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Abstract - In recent years, the control of tool vibration has emerged
as a critical area of scientific development. This is because tool
vibration creates sound-noise and unwanted quality surface.
Mathematically, the observed tool vibration is a ratio of the force
acting on the tool to its dynamic stiffness. Because the dynamic
stiffness is proportional to the tool damping, the tool vibration could
be controlled by enhancing the damping ability of the tooling system.
In this paper, the drilling tool integrating damping system is tested
with Experimental Modal Analysis (EMA). The natural frequencies,
the damping ratios, and mode shapes are detected. Through modal
analysis testing the new damped drilling tool shows better damping
ratio than the conventional tool. These tools are expected to have
better performance than the conventional drilling tools as well.
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1. Introduction

In recent years cutting tools have continuously
developed to meet the great demands of improving work
accuracy and productivity. The cutting tools consist of
cutting inserts, attachment devices for the cutting inserts, the
proper tooling which has solid structure, and tool-holder.

The dynamic machining process can be represented as
a closed looped system comprising an elastic structure and
the metal cutting process. The elastic structure includes the
machine tool, the cutting tool and the work-holding fixture
whereas cutting process is defined by variables such as the
cutting tool geometry, cutting parameters.
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Figure 1. The dynamic machining process

In Figure 1, F(t) is the instantaneous cutting force, Fo(t)
is the cutting force nominal value, x(t) is the relative
displacement between cutting tool and workpiece, Ad(t) is
the total deviation of the relative displacement x(t). P(t) and
P4(t) are disturbances such as tool wear, thermal dilation of
the elastic structure, variation of the rigidity of the elastic
structure during a machining process, variation of cutting
parameters, etc. [1].

The mechanism of self-excited vibrations or chatter is

explained in Figure 2. As the dynamic cutting process
forms a closed looped system, any disturbances in the

system (i.e. vibrations which affect cutting forces) are fed
back into the system. Over time, the vibration amplitude
increases; and when the vibration frequency equals to one
of natural frequencies of the system, chatter occurs. The
variation in cutting force is due to the changes in chip
thickness, depth of cut, and cutting speed. These
parameters’ variations depend on the stability of machine
tool-workpiece system. The cutting process is considered
unstable if growing variations are generated; then the
cutting tool may either oscillate with increasing amplitude
or monotonically recede from the equilibrium position
until nonlinear or limiting restraints appear [2].

XKL X

&
oy
R

Figure 2. The closed - loop diagram

The variation of the shear angle and cutting forces
results from the unstable chip formation conditions (due to
the deflection of tool spindle or fixture). When the system
rigidity is low, force vibrations can cause excessive
vibration and lead to machine vibration. And the machine
vibration can cause additional force fluctuations. When the
dynamic cutting force is out of phase with the
instantaneous relative movement between the tool and the
workpiece, this leads to the development of self-excited
vibration [2]. Because the vibration reproduces itself in
subsequent revolution, it is called regenerative chatter.
When the chatter occurs without undulation, it is called
non-regenerative chatter. However, this type of chatter is
uncommon and has not been widely studied.
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Figure 3. The SDOF System
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In order to have a physical insight into the dynamic
behavior of vibrating system, a Single Degree of Freedom
(SDOF) Mass - Spring - Damping system is analyzed as
shown in Figure 3. Even though cutting tools are composed
of several components, it is possible to stimulate its
behavior under the influence of dynamic load by
considering it as an SDOF system.

The mechanical model in Figure 3 can represent cutting
process in which k, m, and c are the modal stiffness, mass
and damping values, respectively.

The equation of motion for the SDOF system shown is:

mx(t) + cx(t) + kx(t) = f(¢t) (1)

Where ¥(t), x(t), x(t) are the acceleration, velocity,
and displacement respectively.

The natural angular frequency of free un-damped
oscillations, on (rad/sec), and the damping ratio, &, are

n\m _CO_Z\/Rm

The damping ratio & is the ratio of the actual damping ¢
to the critical damping c., which is the smallest value of c for
which the free damped motion is non-oscillatory, that is, the
level of damping which would just prevent vibration [2].

When a system is excited by a specific sinusoidal force:
f(t) = Feiot

in which F is the force amplitude, j = v—1, tis time,
and o is the exciting frequency in rad/sec.

Modal analysis is performed using the Fourier
transform X() of the displacement x(t):
+00

X(w) = f x(t)e I@t dt
The Fourier transforms of the time derivative of a
function can be determined by multiplying the Fourier

transform of the function by j:
+00

f x(t)e 1@tdt = jwX (w)
ven

f #(t)e I@tdt = —w?X (w)
taking the Fourier transform of both sides of Equation (1):
(-0’m + joc + k) X(0) = F(o)
F(w) is the Fourier transform of f(t). The steady-state
response of this system is given by:
X(0) = G(0)F (o)
X(w) _ 1

G(w) ==

Where =—
F(w) —w?m+jwc+k

G(w), the frequency response function (FRF) of the
system, is the ratio of the complex amplitude of the
displacement (which is a harmonic motion with frequency
) to the magnitude F of the forcing function [2]. FRFs are
complex functions, with real and imaginary components.
They may also be represented in terms of magnitude and

phase.

In the paper, EMA is carried out to find out the natural
frequency of the tool. Determining the natural frequency of
the structure is important because it helps us to predict the
possibilities of when the resonance occurs. EMA is first
calculating the FRFs of the structure by artificially exciting
it with an impact hammer. The output is fixed, it means the
impact position is unchanged; FRFs are measured for
multiple inputs to form a single row of the FRF matrix. The
obtained data is then used to predict the frequency,
damping and mode shape.

Modal Analysis is a process to evaluate a mechanical
structure in terms of its natural characteristics which are
frequency, damping and mode shapes, i.e., its dynamic
properties. Experimental modal analysis comprises a set of
experimentally-based procedures which lead to the
construction of a mathematical model that can be used to
describe the dynamic behavior of the test object. This model
can be used on a variety of useful applications including:

- Visualization of the models of vibration of the test
structure for the purpose of gaining physical insight and an
understanding of the often complex dynamic properties of
real structures;

- Comparison of the actual (measured) vibration
behavior of a real structure with corresponding parameters
predicted from a theoretical model;

- Predicting the effects of making modifications, or
predicting what modifications to introduce to change the
structure’s behavior;

- Predicting the behavior of structures formed by
coupling two or more components together;

- Detecting damage or other changes in the integrity of
a structure during its service life;

- Identification of unpredictable parameters such as
damping, dynamic friction effects, excitation forces from
unknown sources, etc.

The basic sequence of steps in a model test is:

- Measurement of the test structure’s vibration response
to a controlled and known excitation;

- Analysis of the resulting response functions to
identify the underlying modal properties (natural
frequencies and mode shapes) of the test structure;

- Construction of a mathematical model from these
modal properties, suitable for the intended application.

2. Effect of damping, stiffness and mass to the dynamic
behavior of the cutting tool

Damping is the mechanism that converts vibration
energy into other forms of energy such as heat. There are
two sources of damping: internal damping and external
damping [1].

External damping is referred as dampers, whereas
internal damping is damped material and joint damping [6].
Traditionally, one can sacrifice the productivity by
reducing depth of cut, feed, etc. to minimize vibration and
avoid chatter. However, it is possible to achieve the same
level of system stability or even increase it by redesigning
the machine tools with high damping [1].
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Damping defines the ability of a tool to dissipate energy
or absorb energy from the process to reduce vibration, prevent
chatter and absorb energy from structural modes excited by
the servos. According to [1], increased damping results in:

o More rapid decay of unforced vibrations.
o Faster decay of freely propagating structure-borne waves.

¢ Reduced amplitudes at resonance of structures subject
to steady periodic or random excitation with accompanied
reduction in stresses and increased fatigue life.

¢ Reduced rate of build-up of vibrations at resonance.

e Reduced amplitudes of self-excited vibrations, in
which the vibrating structure accepts energy from an
external source.

All materials available in nature dissipate some energy,
as evidenced by the fact that the amplitude of free
vibrations diminishes with time. The energy dissipation is
either due to the stress-strain hysteresis loop vibration
(material damping) or the friction (non-material damping)
[6]. The use of damped materials, such as viscoelastic, in
machining tool is quite common.

The effect of damping is illustrated in Figure 4. Two
levels of damping, ¢l and c2 (c1>c2) are applied while
mass and stiffness are kept constant. It is seen that the
increased damping level affects the response at resonance.
The amplitude at resonance decreases with increasing
damping level.
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Figure 4. Efect of damping change

The effect of mass changes is illustrated in Figure 5.
Mass m1 and m2 (m2 < m1l) are applied while damping and
stiffness are kept constant. It can be seen that less mass
offers a higher natural frequency. It means that less mass
can improve the ability of machine tool to response to high
frequency input. Therefore, in machine design reducing
mass is one of the important objectives. There are two
approaches to reduce mass. One is selecting lighter
materials with higher performance; the other is structural
optimal design in which mass is reduced and the
requirement is met at the same time [3]. Even though there
are many new materials with very high stiffness-to-mass
ratio available in the market, the use of these materials in
machine tool structure is limited due to cost factor.

The new damped drilling tools have almost the same mass
to conventional tool used in the experiments. Therefore, we
do not expect them to have higher natural frequency.
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Figure 5. Effect of masss change

The effect of stiffness changes for the forced excitation
case is shown in the Figure 6. It is seen that the reduction
in resonance amplitude is directly proportional to the
increase in stiffness of the system.

Stiffness is the ratio between force and the deformation
induced by this force. The structural stiffness of a machine
tool is one of the main criteria in the design of a precision
machine tool. Generally speaking, both the static and
dynamic stiffness of a machine tool structure determine the
machine’s accuracy and productivity. Therefore, high
stiffness is required both statically and dynamically, each
affecting different aspects of the machining process [3].
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Figure 6. Effect of stiffness change

High static stiffness is required to minimize the
displacement between cutting tools and workpieces during
cutting. The need for high dynamic stiffness results mainly
from reducing self-excited and/or forced vibration.
However, there is a trade-off since high static stiffness
results often in a low damping system and therefore
reduces dynamic stiffness. And if stiffness is enhanced by
“beefing up” dimensions of the tool and/or of the spindle
and its bearing then masses, natural frequencies, damping,
and overall costs may significantly change. If stiffness is
changed by tightening structural joints, damping is usually
declining, thus defeating the purpose of reducing chatter
and forced vibrations [4].

3. Existing Damped Tools

As discussed, the mechanism of damping is to convert
energy from a vibrating system into other forms such as heat.
Basically, we can divide damped tools into two categories
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based on their damping mechanisms, active and passive.

The principle of active damping is to analyze in real
time the signal emitted during machining, recognize
instability (chatter) and compensate for it [5]. The cutting
process emits signals. The signals are sensed by sensors to
recognize chatter. When chatter is detected, cutting speed
is modified after that to avoid chatter.

The principle of passive damping is to enhance the
damping ability of the tool without actively compensating
for the upcoming vibrations [5]. Passive damped tools were
the subject for research years ago. Researches show that
while high stiffness of a cutting tool is an important
condition for successful performance, there are some
exceptions where reduction of tool stiffness is shown to be
beneficial. One example of damped turning tool is shown
in Figure 7. The tool is clamped in a fixture that is designed
to enhance tool stiffness in all directions except the radial
direction to workpiece. There is an elastomeric material
between tool and tool-holder. It is a thin-layered rubber-
metal laminate with steel interleaves, having a very high
stiffness in the normal directions to thin elastomeric layers
(compression), while very low stiffness is along the layers
(shear) [4]. The tool stiffness is intentionally reduced while
its damping is enhanced The result is that no chatter and
acceptable surface finish without using steady rests.
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Figure 7. Damped drilling tool

Another application for enhancement of chatter
resistance by reducing stiffness of machine system is
presented by Rivin Eugene [4]. He proposed an elasto-
damping clamping device for drilling as shown in Figure
7. The sleeve (3) holds the drill tool (2). Cutting forces
shall push sleeve (3) back to shoulder (10) of spindle (1).
The elastic element (9) and damping element (5) connect
sleeve (3) and spindle (1) together. It is stated that the
vibrations of the drill are significantly reduced when the
system 9-5 is properly tuned. Damped tools designed with
viscoelastic materials are popular nowadays. There are
three different techniques in using viscoelastic materials:
as free-layer dampers, as constrained-layer dampers, and in
tuned viscoelastic dampers.

The two new damped drilling tools are added to
damping rings. These rings are made of viscoelastic
composite material and they are glued together on the tool.
More information about the structure of damped drilling
tools can be found in [5]. The new tools therefore are
expected to have higher damping ability than the
conventional tool. Theoretically they would absorb more
vibratory energy from the cutting process and the machined
surface quality would be improved.

The damped drilling tools and the conventional tool are
shown in Figure 8. It is important to note that the damped
tool’s length is greater than that of the conventional one
(248mm compared to 205mm) and it needs a special tool
holder. Each tool is tested two times with two different
clamp devices, the conventional clamp ETP Hydro-fix
NBB- 42/50-62 and the viscoelastic composite material
interface clamp ETP Hydro-fix NBC- 42/50-62.
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Figure 8. Tools and clamping devices used in EMA

4. Experimental Modal Analysis (EMA)

Experimental modal analysis is the process of
determining the natural frequencies, damping ratios, and
mode shapes of a linear, time invariant system by
experimental approach. The result is a mathematical model
built to explain the dynamic behavior of the test object.
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Figure 9. Measurement points for the EMA
The drilling tool, tool holder and clamping device were

mounted in the turret of a lathe SWEDTURN 300. The
machine engine is turned on to stimulate the same working
environment as in the machining test (to be presented in the
next section). EMA is then carried out with the hitting point
fixed at one position (point#3) whereas the accelerometer
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moves from point #1 to point #4. All points are illustrated
in Figure 9. The overhang of the tools is 160mm.

As mentioned above about the effect of damping change,
increasing damping results in more rapid decay of unforced
vibrations, reducing amplitudes at resonance, etc. In Figure
4, the amplitude of resonance is decreased with increasing
damping level. On the other hand, the curve damping c2
does not have a sharp peak as curve damping c1 (c2 > c1).
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Figure 10. EMA results. Red curve: Damped tool.
Green curve: Conventional tool
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Figure 11. Modal analysis result. In red, the conventional tool
in conventional clamp. In green, the conventional tool in
damped clamp. In magenta, the damped tool in damped clamp.
In blue, the damped tool in conventional clamp

Figure 10 shows the synthesized compliance functions
when the drilling tools are mounted in the conventional
clamping device. It can be seen from the graph that at the
first natural frequency, both tools have the sharp peak, the
red curve (damped tool) has a slightly greater width at the
base than the green curve (conventional tool). At the
second mode, the red curve’s width is much greater and its
peak is not as sharp as the green one. It proves that the
damped drilling tools have a significantly higher damping
ratio than the conventional tool.

The result at that moment is satisfactory enough
because the damped tool is produced accurately. As
expected, the conventional tool has higher static stiffness
than the damped tool.

It is interesting to make a comparison of the different
clamping systems. Figure 11 shows that when mounted in
the damped clamp both tools improve their damping ratio
significantly. The green curve is larger than the red curve
at the second mode, and the magenta curve does not have
a sharp peak as the blue one.

5. Conclusion

Through modal analysis testing, the new damped
drilling tool shows better damping ratio than the
conventional tool. The damped clamp helps the
conventional tool improve the damping ratio significantly.
These tools are expected to have better performance than
the conventional drilling tools.
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