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Abstract: This study investigates the chattering stability of the composite boring bar with a 

constrained damping layer during the deep-hole boring process in depth. Based on the 

Euler-Bernoulli beam theory, the regenerative chattering linear kinetic model of the composite 

boring bar with a constrained damping layer was established, and the computational formulas of 

the rotating speed of the spindle and the corresponding limit cutting depth were derived. By 

analyzing the chattering stability, the cutting stability lobe curves of the composite boring bar with 

a constrained damping layer were plotted so as to reveal the effects of the materials of both base 

layer and constrained layer, the ply angle, the damping composite structure (free or constrained 

damping structure) and the thickness of various layers on the chattering stability of the boring bar. 

Through the analysis of dynamic stiffness, the chatter stability analysis theory of a composite 

boring bar with a constrained damping layer is verified. 

Keywords: composite boring bar; restrained layer; damping layer; chatter stability 

 

1. Introduction 

With the development of modern industrial technology, deep-hole processing now has 

witnessed more and more extensive applications in many domains, accompanied by increasingly 

high requirements on processing precision and quality [1]. High-precision deep-hole boring has 

become difficult in machining since cutting chattering is extremely easily generated during the 

machining process. This can be attributed to a great length-to-diameter ratio and small dynamic 

rigidity of the metal-boring bar, thereby reducing processing quality and machining quality on the 

surface of the workpiece. Accordingly, the machining requirements can hardly be satisfied, and the 

cutter’s service life would be shortened. Research demonstrates that a steel cutter may reach the 

performance limit in mechanical processing when the overhanging length-to-diameter ratio exceeds 

4 (L/D > 4). Further increasing the overhanging length-to-diameter ratio may result in chattering. By 

contrast, because of great rigidity, a hard alloy cutter may have an overhanging length-to-diameter 

ratio of up to 6. Therefore, how to reduce the chattering of the boring bar has become a research 

hotspot. 

In terms of control mode, the vibration attenuation techniques for a boring bar can be divided 

into active vibration attenuation, semi-active vibration attenuation, and passive vibration 

attenuation techniques. As a control strategy, an active-control vibration isolation system achieves 

active control of the vibration via the input energy based on the detected vibration signal. Despite 
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favorable adaptation to various vibration isolation environments, the active-control vibration 

isolation system consumes a great amount of energy and may be unstable sometimes. 

Semi-active damping attenuation refers to realizing real-time regulation without the input of 

energy. Semi-active control vibration isolation can change some of the system’s characteristics, such 

as system rigidity, and adjust the vibration in accordance with damping in different vibration 

environments, which only requires low external energy input and has a relatively simple structure.  

The passive control vibration isolation system only relies on the system’s elastic components 

and damping or the additive dynamic vibration absorber to realize the suppression of chattering. In 

terms of vibration attenuation principle, the passive vibration isolation of the cutter can be divided 

into material vibration attenuation, friction vibration attenuation, damping vibration attenuation, 

and dynamic vibration attenuation. 

Material vibration attenuation refers to using high-strength high-performance materials to 

enhance the cutter quality and static rigidity, thereby achieving the goal of chattering prevention. 

Andrénet al. conducted cutting tests on boring cutters with different materials and measured their 

dynamic characteristics by examining their vibration damping performances [2]. Lee et al. found 

that the composite boring bar made up of high-rigidity asphalt-based carbon fiber epoxy composites 

exceeded the common tungsten-alloy (W-ally) boring bar in terms of higher rigidity and damping 

compared to [3]. Moreover, the experimental results demonstrated that the boring bar exhibited no 

obvious chattering at a length-do-diameter ratio of 10.7 [3]. Through comparison, Wang Jun et al. 

concluded that the carbon fiber boring bar with composite structure performed better than the 

hard-alloy boring bar in vibration damping performance [4]. Jing Qingwu, Guo Zhi et al. developed 

a kind of composite boring bar consisting of hard alloy YT14 and 45 steel and found that the inherent 

frequency of the novel composite boring bar was higher than that of the traditional boring bar [5]. 

Wu Nengzhang et al. performed cutting tests on both ordinary and composite vibration-attenuation 

boring bars under the same cutting conditions [6]. The results showed that the chattering amplitude 

of the composite boring bar was far below that of the ordinary boring bar, suggesting the favorable 

vibration suppression performance of the composite boring bar. Wang Min et al. proposed a 

friction-based vibration attenuation boring bar to suppress the vibration via the Coulomb friction 

damping generated by the friction oscillator [7]. By embedding the friction damper into the boring 

bar, Evita Edhi and Tetsutaro Hoshi achieved a satisfactory friction vibration attenuation effect of 

the boring bar in accordance with the mass of the permanent block, the mass of the vibration core, 

and the spatial relation between them. Accordingly, the friction vibration attenuation was achieved, 

and high-frequency chattering at around 10,000 Hz was effectively suppressed [8]. Du Jingxuan et 

al. proposed a kind of particle damping boring bar [9]. By adding particles to the ordinary boring 

bar, the vibration energy can be consumed by the collision and friction among particles. 

Using dynamic vibration attenuation, an additive mass block is connected to the vibration 

system by elastic components. The generated force under the action of the additive mass equals the 

excitation force in magnitude but is opposite in direction. Accordingly, the vibration can be 

eliminated or weakened. Moradi et al. designed the dynamic vibration absorber for the vibration 

attenuation boring bar and optimized various parameters [10]. Xie Feng et al. found that the boring 

bar, including the embedded-in metal damping core with large density, exhibited a better damping 

effect than the boring bars with single structures, such as flat structures and circular structures [11]. 

He Miao et al. transformed the vibration at the cutter bit into the vibration of the dynamic vibration 

absorber to achieve the damping effect and dissipated the vibration energy with the use of the 

injected damping oil [12]. Kang Wei et al. pointed out that although the dynamic damping 

composite boring bar with two degrees of freedom (DOFs) had slightly lower first-order inherent 

frequency than the composite dynamic damping boring bar, they were superior to the conventional 

dynamic damping boring bar and the composite dynamic damping boring bar in terms of 

amplitude-frequency response characteristics, time-domain response characteristics, and static 

properties, which thus exhibited a stronger adaptive capacity to large length-to-diameter and 

high-speed processing requirements [13]. 
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Damping vibration attenuation aims to accelerate the loss of the vibration energy and thereby 

achieve the goal of vibration attenuation by increasing the system’s damping coefficient. Based on 

the basic theories in elastic mechanics, He Jiangsan et al. established the mathematical model of the 

laminated composite damping boring bar. However, the model can hardly be analytically solved 

because of the coupling in the differential equation of motion [14]. Li Hongjun et al. found that 

changing the thickness of the metallic sheath at the outer layer of the composite-structure damping 

boring bar imposed great effect on the dynamic rigidity but only slightly affected the static rigidity 

and the first-order inherent frequency. By contrast, the change of the diameter of the damping 

greatly affected the first-order inherent frequency (i.e., the critical rotating speed and the dynamic 

rigidity) but only slightly affected the static rigidity [15]. Xia Feng et al. proposed a constrained 

damping boring bar consisting of the boring tool head, the matrix layer, the damping layer, and the 

constraint layer [16]. In their work, the high-rigidity material combined with the lightweight 

high-damping material in the formation of a layer structure. During the flexural vibration of the 

boring bar, shear strain and shear stress were produced in the damping layer to dissipate the 

vibration energy. Tan Jun et al. developed a damping boring bar composed of the external boring 

bar and the internal damping absorber, including damping elements, and carried out vibration tests 

on the vibration attenuation boring bar and the ordinary boring bar, with same overhanging lengths 

[17]. Through comparison, they found that the vibration attenuation boring bar exhibited greater 

first-order and second-order frequency range than the ordinary boring bar to adequately avoid the 

cutting resonance. Meng Fanchong et al. designed a dual-boring-bar cutting system with multiple 

slender holes. Under the damping effect of the slender holes, the chattering of the cutting system 

during the boring process can be suppressed, and the surface quality in deep-hole machining and 

the service life of the cutter can be enhanced [18]. Based on the principle of particle collision 

damping vibration attenuation, Bijuet al. developed a novel vibration attenuation boring bar, in 

which the cavity was arranged on the front end of the boring bar and the damping particles filled the 

cavity. The collision of particles led to energy dissipation so as to achieve the goal of vibration 

attenuation [19]. 

Through a literature review, both active and semi-active vibration attenuation techniques are 

executed based on a set of automatic control systems. In addition, the active vibration attenuation 

technique requires an energy device, while a semi-active vibration attenuation technique needs the 

use of intelligent materials. These two methods also exhibit certain shortcomings, including fairly 

complex structure, high cost, and low reliability. Currently, the two techniques are only at the 

laboratory research stage. By contrast, the passive vibration attenuation technique is a simple 

chattering suppression method with a simple structure and no external energy input. Additionally, 

the passive vibration attenuation method is simple, practicable, and economical, which is now 

extensively applied in engineering applications and generally regarded as the first choice for 

vibration isolation [4]. In addition, as the diameter of the boring bar decreases, that is, the ratio of 

length to diameter increases, there is no enough high-density mass block in the boring bar to 

consume energy; therefore, dynamic vibration reduction is not considered for slender boring bars. 

Currently, carbon-fiber composites have also witnessed extensive applications in the processing 

of composite-structure boring bars, owing to their excellent specific rigidity, fatigue resistance, and 

vibration attenuation performance. Meanwhile, damping technology also witnesses increasingly 

mature applications in reducing mechanical vibration. After the deformation of the composite 

boring bar with constrained damping structure under force, various layers are under different force 

conditions. Due to the high damping characteristics of high-polymer materials in a transition state, 

different stresses and strains are generated above and below the damping layer, which can consume 

energy and suppress the vibration peak in a fairly broad frequency band, thereby effectively 

lowering the vibration amplitude. 

Based on the passive damping technology of boring bars, the chatter stability of a composite 

slender boring bar with a constrained damping layer is studied when boring a deep hole with a large 

ratio of the diameter to the length. A chatter stability model, considering the material and thickness 

of the damping, constraint, and base layers, is proposed. Under the assumption that only the 
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influence of the cutting depth with respect to the cutting force is considered, the stable solutions are 

obtained by solving equations of motion. Then, through the dynamic stiffness analysis, the 

correctness of the chatter stability model is verified, and the calculation method of the thickness of 

each material layer is proposed. Finally, the feasibility of this method is verified by the changing 

trend of the lobes. 

2. Dynamic Modeling of Composite Boring Bar with Constrained Damping Layer  

The structural model of a composite boring bar with a constrained layer is shown in Figure 1, 

wherein L is the overhanging length of boring bar; R1, R2, and R3 are the radii of the base layer, the 

damping layer, and the constrained layer respectively. 

 

Figure 1. Structure diagram of the boring bar of composite material with damping of the constrained 

layer. (a) The constrained layer; (b) the damping layer; (c) the base layer. 

The dynamic modeling of a composite boring bar with a constrained damping layer is shown in 

Figure 2. 

 

Figure 2. Dynamic model of a boring rod of composite material with damping of the constrained 

layer. 

The vibration differential equation of a boring bar with a constraint layer based on the 

Euler-Bernoulli beam theory can be obtained. 
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where (EI)1, (EI)2, and (EI)3 are the bending stiffness of matrix, damping layer, and constraint layer of 

boring bar, respectively; (ρA)1,(ρA)2, and (ρA)3 denote the surface density of matrix, damping layer, 

and constraint layer of boring bar, respectively. 

The bending stiffness and surface density of the composite matrix are as follows, 

   

   
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where 11Q is the off-axis stiffness coefficient of composite matrix [20]; rN+1 and r1 are the radii of the 

Nth layer and the first layer in the matrix layer, respectively; ρ1 is the material density of the matrix 

layer. Similarly, the bending stiffness and surface density of the damping and constraint layer of 

boring bar are given by, 
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(5) 

where E2 and E3 are the elastic modulus of the damping layer and the constrained layer, 

respectively; ρ2 and ρ3 are the material density of the damping layer and the constraint layer, 

respectively. 

The main mode shape of the boring bar is expressed as 
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where C1, C2, C3, C4 and   are constants. 

The boring bar is taken to be clamped-free, the boundary conditions for which are 
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The natural frequency of the boring bar is taken to be 
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Based on the orthogonal properties of the mode shape function as the equation given by 

Equation (8), Equation (1) can be converted to Equations (11) and (12). 
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where Mi and Ki are the i-th modal mass and i-th modal stiffness, respectively. These quantities are 

given by 
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If material damping is considered, and the i-th damping ratio of the structure is set to ξi, then 

Equation (11) can be changed to 
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where m and k are the mass and static stiffness of the composite boring bar with a constrained 

damping layer, and η is the structural loss factor of the composite boring bar with constrained 

damping. k is obtained from  
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where D1, D2, and D3 are the diameter of the matrix, the damping layer, and the constraint layer, 

respectively. 

The structural loss factor η is given as follows 
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where α is the loss factor of the damping layer material, S1 is the shear parameter, and S2 is the 

stiffness parameter. S1 and S2 are given as 
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According to [11], η is a function of S2 and increases with the increase of S2. Therefore, in order 

to obtain the best damping effect, the maximum value S2max of the stiffness parameter S2 is needed, 

when R1 and R3 are known, by deriving S2 from R2 as follows: 
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where e = E3/E1, and make dS2/dR2 = 0, Equation (21) can be changed into 
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Through the above formula, R2 corresponding to S2 with maximum S2max can be obtained. 

It is assumed that only the influence of cutting depth on cutting force is considered. 

Because the cutting force is related to the dynamic cutting depth that depends on the 

regeneration effect, so Equation (12) can be written as  
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where Kc is the coefficient per unit cutting depth in the feed direction; b is the cutting depth. 

Generally, the lower modes are easily excited, and the chatter frequency is slightly higher than 

the first natural frequency of the system [21]. Therefore, the first frequency of the boring bar is only 

considered in the analysis. Hence, the dynamic equation of the composite boring bar with the 

constrained layer damping structure is expressed as 
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Equation (25) is obtained by using Laplace transform on Equation (24) 
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Let s = σ ± iω, the value of s depends on the system stability: 

If σ > 0, the system is unstable; 

If σ < 0, the system is stable; 

If σ = 0, the system is under the critical state between stable and unstable. 

Let σ = 0, by substituting s = iωc into Equation (25) after Laplace transform; the following 

expression can be derived 
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where ωc denotes the chatter frequency. 

According to the Euler formula e-ix = cos(x) − isin(x), Equation (26) above is expanded and the 

real part and the imaginary part are separated; therefore, one can get 
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Combining Equations (27) and (28), one can get 
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where T = 60/n. 

The spindle speed n and cutting depth blim are obtained in the critical state of the system, as 

follows 
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(31) 

The stability lobes can be calculated by the following steps: 

1) Determine the material of each layer and geometric parameters of the boring bar; 

2) Solve the corresponding first-order natural frequency w1 according to Equation (10); 

3) Scan the chatter frequency wc by using the natural frequency w1 as the reference; 
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4) According to Equation(18), the corresponding structure damping ratio ξi is worked out; 

5) According to Equations (30) and (31), the spindle speed n and the cutting depth blim under the 

critical stable state of the system are calculated; 

6) Select the new j and calculate the adjacent lobes. 

The flow chart is shown in Figure 3. 

 

Figure 3. Flow chart of algorithm. 

3. Numerical Simulation Results 

In this example, the graphite/epoxy resin, carbon/epoxy resin, and steel are selected as the 

matrix materials, and their mechanical properties are shown in Tables 1–3, respectively. The 

damping layer materials are PMMA, Teflon, and POM, and their mechanical properties are shown 

in Table 4. It can be seen from [22] that the boring bar corresponding to YG20C is of good cutting 

stability, and its mechanical properties are shown in Table 5. The composite matrix is paved with 30 

layers in the same thickness- in the form of [±θ]30. 

Table 1. Mechanical properties of graphite/epoxy resin [23]. 

ρ(kg/m3) E11(GPa) E22(GPa) G12(GPa) G23(GPa) ν12 η1(%) η2(%) η4(%) η5 = η6(%) 

1672 25.8 8.7 3.5 3.5 0.34 0.65 2.34 2.89 2.89 

Table 2. Mechanical properties of carbon/epoxy resin [24]. 

ρ(kg/m3) E11(GPa) E22(GPa) G12(GPa) G23(GPa) ν12 η1(%) η2(%) η4(%) η5 = η6(%) 

1446.2 172.7 7.2 3.76 3.76 0.3 0.45 4.22 7.05 7.05 

Table 3. Mechanical properties of steel. 

ρ(kg/m3) E(GPa) G(GPa) ν 

7680 207 79.6 0.3 
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Table 4. Mechanical properties of viscoelastic materials [3,25,26]. 

Numbers Materials ρ(kg/m3) E(GPa) Gv(GPa) α ν 

1 PMMA 1180 10 1 0.1 0.3 

2 Teflon 2280 0.5 0.26 0.05 0.4 

3 POM 1420 26 10 0.1 0.39 

Table 5. Mechanical properties of constraint layer materials [27]. 

Materials ρ(kg/m3) E(GPa) ν 

YG20C 13,400 400 0.3 

The cutting stiffness coefficient per unit cutting thickness is taken as Kc = 2339.1 N/mm2. The 

relation between the critical cutting width blim and the spindle speed n is drawn by Matlab, according 

to Equations (30) and (31). 

In Figures 3–6, the diameter of the matrix and the outer circle of the restraint layer are D1 = 1.5 

and D3 = 3 mm, respectively. From Equation (22), D2 = 2.69 mm. 

3.1. Effect of Different Base Materials on the Stability of the Boring Bar 

Figure 4 displays the relations between the critical cutting width blim and the rotating speed of 

the spindle n when different base materials were used in the boring bars. The damping layer and the 

constrained layer of the boring bar were made up of Teflon and YG20C, respectively. To be specific, 

the ply angle of the composite was set as θ = 0°. As shown in Figure 4a–d, the composite boring bar 

exhibited greater unconditional and conditional limit cutting depths blim than the metal-boring bar 

under the same physical sizes and rotating speeds. Meanwhile, the carbon/epoxy boring bar was 

more stable than the graphite/epoxy boring bar, with more gentle lobe curves. Similarly, with the 

increasing length-to-diameter ratio, both unconditional and conditional limit cutting depths blim 

dropped, accompanied by a decline in the rotating speed of the main shaft at the critical stable state. 

Therefore, when using the boring bar with a larger length-to-diameter ratio, the rotating speed of the 

main shaft should be higher so as to ensure stability in deep-hole boring. 

  
(a) (b) 

  
(c) (d) 

Figure 4. Relations between the critical cutting width blim and the rotating speed of the spindle n with 

respect to different base materials used, in which L denotes the length and L/D denotes the 
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length-to-diameter of the boring bar, respectively, (a) L = 100 mm and L/D = 33.3, (b) L = 150 mm and 

L/D = 50, (c) L = 200 mm and L/D = 66.7, and (d) L = 300 mm and L/D = 100. 

3.2. Effects of Different Damping Layers on the Stability of the Boring Bar 

Figure 5 shows the relationships between the critical cutting width blim and the rotating speed of 

the spindle n when different damping materials were used in the boring bars. The base layer and the 

constrained layer were made up of carbon/epoxy and YG20C, respectively. The ply angle of the 

composite was set as θ = 0°. It can be observed from Figure 5a–d that the Teflon boring bar was 

superior to the PMMA and POM boring bars with the same geometrical sizes in terms of absolute 

stable region. By comparing the chattering stability lobe curves, the POM boring bar had the 

smallest absolute stable region while the Teflon boring bar exhibited gentler curves. However, 

within a certain velocity range, the unconditional critical cutting depth blim of the POM boring bar 

was the smallest. The phenomenon remained unchanged with the increase of the length-to-diameter 

ratio. 

  
(a) (b) 

  
(c) (d) 

Figure 5. Relations between the critical cutting width blim and the rotating speed of the spindle n with 

respect to different damping materials used, in which L denotes the length and L/D denotes the 

length-to-diameter of the boring bar, respectively, (a) L = 100 mm and L/D = 33.3, (b) L = 150 mm and 

L/D = 50, (c) L = 200 mm and L/D = 66.7, and (d) L = 300 mm and L/D = 100. 

3.3. Effect of the Ply Angle of the Base on the Stability of the Boring Bar  

Figure 6 displays the relation curves between the critical cutting width blim and the rotating 

speed of the spindle n when the ply angle of the base is set as different values. The base layer and the 

constrained layer of the boring bar were made up of carbon/epoxy and YG20C, respectively. With 

the increasing ply angle θ, the lobe curves moved downward in the coordinate plane, both the 

unconditional and conditional limit cutting depths decreased, and the unconditional stable region 

shrank. Meanwhile, the lobe curves became steeper, and the conditional stable region was also 

narrowed. As the length-to-diameter ratio increased, both the unconditional and conditional cutting 

depths dropped, while the unconditional stable region expanded. 
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(a) (b) 

 
(c) (d) 

Figure 6. Relationships between the critical cutting width blim and the rotating speed of the spindle n 

when the ply angle of the base was set as different values, in which L denotes the length and L/D 

denotes the length-to-diameter of the boring bar, respectively, (a) L = 100 mm and L/D = 33.3, (b) L = 

150 mm and L/D = 50, (c) L = 200 mm and L/D = 66.7 and (d) L = 300 mm and L/D = 100. 

3.4. The Effect of the Constrained Layer on the Stability of the Boring Bar  

For reasonable comparison, it was assumed that the maximum diameter of the boring bar was 

fixed, and D1, D2, and D3 were set as 1.5, 2.69, and 3 mm in case of the constrained layer, while D1, D2, 

and D3 were set as 1.5, 3, and 3 mm without the setting of the constrained layer. The base, the 

damping layer, and the constrained layer of the boring bar were made up of carbon/epoxy, Teflon, 

and YG20C, respectively. The relation curves between the critical cutting width blim and the rotating 

speed of the spindle under different conditions were plotted, as the results show in Figure 7. Under 

the same geometrical size, the stability lobe curves of the boring bar with both a constrained layer 

and a damping layer were much higher than the curves of the boring bar with only the damping 

layer, suggesting significantly greater stable region after the addition of the constrained layer. 

Accordingly, the composite boring bar with the constrained layer can achieve more remarkable 

cutting stability. The cutting stability can be enhanced by the addition of the constrained layer at an 

arbitrary length-to-diameter ratio. 
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(a) (b) 

  
(c) (d) 

Figure 7. Relationships between the critical cutting width blim and the rotating speed of the spindle n, 

with or without constrained layer, in which L denotes the length and L/D denotes the 

length-to-diameter of the boring bar, respectively. (a) L = 100 mm and L/D = 33.3, (b) L = 150 mm and 

L/D = 50, (c) L = 200 mm and L/D = 66.7, and (d) L = 300 mm and L/D = 100. 

3.5. Effect of the Thicknesses of Various Layers on the Stability of the Boring Bar  

Finally, by fixing the length-to-diameter ratio of the boring bar at 33.3 (i.e., L/D = 33.3) and 

changing the thicknesses of various layers, the relation curves between the critical cutting width blim 

and the rotating speed of the main shaft n under different conditions were plotted, as shown in 

Figure 8. It should be noted that the base, the damping layer, and the constrained layer of the boring 

bar were made up of carbon/epoxy, Teflon, and YG20C, respectively, and the ply angle of the 

composite was set as 0°. To be specific, Figure 8a displays the condition when only the thickness of 

the base layer changed, from which it can be observed that the cutting stability of the boring bar was 

improved with the increasing thickness of the base. Figure 8b displays the condition when only the 

thickness of the damping layer changed, from which it can be observed that the cutting stability of 

the boring bar was enhanced as the damping layer became thicker. Figure 8c displays the condition 

when only the thickness of the constrained layer changed, from which it can be observed that the 

cutting stability of the boring bar was also improved with the increase of the constrained thickness. 

In Figure 8d, R3 was fixed at 1.5 mm (i.e., R3 = 1.5mm), and the optimal values of R2 when the value of 

R1 was set as different values were calculated according to Equation (27). In other words, the 

thicknesses of the base layer, the damping layer, and the constrained layer were simultaneously 

changed and the thickness of each layer is listed in Table 6 (H1 = R1, H2 = R2−R1, H3 = R3−R2).  
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Table 6. The value of thickness corresponding to each layer. 

H1(mm) H2(mm) H3(mm) 

0.65 0.74797 0.1021 

0.8 0.5133 0.1867 

0.95 0.2341 0.3159 

1 0.1284 0.3716 

As shown in Figure 8d, the lobe curve first increased and then dropped with the increase of H1 

and H3 and the decrease of H2. When the overall diameter of the boring bar D was fixed, there existed 

certain optimal thickness ratios among three layers, corresponding to the optimal stability of the 

boring bar. 

  

(a) (b) 

  
(c) (d) 

Figure 8. The influence of the diameter (thickness) of each material layer on the chatter stability of 

the boring bar. 

4. Analysis and Discussion  

4.1. Rigidity Analysis 

According to the above analysis, the lobe curves moved downwards with the increasing 

length-to-diameter ratio of the boring bar, accompanied by a decline in the minimum cutting depth 

and the increase of the corresponding rotating speed in the stable region. As the length of the boring 

bar increased, the static rigidity of the boring bar decreased, and the cutter head on the end of the 

boring bar cannot bear great force to avoid heavy deformation. Therefore, the cutting depth should 

be set as a low value to ensure safety. When the cutting depth remained unchanged, the required 

rotating speed of the main shaft in stable cutting decreased with the increase of the 

length-to-diameter ratio. However, the stable region expanded towards the region with high 
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rotating speed. Accordingly, the conditional cutting depth range expanded with the increase of the 

rotating speed of the boring bar. 

It can also be observed from the lobe curves in Figure 4 that the boring bar with a composite 

base exhibited a greater cutting depth and a wider stable region than that with a metal base. 

However, the cutting depths of these boring bars dropped with the increasing length-to-diameter, 

while the areas of the stable regions increased with the increase of the rotating speed of the spindle. 

In particular, the carbon fiber/epoxy composite boring bar operated best in stability. According to 

Equation (31), the minimum cutting depth blim can be calculated. It was found that the minimum 

cutting depth was in direct proportion to the product of inherent frequency, the damping ratio, and 

the modal mass. The stability of the composite also depended on the ply angle of the carbon fiber 

beam. As shown in Figure 6, the stability of the composite dropped with the increasing ply angle, 

which can be attributed to the established mechanical model of the boring bar based on the 

Euler-Bernoulli beam theory. The boring bar was only subjected to horizontal force, and the carbon 

fiber beam can bear great bending stress at a ply angle of 0°. Therefore, only the most stable 

condition at a ply angle of 0° was selected in this study for calculation. 

The minimum cutting depth is related to the related parameters in Equation (31) and the 

dynamic rigidity during the rotation of the boring bar. 

Previous studies have demonstrated that the maximum cutting depth is proportional to the 

product of the structure’s damping ratio and the static bending rigidity when the angle of the cutting 

edge and the materials to be processed were the same. In other words, the maximum cutting depth 

was in direct proportion to the dynamic rigidity. 

The dynamic rigidity, denoted as Kd, can be calculated according to Equation (32). 

2
1 1 equiv0.2427    （ ）dK L A  (32) 

Next, the stability characteristics of the boring bar were analyzed from the perspective of 

dynamic rigidity. Tables 7–10 list the calculated dynamic rigidities of various boring bars. Through 

comparison, the dynamic rigidity of the boring bar with the carbon/epoxy base layer was greater 

than that of the boring bar with the graphite/epoxy base layer. The boring bar using Teflon damping 

materials also exceeded the boring bars with PMMA and POM damping materials in dynamic 

rigidity. The dynamic rigidity of the boring bar at a ply angle of 0° was greatest, while the dynamic 

rigidity of the boring bar at a ply angle of 90° was smallest. After the addition of the constrained 

layer, the dynamic rigidity of the boring bar was enhanced by 2.8 times, i.e., the boring bar with the 

constrained layer exhibited better stability. The variation tendencies of the dynamic rigidity in 

Tables 7–10 were consistent with the variation rules in Figures 4–8. For the composites with greater 

dynamic rigidity, the lobe curve was slightly higher and the corresponding minimum cutting 

thickness was greater than those of the composites with smaller dynamic rigidity.  

Table 7. The dynamic characteristics of different matrix materials. 

Materials L(m) ξ1 ω1 (rad/s) (ρA)equiv(kg) Kd(N/m) 

Carbon/Epoxy 0.1 0.024528 1756.2 0.0266 48.8185 

Graphite/Epoxy 0.1 0.02357 1694.8 0.0270 44.3639 

Table 8. The dynamic characteristics of damping materials. 

Materials L(m) ξ1 ω1 (rad/s) (ρA)equiv(kg) Kd(N/m) 

PMMA 0.1 0.024518 1737.3 0.0257 46.1570 

Teflon 0.1 0.024528 1756.2 0.0266 48.8185 

POM 0.1 0.01228 1578.8 0.0300 22.2866 
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Table 9. The dynamic characteristics of ply angles. 

θ L(m) ξ1 ω1 (rad/s) (ρA)equiv(kg) Kd(N/m) 

0°  0.1 0.024528 1756.2 0.0266 48.8185 

30° 0.1 0.024553 1732.4 0.0266 47.5721 

60° 0.1 0.024583 1704.5 0.0266 46.1084 

90° 0.1 0.024587 1700.6 0.0266 45.9051 

Table 10. The dynamic characteristics with and without constraint layer. 

 L(m) ξ1 ω1 (rad/s) (ρA)equiv(kg) Kd(N/m) 

with constraint layer  0.1 0.024528 1756.2 0.0266 48.8185 

without constraint layer 0.1 0.041478 1310.1 0.0101 17.4509 

4.2. Estimation of the Optimal Thicknesses of Various Layers  

According to the analysis in Section 4.1, the stability of the boring bar is closely related to the 

change of the dynamic rigidity. Based on the theory of structural loss factor and viscous damping 

theory of the constrained damping beam, the loss factors is twice of the first-order damping 

coefficient ξ1, a factor that affects the change of dynamic rigidity. 

η = 2ξ1 (33) 

Substituting Equation (33) into Equation (32), the expression of dynamic stiffness is obtained. 

2

1 equiv
0.12135 A

d
K L  （ ）  (34) 

Substitute Equation (18) into Equation (34), and combine Equation (19) to get Equation (35). 

2

1 equiv 2

2

2

1 1
0.12135 A

21
(1 ) 1

S

d
K L

S

  





 

（ ）  
(35) 

By substituting Equation (20) into Equation (35), the dynamic stiffness related to the geometric 

dimension of the composite boring, the material parameters, and the vibration characteristics can be 

expressed. 

2
1 equiv 2 3

3 2
3 3 24 4 4

1 1 3 3 2
3 4 4 4

1 1 3 3 23 2
3 3 2

1 1
0.12135 A

1
4 ( )

( ) 2
(1 ) 1

( )
2 ( )
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
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      
  
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R R
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(36) 

Through the above analysis, when the maximum size of the boring bar R3 was unchanged, the 

change ranges of the thicknesses of the base layer and the damping layer (R1 and R2) were 

determined, i.e., the optimization of the thickness of various layers can be transformed from 

Equation (22) into solving the optimal value of max{Kd} at the boundary described in Equation (37). 

1 3

1 2 3

0 R R

R R R

 


   
(37) 

When the hanging length l of boring bar is 100 mm and the outer diameter R3 is 3 mm, the radii 

of the base layer and the damping layer in the composite boring bar are calculated as R1 = 0.4828 and 

R2 = 1.0172 mm, respectively. The optimal thicknesses of various layers can be calculated as H1 = 

0.4828, H2 = 0.5344, and H3 = 0.4828 mm. In a proportional format, H1:H2:H3 = 1:1.11:1. 

As shown in Figure 9, when the thicknesses of the constrained layer and the damping layer are 

changed simultaneously, but the sum is fixed, the lobe curves of the chattering stability are different. 

When the damping layer becomes thicker and the constrained layer becomes thinner, the stability 
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lobe curves first rise and then drop, thereby validating the feasibility of the present optimization 

method. 

 

Figure 9. Influence of the thickness of the restraint layer and the damping layer on chatter stability. 

5. Conclusions 

This study focuses on the chattering stability of the composite boring bar with a constrained 

damping layer during the boring process. Based on the Euler-Bernoulli beam theory, the 

regenerative chattering mechanical model of the composite boring bar with a constrained damping 

layer was established. Using the equivalent bending rigidity, the equivalent surface density, and the 

damping calculation method of the constrained damping boring bar, the expressions of the critical 

cutting width blim and the rotating speed of the spindle n were derived. The main conclusions are 

described below. 

(1) The composite boring bar with a constrained damping layer exhibited a greater limit cutting 

width than the metal-boring bar. When using the slender boring bar for small and deep-hole 

processing, the base layer with different materials and thicknesses significantly affected the cutting 

stability of the boring bar even though the diameter (i.e., the thickness) of the base layer was quite 

small. The boring bar with the thicker base layer was more stable. 

Both the ply angle of the base and the thickness of the constrained layer imposed an obvious 

effect on the cutting stability of the composite boring bar. The boring bar with the constrained layer 

was stable at a ply angle of 0°.  

(2) The material of the damping layer was also the main factor that affected the stability of the 

composite boring bar. The material of the damping layer significantly affected the cutting stability of 

the boring bar, even when the diameter of the damping layer was fairly small. 

(3) When various materials and the overall geometrical size of the constrained damping 

composite boring bar were unchanged, the stability of the boring bar first increased and then 

dropped with the increasing thicknesses of various layers. Accordingly, there exists an optimal 

thickness proportion of the thicknesses of various layers in the composite boring bar so as to reach 

the most favorable stability. 

(4) When using the boring bar with a large diameter-to-length ratio for deep-hole boring, the 

rotating speed of the spindle and the unconditional cutting depth should be set as low values to 

ensure boring stability. Meanwhile, the conditional cutting depth increased. Furthermore, the above 

conclusions were still applicable to the increasing length-to-diameter ratio. 

This work is part of a project that focuses on the study of chatter stability in cutting processes 

with a composite tooling system. The experimental verification of the presented model using real 

boring bars will be the subject of a study in the future. 

See Table A1 for the important parameters in the paper. 
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Appendix A. Variable Comment Table 

Table A1. Important parameter annotation table. 

Variable Note 

y(x,t) 

The displacement of the 

cross-section on the boring bar 

from the origin o to x at time t 

Yi(x) The i-th mode function 

(EI)equiv The equivalent bending stiffness 

variable note 

(ρA)equiv The equivalent surface density 

variable note 

R1  The radius of base layer 

R3 The radius of constrained layer 

ξi The i-th damping ratio 

S2 The stiffness parameter 

∆F(t) 
The equivalent concentrated force 

of f(x,t) 

α 
The loss factor of the damping 

layer material 

L 
The overhanging length of boring 

bar 

δ The Dirac delta function 

k The static stiffness  

variable note 

  The structural loss factor 

variable note 

R2 The radius of damping layer 

Kc Cutting force coefficient 

S1 The shear parameter 

f(x,t) The distributed force 

ωi The i-th natural frequency 
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