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Investigation of Stability in Internal 
Turning Using a Boring Bar with a 
Passive Constrained Layer Damping 
 
The vibrations produced in a boring tool in internal turning deteriorate the 
machined surface quality and reduce the tool life, which results in a 
massive noise during the machining. Therefore, unwanted vibrations are 
necessary to be eliminated by improving the boring bar’s dynamic stiffness 
and damping capacity. This paper investigates a passive constrained layer 
damping (CLD) boring bar with a hybrid damping layer to study the 
internal turning system’s stability. Initially, the dynamic models of the 
conventional and CLD tools are thoroughly studied using Euler-Bernoulli 
beam theory (EBT) and validated them with finite element modelling 
(FEM). The frequency response functions (FRFs) obtained from the impact 
hammer tests are used to estimate the modal parameters. With modal 
parameters, the semi-analytical stability lobe diagrams (SLDs) are plotted 
for the boring system with the conventional and CLD boring bar. Tool-tip 
responses for various cutting conditions are simulated numerically to 
validate and to study stability. The cutting experiments with traditional and 
CLD boring bar are conducted for stability analysis and compared tool-tip 
responses with numerical results. It is observed that both the numerical 
and experimental results agree with the selected cutting conditions from 
SLDs. It is also observed that the CLD boring bar with a hybrid damping 
layer reduced the vibration displacements by five times compared to the 
conventional one. 
 
Keywords: Boring Bar, Chatter Vibrations, Constrained Layer Damping, 
Euler-Bernoulli Beam, Hybrid Damping Layer, Stability Lobe Diagrams, 
Time-Domain. 

 
 

1. INTRODUCTION 
 

Manufacturing industries, nowadays, produce various 
components despite the obstacles in obtaining more 
accurate products. Unwanted vibrations and noise 
generated during the machining often lead to frequent 
machine breakdowns, which results in imprecise produ–
cts. Several researchers have focused on analysing and 
controlling the unwanted vibrations induced by different 
machining systems over the last two decades [1]. 
Internal turning or boring is one of the oldest machining 
processes for enlarging the cast holes or pre-drilled in a 
component. In this process, a highly accurate surface 
finish of the machined product is essential. Boring bar 
or tool is the weakest part of the internal process, and its 
motion depends on time. Accordingly, the deformation 
in the workpiece during internal turning, introduces 
vibration or dynamic motion in the boring tool. These 
vibrations worsen the quality of machined surface the 
surface finish, which results in the reduced tool life. The 
recent attention among researchers is to suppress the 
regenerative vibrations induced by the tool during 
machining. It is therefore necessary to minimise these 

vibrations by employing advanced control approaches. 
Extensive research has been carried out to suppress 

regenerative chatter in machining by determining the 
optimal parameters such as the spindle speed, depth of 
cut, and feed rate [2, 3], spindle speed variation [4], and 
force control [5] techniques. On the other hand, various 
devices were designed for vibration suppression, such as 
passive, semi-active [6] and active control [7] devices. 
Many researchers paid attention to active dampers beca-
use of its efficiency and flexibility in vibration suppre-
ssion. Various active vibration dampened boring bars 
designed with smart material and control technology 
used in research in recent times. The typical examples 
of active methods include boring bars with piezoelectric 
materials, magnetic actuators, electro-rheological fluid, 
and magneto-rheological fluid. Venter et al. [8], Yigit et 
al. [9] and Tang et al. [10] presented a novel method for 
vibration and chatter suppression in the boring bar by 
applying piezoelectric patches over its surface. They 
found that stability limits tripled for the optimum confi-
guration shunt circuit components. Piezoelectric dam-
ping is an excellent alternative to improve the stability 
boundaries in turning or boring operations.  Moreover, 
Mei et al. [11], Pour and Behbahani [12] and Biju and 
Shunmugam [13] used smart MR dampers on the boring 
bar for tuning the natural frequency of the tool which 
results reduced chatter and improved stability of machi-
ning system. 
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The active control techniques are more adaptable to 
different cutting parameters and use various driving 
methods and control algorithms to reduce vibration. 
Active methods allow several modes to be damped 
simultaneously, but require actuators. Moreover, the 
control system's design is complicated, high 
consumption of external power and the actuators used 
are often massive. Large actuators present difficulties in 
the practical machining process, whereas the passive 
control devices are easy to design and implement and do 
not need external energy. Moreover, the structures of 
passive devices are simple. Dynamic vibration absorber 
(DVA), Lanchester damper and the impact damper are 
the most commonly used passive control devices. Fallah 
and Moetakef-Imani [14] developed a passively damped 
boring bar with tuned mass damper (TMD) using 
optimal design parameters and tested in a practical 
environment. The results showed the feasibility of the 
proposed method in industrial applications. Liu et al. 
[15, 16] have modelled boring bar with variable 
stiffness dynamic vibration absorber (VSDVA) based 
on dynamic vibration absorber theory and investigated 
its vibration characteristics both analytically and experi-
mentally. They reported that the boring bar vibration 
could be efficiently suppressed by a tolerable axial com-
pression selection. The vibration absorber techniques 
only damp several modes, effective over a narrow 
frequency band, and can degrade their performance 
because of forcing frequency changes.  

Boring bar with impact damper to control the 
vibration of overhanging tool was first investigated by 
Thomas et al. [17], which was found to be the most 
effective and observed an increase in stable metal 
removal rates with improved designs. Later, Edhi and 
Hoshi [18] introduced an advanced type of impact 
damper called the friction damper to eliminate high-
frequency chatter in fine boring, which was not cont-
rolled by impact dampers and found that the proposed 
damper was effective for boring tools which vibrate at a 
frequency of more than 5,000Hz. As the impact and 
friction dampers placed on the surface of the boring tool 
cause damage to the machined surface resulting in 
reduced surface roughness and tool life. Biju 
Shunmugam [19], Chockalingam et al.[20] and Diniz et 
al. [21] developed boring bar with particle impact 
dampers (PIDs), where particles placed inside the cavity 
of the tool for stability improvement by controlling the 
vibrations in internal turning. The momentum was 
transferred from the primary system to particles, and 
increased energy dissipation caused by the collision of 
the particles and cavity walls minimized the boring 
bar’s vibrations. The PID boring bar makes it possible 
to increase the tool overhang without damaging surface 
roughness and tool life, and turn the longer holes than 
when a solid bar used. If the length to diameter (L/D) 
ratio of the boring bar considered is large, then it is 
difficult to implement a boring bar with a dynamic 
absorber to control vibration, which is limited by com-
plications arrived during installation. Lee and Suh [22] 
and Nagano et al. [23] manufactured and tested a 
graphite-epoxy and a carbon fibre composite boring 
bars, respectively, to minimize chatter vibrations due to 
larger overhangs and stated that boring bars made up of 

two or more material increase the stiffness. Rivin and 
Kang [24] developed a boring tool with viscoelastic 
layers and observed improved stability, stiffness and 
damping. Further, Hwang and Kim [25] reported that 
boring bar made with two or more material increases the 
stiffness and results in reduced vibrations during the 
boring process. Suzuki et al. [26] and Ghorbani et al. 
[27] developed an anisotropic and a composite boring 
bar, respectively, to attenuate chatter and observed imp-
roved stability with the proposed boring tool compared 
to the standard cutting tool. Fu et al. [28] have used 
carbon-based nanocomposite coatings on boring bars to 
improve the dynamic stiffness and observed an imp-
rovement in the surface finish with the reduced vib-
ration. Most of the control devices or methods proposed 
before were focused on suppression of the forced vib-
ration, while the chatter suppression mechanism was not 
explained clearly because of its complication. Parti-
cularly in the low-velocity zones, stability lobes are un-
even. Therefore, standard optimization method cannot 
be used in the high-velocity zones. Moreover, the use of 
simple viscoelastic composites results in lower damping 
capacity and lower stiffness than the particulate com-
posite. To improve the stiffness and damping capacity, a 
constrained layer over a particulate composite boring 
bar need to be developed, which results in the reduced 
vibration displacements of the cutting tool. 

Many researchers have studied the constrained layer 
damping (CLD) as the passive vibration control method, 
Ross et al. [29] the Constraint Layer Damper (CLD) for 
the suppression of structural vibrations. It was carried 
out by adhering to the structural component a visco-
elastic layer protected by a stiff constrained layer. The 
dynamic characteristics of the structure have been imp-
roved by enhancing the dynamic stiffness and the dam-
ping ratio. The CLD was then widely used in many 
engineering applications.  Gafrnis et al. [30] used a 
composite structure with honeycomb structure as a 
damping layer in the helicopter blade and analysed it 
through finite element analysis software. Rao et al. [31] 
and De et al. [32] adopted the CLD for eliminating the 
squeal noise of the disc brake in railway applications. 
Recently, a CLD boring bar designed and developed by 
Liu et al. [33] and Yuhuan et al. [34] has been validated 
to be used to control the vibration in boring experi-
ments. However, they just optimized the CLD boring 
tool by the finite element method and preliminarily in-
vestigated its damping performance. Associated with 
[33, 34], the aim of this study is to propose a model 
using modal strain energy (MSE) for the CLD boring 
tool to design and optimize the damping parameters in 
finite element analysis, thereby improving the stability 
of the boring process. Moreover, limited work is noticed 
on the stability studies of boring operations with CLD 
boring bars. 

Thus, in this work, the modelling procedure of the 
standard boring bar is initially presented using Euler-
Bernoulli beam theory (EBT) and finite element 
modelling (FEM). The modal parameters are then 
evaluated from the impact hammer test to validate the 
results of EBT and FEM. Moreover, the stability lobe 
diagrams (SLDs) are constructed using these modal 
parameters to investigate the internal turning stability. A 
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hybrid composite material such as carbon/SiC-epoxy is 
used as damping materials (sandwich material) over the 
tool surface, and modelling is further carried-out with 
equivalent material properties. The tool-tip responses 
are obtained from numerical simulations for both 
standard and CLD boring bar using EBT and FEM. 
Further, the numerical results are verified with real 
cutting experiments. The organization of the remaining 
part of this paper is given as follows. Section 2 presents 
the modelling of conventional and PCLD boring bars 
using beam theory and finite element analysis. Section 3 
gives the experimental setup and procedure. The results 
and discussions are given in Section 4, and Section 5 
concludes the paper. 

 
2. MODELLING OF THE BORING BAR 

 
The stiffness of the boring bar in axial (x) direction and 
torsion are much higher than in radial (y) and tangential 
(z) bending directions. Thus, the bending vibrations 
caused by radial and tangential forces are considered. 
However, the dynamic displacement in tangential 
direction doesn't affect the regenerative nature of the 
chip. In contrast, the dynamic displacement in radial 
direction varies with depth of cut and produce the 
regenerative effect. Therefore, a single degree-of-
freedom model shown in Figure 1 is considered because 
of the vibrations in radial cutting direction of the boring 
bar are most significant in internal turning [35]. 

 
Figure 1. A single degree model representing boring 
operation. [35] 

Further, the dynamic modelling of the conventional as 
well as CLD (that is passively damped constrained 
layered) boring bar are elaborated below using Euler-
Bernoulli beam theory and finite element modelling. 

 
2.1 Euler-Bernoulli beam theory 

 
The cantilevered boring bar with Euler-Bernoulli beam 
element is presented in Figure 2. The governing 
equation to describe the dynamics of the boring bar is 
given by Sadredine et al. [36] as 
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where, E, A, c, and ρ  are modulus of elasticity, cross-
sectional area, damping coefficient and density of the 
boring bar, respectively. ( ),y x t represents radial deflec-
tion of the boring bar and the distributed force acting on 

at the tip of the boring tool is expressed as 
( ) ( ) ( ), , ,cf x t K d y x t y x t T= − −⎡ ⎤⎣ ⎦ . 

 
Figure 2. The dynamic model of the boring bar with Euler-
Bernoulli beam element [37] 

The mode superposition principle is used to solve 
(1), where the deflection of the beam is assumed as 

( ) ( ) ( ) 
1

, i iy x q t
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x t χ
∞
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 (2) 

where, ( )i xχ and ( )iq t denote the characteristic function 
and generalized coordinates, respectively. The boundary 
conditions at the fixed and free end are given as 
( )0 0xχ = , ( )0 0xχ′ =  and ( )0 0xχ′′ = , ( )0 0xχ′′′ = , 

respectively. On substituting (2) in (1), the resultant 
equation is multiplied with ( )i xη  and integrated over 
the limits 0 to 1,  and applied the orthogonality 
conditions given in (3) and (4) the governing is further 
reduced. 

( ) ( )
0

i j ij
l

x x dxρχ χ δ=∫   (3) 

( ) ( ) 2

0
i j ni ij

l
EI x x dxχ χ ω δ′′ ′′ =∫   (4) 

The governing equation given in (1) is further modified 
using the generalized coordinate system as 

( ) ( ) ( ) ( )22+ + =ni ni i iq t q t q t f ti ζω ω    (5) 

Numerical simulations of (5) can be performed at 
various cutting conditions to obtain the time-domain 
plots showing tool-tip responses. The time-domain plot 
helps for chatter identification, and thereby, one can 
adopt the vibration control technique to suppress the 
vibrations in the boring bar. Similarly, with the 
equivalent properties of the CLD boring bar, time-
domain analysis are performed. 

 
2.2 Finite element modelling 
 
The cantilevered cutting tool is taken into account to 
study the dynamic behaviour using Euler-Bernoulli beam 
element, and the natural frequency is determined. Further, 
the time-domain model is established and simulated to 
investigate vibrations in the boring bar. The cutting tool is 
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discretized into five nodded Euler-Bernoulli beam 
elements with four degrees of freedom at each node 
which are considered and shown in Figure 3. 

 
Figure 3. Finite element model of the boring bar [37] 

The classical model of cutting force for machining 
in the radial direction is given by Tobias [38] as  

( ) ( )y cF K d y t y t T= − −⎡ ⎤⎣ ⎦  (6) 

where, cK and d represent the cutting force coefficient 
and depth of cut, respectively. ( )y t and ( )y t T− are the 
present and previous displacements of the tool, res–
pectively.  

The governing equation of the boring bar in radial 
direction is given by 

[ ]{ } [ ]{ } [ ]{ } { }+ + = yM q C q K q F  (7) 

where, [ ]M is 2 2×n n global mass matrix and [ ]K is 
2 2×n n global stiffness matrix obtained by accumu-
lating the elemental  matrices and the boundary condi-
tions of the tool, (that is, clamped-free) are applied; n is 
number of elements considered along the boring bar  
length; 1y and 1θ  are the displacement and slope, 
respectively, which are equal to zero at node 1 since the 
boundary condition is clamped. Moreover, the dynamic 
cutting force ( )yF is set to the ( )1 thn + node of the 

force matrix and [ ]C is the damping matrix, which can 
be estimated from equation given by 

[ ] [ ][ ][ ][ ][ ](2= T
i niC M diag Mφ ζ ω φ  (8) 

where, [ ]φ is a normalized modal matrix that satisfies 

the conditions such as [ ] [ ][ ] ( )2diag⎡ ⎤= ⎢ ⎥⎣ ⎦
T

niKφ φ ω and 

[ ] [ ][ ] [ ]T M Iφ φ = . niω denotes the natural frequency of 
thi mode of the internal turning system. 

Both [ ]φ and iω are evaluated by solving the Eigen 
function characteristic equation of the system, that is, 

[ ] [ ]( ){ } [ ]2 0i iK φ ω φ− = , where { }iφ is thi  mode shape 

vector. iζ denotes the damping ratio of the system for 
thi mode and obtained from experimental modal analysis 

(EMA). EMA is also conducted to validate the natural 
frequency obtained from finite element model. The 
impact hammer test setup as shown in Figure 4 is used to 
determine the modal parameters of the boring bar. 

 
Figure 4. Setup of the impact hammer test 

 
2.3 Modelling of CLD boring bar 

 
The use of viscoelastic materials called attention among 
researchers to suppress the vibrations in the structures 
because of their high damping performance. However, 
they cannot be used directly as a structural material due 
to their low modulus of elasticity [39]. A constrained 
layer damping (CLD) boring bar (as shown in Figure 4) 
with three layers such as base material, damping 
material and a constrained layer is adopted to study the 
stability of internal turning. The materials of the base 
layer, damping layer, and constrained layer are selected 
as 40cr steel, hybrid composite (carbon/SiC-epoxy), and 
317 stainless steel, respectively. The damping layer's 
primary role is to improve the natural frequency by 
reducing the boring bar's density and improving the 
damping capacity. The constrained layer's function is to 
enhance the boring bar's natural frequency and stiffness 
and protect the damping layer. The thickness of the 
damping and constrained layers are taken as 2 mm and 1 
mm respectively. The diameter of the base material used 
for the analysis is 20mm. 

 
Figure 5. Boring bar with passive CLD treatment 

The general methods such as the direct frequency 
response,  complex eigenvalue and modal strain energy 
(MSE) approaches are popularly used to analyse the 
dynamic behaviour of composite structures  [40]. The 
first two approaches compute the parameters in the 
complex domain. The cost of the application of these 
methods in a complex structure is very high. Thus, in 
the present study, MSE is employed for the purpose of 
analysis and optimization  of damping parameters in the 
finite element approach. 

The strain energy of a structure can be expressed as 

{ } [ ] { }1
2

= T
i iU Kψ ψ   (9) 

where, ,  ,  =i b d c and e represent the base material, 
damping layer, constrained layer and composite boring 
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bar, respectively. { }ψ denotes a real vector of undamped 

system. The stiffness matrix is denoted by [ ]iK here 

,  ,  =i b d c are for the base layer, damping layer, and the 
constrained layer, respectively. 

The equivalent stiffness matrix [ ]eK of the CLD 
boring bar can be evaluated from individual stiffness 
matrices as 

[ ] [ ] [ ] [ ]+e b d cK K K K= +  (10) 

The energy dissipated by damping material layer in 
a cycle is given by  

{ } [ ] { }1
2

T
c dW Kγ ψ ψ=  (11) 

where, γ represents the damping material loss factor. The 
loss factor of CLD composite boring bar is expressed as 

[ ]
[ ] [ ] [ ]

= =
+ +

c d

e b d c

UW
U U U U

γ
η  (12) 

 The equivalent bending stiffness and area density of 
CLD boring bar are determined from the individual 
material properties as defined by 

[ ] [ ] [ ] [ ]e b d cS S S Sρ ρ ρ ρ= + +  (13) 

[ ] [ ] [ ] [ ]e b d cEI EI EI EI= + +  (14) 

 In order to determine the modal parameters, finite 
element analysis is carried out using the equivalent 
material properties, stiffness and mass matrices of the CLD 
boring bar. Further, time-domain plots such as tool-tip 
responses with respect to time are numerically simulated 
using MATLAB program from the evaluated data. 

 
3. EXPERIMETNAL SETUP AND PROCEDURE 
 
The experimental setup as shown in Figure 6, comprised 
a centre lathe (Pinacho; model: ROCIO 180X750), boring 
bar (TaeguTec; model: HE-D25-SCLCR 09) having 
length and diameter of 300 mm and 25 mm, respectively, 
with carbide insert (CCMT-09T308-MU-TN2000), 
charge amplifier (IPA Pvt Ltd., model: CA201A0), 
accelerometer (Bruel & Kjaer, model: 4332) of sensitivity 
63.5 mV/g, and the digital phosphor oscilloscope 
(Tektronix; model: DPO4034). The cutting experiments 
are carried out on pre-drilled 100 mm long workpieces 
(1020 steel) with an inner and outer diameter of 40 mm 
and 50 mm, respectively, without cutting fluid. During 
each cutting test, a new cutting insert is used. 

Initially, a boring tool with cutting insert is 
mounted on the tool post for a fixed overhang, and a 
pre-drilled workpiece is held in the lathe chuck. A 
piezoelectric accelerometer is then attached to the tool-
holder in the radial cutting direction for measuring 
regenerative vibrations. Vibration signals acquired from 
the accelerometer are fed to the oscilloscope through a 
signal conditioner to record the amplitude data. This 
vibration displacements are plotted to compare the 
performance of the conventional and CLD boring bar. 

 
Figure 6. Experimental setup 

 
4. RESULTS AND DISCUSSIONS 
 
Initially, the fundamental frequency of the conventional 
as well as the sandwiched tool are obtained as (374 Hz, 
480 Hz) and (373Hz, 478Hz), respectively, from EBT 
and FEM methods. Further, experimental modal ana-
lysis (EMA) is conducted on both the traditional and 
CLD boring tools to estimate their modal parameters 
such as natural frequency and damping ratio using 
impact hammer test setup and obtained the frequency 
response function (FRF), as shown in Figure 7. 
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Figure 7. Frequency response plot for conventional and 
CLD boring bar [37] 

The fundamental mode of the conventional and CLD 
or sandwiched boring tool are found as 368 Hz and 476, 
Hz respectively. Also, the damping ratios of conven-
tional and sandwiched tool are estimated as 0.01 and 
0.03, respectively. The results of EBT and FEM are 
verified with EMA results and found that the results are 
authentic. 

Further, the static stiffness of the conventional and 
sandwiched tool are evaluated from the FRF at zero 
frequency, respectively, are 1.3473 MN/m and 2.9746 
MN/m. Cutting experiments are conducted with a 
constant cutting speed and depth of cut and different 
feed rates, and recorded the force signals from the 
dynamometer to find out the cutting force coefficients. 
Finally, the slope of the graph plotted between feed rate 
and cutting force is estimated. The cutting force 
coefficient is determined by dividing the slope with the 
depth of cut as 2384 N/mm2 and measured the mass of 
conventional and CLD boring bars as 0.252kg and 0.4 
kg, respectively. Further, the semi-analytical stability 
lobe diagram (SLD) is constructed using modal para-
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meters, shown in Figure 8. From the graph, different 
cutting conditions are chosen to conduct cutting 
experiments, which include different cutting zones such 
as stable, marginally stable and chatter. 

 

Figure 8. Stability lobe plots for conventional and CLD 
boring bars 

4.1 Results of the beam theory 
 
In order to study the effectiveness of the CLD boring 
bar over the conventional boring bar, various cutting 
speeds such as 900 rpm, 100 rpm and 1200 rpm, 
constant depth of cut 0.05 mm and a feed of 0.02 
mm/rev are considered. 

It is clear from Figure 8 that cutting condition of 900 
rpm speed and 0.05 mm depth of cut is unstable and 
slightly stable for internal turning with the conventional 
boring bar and slightly stable for the CLD boring bar, 
respectively. For this condition, the tool-tip displace-
ments of both conventional and CLD boring bar shown 
in Figure 9 are obtained using MATLAB DDE23 
solver. 

 
Figure 9. Tool-tip displacements of the conventional and 
CLD boring bar at a speed of 900 rpm and 0.05 mm depth of 
cut 

From Figure 9, it is observed that the tool-tip res-
ponse is divergent in nature for the conventional boring 
bar which means the machining process is unstable and 
develops chatter marks on the machined surface, whe-
reas the tool-tip displacements are decaying gradually, 
which means the cutting process is stable. It is obvious 
that the tool-tip response of the conventional and CLD 
boring bar is satisfying the cutting condition taken from 
the stability diagram, which shows the authenticity. 
Moreover, it is also observed that the CLD performs 
better compared to the conventional boring bar at the 
same cutting condition due to the dissipation of higher 
energy and improved stiffness of CLD boring bar. 

Further, a cutting condition indicating the cutting 
speed of 1200 rpm and the depth of cut of 0.05 is 
considered from the SLD. It is evident from SLD that 

both conventional and CLD boring bar exhibit stable 
conditions. However, the CLD boring bar is critically 
stable, which means the tool displacement of the CLD 
boring bar minimized effectively compared to the con-
ventional boring bar. Figure 10 shows the tool-tip 
response of conventional and CLD boring bars, respect-
tively, are stable and critically stable. The cutting con-
dition taken from the SLD is valid. This means that the 
stability diagram is valid for the above intermittent 
cutting conditions. 

 
Figure 10. Tool-tip displacements of the conventional and 
CLD boring bar at a speed of 1200 rpm and 0.05 mm depth 
of cut 

It can be concluded from the simulations that the 
vibrations that occur during the boring process in the 
tool can be attenuated by improving the system’s natural 
frequency,  damping capacity and stiffness. 

 
4.2 Results of the finite element modelling 

 
The results attained from the finite element modelling of 
the tool are detailed in this section. Initially, global mass 
and stiffness matrices are constructed using modal 
parameters of EMA. A convergence analysis is further 
performed to determine the predominant natural 
frequency of the conventional and CLD boring bar for 
the first mode of vibration.  

 
Figure 11. The real and imaginary parts of FRF for 
conventional and CLD boring bars 

The natural frequencies are approximated by 
considering the free vibration in (7) and making force 
term equal to zero. Figure 11 shows the real and 
imaginary parts of FRF, which evaluates the modal 
parameters. First, an assumed FRF with undetermined 
natural frequency and damping ratio is used and least 
squares method is then adopted for extracting the modal 
parameters using MATLAB code. The damping ratios 
are also determined from EMA and damping matrix [ ]C  
is developed with the use of (8). Moreover, the 
equivalent material properties of the CLD boring bar are 
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estimated from the properties of individual material. 
Further, time-domain plots are numerically simulated to 
study the tool-tip responses using MATLAB from the 
governing equation given in (7). The time-domain plots 
define the limiting depth of cut in internal turning for all 
speed values, resulting in stability lobe diagram. Time-
domain simulations are time taking process, whereas 
finding stability lobes is easier in the frequency domain. 
However, the time-domain simulations are still useful 
compared to stability lobes plotted in the frequency 
domain as monitoring of cutting tool is more convenient 
in the time-domain. The time domain plots obtained 
from the FEM for both conventional as well as the CLD 
tool are shown in Figure 12. The cutting speed and depth 
of cut used for the simulation are 1000 rpm and 0.05 mm 
respectively. The simulation is performed using the 
delay differential equations using MATLAB. 

 
Figure 12. Tool tip displacements vs time plot for both the 
conventional and CLD boring tool using FEM 

From Figure 12, it has been observed that the time 
domain obtained for the conventional boring tool from 
FEM shows a constant vibration level, which indicates a 
critically stable state of the machining process for a 
given set of cutting conditions. It is also found that the 
time domain of the CLD boring tool shows that vibra-
tion decay results in a stable cutting process for a set of 
parameters. This is due to the damping layer introduced 
in the CLD boring bar that has the high damping capa-
city, which can dissipate the vibration energy produced 
in the tool within the volume of the material. Therefore, 
the vibrations can be controlled with the provision of 
damping materials. The CLD boring bar changes the 
dynamic stiffness over the constrained layer and impro-
ves the damping performance throughout damping la-
yer. Hence, it is concluded that the results of beam 
theory are very useful to study the FEM results. It is 
found that the CLD boring bar shows better results com-
pared to the conventional tool. Thus, the vibrations in 
the tool are controlled with use of the CLD boring tool. 
It is suggested that the change of damping material in 
the CLD tool may improve the tool stiffness as well as 
damping capacity and results in reduced vibrations. 

 
4.3 Experimental results 

 
Cutting experiments are performed at a speed and depth 
of cut of 900 rpm and 0.05 mm, respectively, to validate 
the numerical results and to measure the performance of 
the CLD boring bar over the conventional boring bar. 
Time-domain, plots as shown in Figure 13 are obtained 
from cutting experiments. It is observed that the cutting 
operation with the conventional boring bar results in 

sever chatter at this cutting condition. Whereas stable 
cutting is observed with the CLD boring bar. The use of 
the CLD boring bar in the intermittent cutting zones 
results in better results and minimizes the chatter in 
internal turning. Moreover, the surfaces of machined 
components are given in Figure 14. 

 
Figure 13. The tool-tip response of the conventional and 
CLD boring tool obtained from experiments 

 
Figure 14. The surface of the machined component in 
internal turning with (a) the conventional and (b) CLD 
boring tool 

The surface roughness values of machined compo-
nent with conventional and CLD boring bars are 5.824 
µm and 1.457 µm respectively. The surface roughness 
values of machined part clearly shows that the surface 
obtained from boring with CLD boring is much better 
compared to the conventional boring bar. 

 
5 CONCLUSIONS 

 
The stability of internal turning with the conventional 
and CLD boring bar are investigated using Euler-
Bernoulli theory (EBT) and beam and finite element 
modelling (FEM). The designed boring bar consists of a 
cutting head, base layer, damping layer and constrained 
layer, which can significantly enhance the dynamic 
performance of the internal turning process. In the 
meantime, the efficiency and capability of the CLD 
boring bar for suppressing forced vibration and vibra-
tion due to chatter are presented based on numerical and 
experimental approaches. The vibration suppression 
mechanism is also investigated. The results show that: 
• The natural frequencies obtained from EBT, FEM 

are validated by performing EMA using impact 
hammer test, and are in good agreement among 
them. 

• The time-domain or tool-tip responses obtained 
from numerical simulations are well coincident 
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with the cutting states taken from SLDs. The 
results of numerical simulations are validated with 
the cutting experiments. From all these analyses, it 
is concluded that the use of the CLD boring bar 
drastically reduces the tool vibrations compared 
with a conventional one. The CLD boring tool's 
performance is further improved by adopting other 
high damping materials as the damping layer. 

• The method used to minimize the forced vibration 
is different from the method used for the 
suppression of chatter. The forced vibrations can 
be entirely prevented by shifting the boring bar's 
natural frequency, for instance, changing the 
dynamic stiffness of the CLD boring bar. On the 
other hand, the chatter vibration cannot be 
completely eliminated due to its complexity at low 
cutting velocity zones. It can only be controlled by 
improving the damping in the CLD boring bar. 

• The CLD boring bar can modify its dynamic 
stiffness throughout the constrained layer and 
improves the performance of damping through 
damping layer. Therefore, with the use of the CLD 
boring bar the forced vibration can be avoided 
completely and chatter can be reduced to some 
extent. The ability to suppress chatter with the 
CLD boring bar is improved five times compared 
to the standard boring bar in the given cutting 
zones. 

The design concept of CLD can be further extended 
to other machining operations to suppress the vibration. 
Moreover, an active control can be also implemented 
with the PVDF sensor over the surface of the CLD 
boring bar. 

APPENDIX 

FEM is performed for both the conventional and CLD 
boring bars with an overhang length of 300 mm and a 
diameter of 25 mm. The thickness of the damping and 
constrained layers are taken as 2 mm and 1 mm, 
respectively. The results obtained from the conventional 
and CLD boring bar are discussed in the previous 
section. The effective mass and effective stiffness 
matrices obtained from the FEM are given at the end of 
paper. 
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NOMENCLATURE 

E Modulus of elasticity of tool 
A Area of cross section of tool 
c Damping ceofficient 
ρ Material density of cutting tool 
( ),f x t  Distributed force acting on the boring bar 

cK  Cutting force coefficeint 
d  Width of cut 
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( ),y x t  Cureent displacment of the tool 

( ),y x t T−  Previous dsiplacement of the tool 

( )i xχ  Mode or Characteristic function 

( )iq t  Displacement of the tool 

iζ  Daming ratio for ith mode 

niω  Natural frequency for ith mode 
( )if t  Cutting tool force 

[ ]M  Mass Matrix 

[ ]C  Damping Matrix 

[ ]K  Stiffness Matrix 

{ }q  Displacement matrix 

yF  Force acting at the tip of tool 

[ ]φ  Normalized modal matrix 

[ ]I  Identity matrix 

bU  Strain energy of base material 

dU  Strain energy of damping layer 

cU  Strain energy of constrained layer 

eU  Strain energy of composite 
[ ]bK  Base layer stiffness matrix 

[ ]dK  Damping layer stiffness matrix 

[ ]cK  Consrined layer stiffness matrix 

[ ]eK  Equivalent stiffness matrix 

{ }ψ  Real vector of undamped system 

cW  Dissipation of energy by the damping layer 
in cycle 

γ  Loss factor of damping material 
η  Loss factor of CLD composite boring bar 
[ ]bSρ  Area density of base layer 

[ ]dSρ  Area density of damping layer 

[ ]cSρ  Area density of constrained  layer 

[ ]eSρ  Equivalent area density of CLD boring bar 

[ ]bEI  Bending stiffness of base layer 

[ ]dEI  Bending stiffness of damping layer 

[ ]cEI  Bending stiffness of constrained  layer 

[ ]eEI  Equivalent bending stiffness of CLD boring 
bar 

 
 

ИСТРАЖИВАЊЕ СТАБИЛНОСТИ КОД 
УНУТРАШЊЕ ОБРАДЕ СТРУГАЊЕМ 
ПОМОЋУ ВРЕТЕНА БУШИЛИЦЕ СА 
ПАСИВНИМ ПРИГУШИВАЊЕМ 
ОГРАНИЧАВАЈУЋИМ СЛОЈЕМ 

 
Б.А.Г. Јувараџу, Б.К. Нанда, Ј. Шринивас 

 
Вибрације које настају код вретена бушилице 
приликом обраде стругањем погоршавају квалитет 
обрађене површине и скраћују век трајања алата, 
што доводи до стварања велике буке у току процеса 
обраде. Стога је потребно елиминисати нежељене 
вибрације побољшањем динамичке крутости вре-
тена бушилице и капацитетом пригушивања. Рад 
истражује пасивно пригушивање ограничавајућим 
слојем вретена бушилице са хибридним пригушним 
слојем у циљу изучавања стабилности система 
унутрашње обраде стругањем. Најпре је проучен 
конвенционални алат као и алат са пригушним 
слојем помоћу Ојлер-Бернулијеве теорије греде док 
је евалуација обављена ФЕМ моделирањем. Функ-
ције фреквентног одговора добијене испитивањем 
ударом чекића коришћене су за процену модалних 
параматера. Помоћу модалних параметара израђени 
су режњеви дијаграма полуаналитичке стабилности 
система бушења конвенционалним и алатом са 
пригушним слојем. Одзиви врха алата за различите 
услове резања су нумерички симулирани да би се 
проценила и проучила стабилност. Експерименти са 
обе врсте алата су изведени у циљу анализе 
стабилности и поређења одзива врха алата са 
нумеричким резултатима. Утврђено је да постоји 
слагање нумеричких и експерименталних резултата 
за изабране услове резања. Такође је утврђено да 
бушилица са хибридним пригушним слојем смањује 
померање вибрација за пет пута у односу на 
конвенционални алат.   

Effective stiffness and effective mass matrices for conventional boring bar 
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