. [16], the mathematical expressions of 

“critical limiting depth of cut”, dalim,crit and the“worst 
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spindle speed” at nth lobe of stability lobe diagram, 

Ωworst, n can be written as: 
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where 
n , k  and  are nature frequency, static 

stiffness and damping ratio of cutting system, 

respectively, measured through impact testing. ; N and kt 

represent flute number of cutter and the tangential 

specific cutting constant, respectively; 
1 ,  and

0c are 

the radial effect factors which are related to the radial 

specific cutting constant and radial immersion angle as 

also stated in [16]. It is noted that damping ratio affects 

the“ critical limiting depth of cut” and the“ worst 

spindle speed” in diffrent ways. Equation (1) shows 

that the “critical limiting depth of cut” is proportional 

to damping ratio  while Eq. (2) shows that the “worst 

spindle speed” is proportional to 0"1 "c + . It is shown 

that damping ratio is less than 0.1 in general milling case, 

and the value of 0c is between 0 and 1[16]. Therefore, it 

can be concluded that damping ratio has small influence 

on the “worst spindle speed”, which gives a reasonable 

inference that the predicted “worst spindle speed” base 

on structural damping is equal to the measured “worst 

spindle speed”, if rest of the cutting parameters remain 

the same. Based on the important inference, considering 

the total damping is a combination of structural damping 

and process damping, the identification of process 

damping can be desighned as follow steps : 

- Identifying the modal parameters of cutting 

system
n , k  and  through impact test. 

- Identifying tangential specific cutting constant kt 

and radial specific cutting constant kr using the presented 

method from [17]. 

- Calculating the radial effect factors
1 ,  and

0c  

from [16]. 

- Substituting the modal parameters, specific cutting 

constants and radial effect factors into Eq. (1)-(2) to find 

the “critical limiting depth of cut” dalim,crit,s and the 

corresponding“worst spindle speed” Ωworst,n,s, based on 

the structural damping. 
- Letting the measured“worst spindle speed” due to 

total damping , Ωworst,n,t is equal to Ωworst,n,s. 

- Finding the “critical limiting depth of cut” due to 

total damping , dalim,crit,t at the spindle speed Ωworst,n,t 

from the cutting test. 

- Calculating the total damping 
t from the following 

relation: 

lim, , lim, ,/ /crit s crit t tda da  =     (3) 

- Calculating the process damping p t  = −  

A flowchart for finding the process damping is 

presented in Fig. 2. 

Identifying the structure parameters              through impact test, ,n k 

Identifying tangential and  radial specific cutting constant kt and  kr 

from [17]

Calculating the radial effect factors dalim,crit,s and  Ωworst,n,s              

from Eq. (1)-(2) 

Letting  Ωworst,n,t = Ωworst,n,s

Finding  dalim,crit,t at the spindle speed Ωworst,n,t from the cutting test

Calculating        From the  relation:t lim, , lim, ,/ /crit s crit t tda da  =

                    Calculating the process damping p t  = −

Calculating the radial effect factors               from [16] 1 0, ,c 

END

 
Figure 2. Flowchart for finding the process damping 

3 Experimental Verification 

Milling experiments were carried out with 3-axis vertical 

milling machine. A two-fluted tungsten carbide end-mill 

of 20 mm diameter and 15 degrees helix angle was used 

in milling the SKD61. Measured signals from the 
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accelerometer are used to determine whether chatter has 

occurred.  Note that only signals at the tooth passing 

frequency and higher harmonics are found in a stable 

milling, an unstable milling has additional strong signal 

content at the chatter frequency which is near the nature 

frequency of the cutting system.  

The experiment starts with identifying the modal 

parameters of cutting system. The dynamics of the 

milling system were identified for the workpice and 

cutting tool respectively from impact testing. The real 

and imaginary parts of the FRFs were calculated to 

identify the modal parameters using peak-picking 

method. Identification results shows that the rigidity of 

workpice is about 100 times higher than the cutting tool, 

so it is reasonable to treat the workpice as a rigid body 

and ignore its compliance. With the symmetry of end 

mill with respect to the spindle axis, the dynamics of the 

cutting tool is nearly identical in any direction on X-Y 

plane. The most prominent mode of the cutting tool is 

found at 1200 Hz and the modal parameters of the 1200 

Hz mode are listed in Table 1, and are used to predict 

stability lobe diagram. 

Table 1. Modal parameters of 1200 Hz mode identified 

from impact testing. 

Natural 

frequency, 

n  (Hz) 

Stiffness, 

 k (N/m) 

Damping ratio 

1200 7.4 710  0.0075 

The method for the estimation of specific cutting 

constant as presented by Wang and Zheng [17] is used in 

this study. Since the regenerative chatter is only 

attributed to the shearing mechanism, only the cutting 

constants related to the shearing mechanism in [17] are 

used in predicting stability lobe diagram, “critical 

limiting depth of cut” and “worst spindle speed”. The 

identified cutting constants are listed in Table 2. 

Table 2. Cutting constants identified from cutting tests by 

the method presented in [17]. 

Shearing mechanism  

Tangential specific 

cutting constant 

tsk  (N/mm2) 

Radial specific cutting 

constant 

rsk  

1570 0.343 

Cutting testing was carried out in down milling with 

50% radial immersion, and thus the radial effect 

factors
1 ,  and

0c  can be found from [16] as table 3. 

Table 3. Radial effect factors for 50% radial immersion in 

down milling . 

1  
 (Deg.) 0c  

0.269-0.58j -47.1o 0.48 

Substituting the modal parameters, specific cutting 

constants and radial effect factors into Eq. (1), the 

corresponding “critical limiting depth of cut” are found 

to be 1.82 mm. Furthermore, substituting the modal 

parameters, specific cutting constants and radial effect 

factors into Eq. (2), the worst spindle speeds can be 

obtained. According to the experience of operator, the 

selectable spindle speeds for the 3-axis vertical milling 

machine in milling SKD61 is between 1900 rpm and 

2500 rpm. The predicted worst spindle speeds based on 

structure damping between 1900 rpm and 2500 rpm are 

calculated and listed in Table 4. 

Table 4. The predicted worst spindle speeds based on 

structure damping between 1900 rpm and 2500 rpm 

n  18 17 16 15 14 

, ,worst n s  

(rpm) 
1941 2051 2175 2315 2474 

In order to verify the spindle speeds listed in Table 4 

are the worst spindle speeds, ZOS method presented by 

Budak and Altintas [18] is used to predict the stability 

lobe diagram using the parameters as listed in Table 1 

and Table 2 for 50% radial immersion in down milling . 

Through visual inspection in Fig. 3, it can be found that 

the worst spindle speeds listed in Table 4 agree very well  

Figure 3. Comparison of experimental results and stability 

lobe diagram from ZOS [18 using damping ratio=0.0075. 

with the results from ZOS method. Note that the 

ZOS method does not provide explicit expressions for 

the worst spindle speeds and its corresponding critical 
limiting chip width. 

 As shown in Fig. 3, although changes of the 

measured “limiting depth of cut” in the trend agree 

with predicted results, the measured “ critical 
limiting depth of cut” from milling test at 2175 rpm 

(the worst spindle speed of the 16th lobe) is about 

twice the predicted value of 1.82 mm. The inaccurate 

prediction for critical limiting depth of cut mainly 

results from the effect of process damping. From Eq. 

(3), the total damping is found about 0.015, twice the 

structure damping, which implies that process 

damping is about equal to the structure damping. To 

verify the above reasoning, a new damping ratio of 

0.015 is used to predict the stability lobe diagram by 

ZOS method. The new stability lobe diagram is shown 
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in Fig. 4 to agree well with the experimental results. 

As evidenced by the stability lobe diagrams in Fig. 3 

and Fig. 4, as damping ratio increases from 0.0075 to 

0.015, the critical limiting depth of cut doubles while 

the worst spindle speeds vary slightly as analysed in 

section 2. In this milling case, comparing worst spindle 

speed by using total damping, the estimated error of 

the worst spindle speed by using structure damping is 

only 0.36%. 

 

Figure 4. Comparison of experimental results and 

stability lobe diagram from ZOS [10] using damping 

ratio=0.015. 

4 Conclusions and discussions 

In this study, the two mathematical formulations of 

“critical limiting depth of cut” and the “worst spindle 

speed” are used to design the simple and practical 

procedures for the identification of process damping in 

milling. There are some conclusions and discussions are 

summarized as follows : 

• Based on the formulation of“critical limiting 

depth of cut”, it can be concluded that the predicted 

“critical limiting depth of cut” based on the structural 

damping divided by the measured “critical limiting 

depth of cut” can be approximately equal to the 

structural damping divided by the total damping. 

• Based on the formulation of “worst spindle 

speed”, it can be concluded that damping ratio has 

small influence on the “worst spindle speed”, which 

gives a reasonable inference that the “worst spindle 

speed” predicted by the structural damping is equal to 

the measured “worst spindle speed” in milling. 

In applying the two mathematical formulations to 

identify the process damping, note that two 

assumptions are made:  

•Comparing the cutting tool, the workpice is 

assumed as a rigid body . If the compliance of 

workpice can’t be ignored, the presented identification 

method is not suitable. 

•The process damping is assumed as a constant in 

the limited spindle speeds range. If the range of 

selectable spindle speeds is large, the process damping 

can be modified as the function of n (ordinal number 

of lobe) for predicting the stability lobe diagram. 
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