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Abstract: 7075 aluminum alloy is often used as an important load-bearing structure in aircraft industry due to its
superior mechanical properties. During the process of deep hole boring, the boring bar is prone to vibrate because of
its limited machining space, bad environment and large elongation induced low stiffness. To reduce vibration and
improve machined surface quality, a particle damping boring bar, filled with particles in its inside damping block, is
designed based on the theory of vibration control. The theoretical damping coefficient is determined, then the boring
bar structure is designed and trial-manufactured. Experimental studies through impact testing show that cemented
carbide particles with a diameter of 5 mm and a filling rate of 70% achieve a damping ratio of 19.386% , providing
excellent vibration reduction capabilities, which may reduce the possibility of boring vibration. Then, experiments are
setup to investigate its vibration reduction performance during deep hole boring of 7075 aluminum alloy. To observe
more obviously, severe working conditions are adopted and carried out to acquire the time domain vibration signal of
the head of the boring bar and the surface morphologies and roughness values of the workpieces. By comparing
different experimental results, it is found that the designed boring bar could reduce the maximum vibration amplitude
by up to 81.01% and the surface roughness value by up to 47.09% compared with the ordinary boring bar in two sets

of experiments, proving that the designed boring bar can effectively reduce vibration. This study can offer certain
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valuable insights for the machining of this material.
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0 Introduction

7075 aluminum alloy, thanks to its superior
mechanical properties of high strength and high hard-
ness, has become an indispensable alloy material in
aircraft industry. It is reported that the workload of
an aircraft deep holes accounts for nearly 20% of the
total'"™. Thus, deep hole boring in aerospace occu-
pies a significant proportion in mechanical process-
ing, which has become an important technical index
to measure the technology progress of the aircraft in-
dustry. To be noticed, despite the above advantages

of 7075 aluminum alloy, its high plasticity and ease
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of deformation can easily result in low machined sur-
face and low precision of such deep hole compo-

nents®”’

, leading to low production efficiency and
low product percent of pass”. To overcome these
drawbacks, it is critical and significant to improve
cutting tool equipment for deep hole boring of 7075
aluminum alloy. In recent decades, boring bar with
particle damping absorber has gradually attracted
considerable attentions from mechanical engineer-
ing"**. In our study, a particle damping boring bar,
filled with various particles in its inside damping
block, is designed and analyzed based on the theory

of vibration control.
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Boring technique is commonly used in deep
hole machining process. It requires a large extended
length of boring bars. This can obviously decrease
the stiffness of bars and increase the possibility of
undesirable vibrations. Consequently, deep hole
boring process has to face some intractable prob-
lems such as poor machining quality, rough ma-
chined surface, low processing efficiency, and se-
vere tool wearing"""*. Li et al.""*' conducted a theo-
retical analysis and cutting experiments on the drill-
ing model, and corrected the model coefficients un-
der various cutting conditions, providing a theoreti-
cal basis for deep hole processing. When the length-
to-diameter ratio of boring bars is greater than 5,
the stiffness of bars degrades more obviously'”. To
reduce vibration, some researchers have changed
the stiffness by adding different materials to the bor-
ing bar body. For example, Sortion et al."'" re-
placed the entire boring bar body with hard alloy ma-
terial to improve its vibration damping performance.

1 [17]

Singaravelu et a embedded copper-based shape

memory alloy in the base layer of the boring bar to

achieve vibration damping. Ma et al."'"*

proposed a
carbon fiber reinforced shaft for machining tool sys-
tems with poor rigidity. Another effective method is
to install a damper in the boring bar, which involves
adding a mass-spring system to the main body""".
For instance, Rubio et al.'® used traditional uncon-
strained optimization methods to study the optimiza-
tion of boring bars and derived optimized vibration
damper parameters. Li et al.”’ proposed a boring
bar equipped with a variable stiffness dynamic vibra-
tion absorber, which consists of vibration absorber,
rubber sleeve, and damping oil. By rotating the end
cover of the absorber, the whole stiffness can be ad-

1.#%! proposed a boring bar with a

justed. Liu et a
variable mass vibration absorber inside its borehole.
The stiffness of bars can be adjusted by changing
the length of the telescopic beam. A concept, realiz-
ing vibration suppression via mass adjustment of the
absorber, was proposed. In a word, vibration damp-
ing boring bars using dynamic absorbers have been
gradually used in machining process due to the ease
of use and maintenance, and their obvious vibration
reduction performances. However, the main draw-

back of current damping boring bars is the relatively

narrow bandwidth of vibration absorption. More-
over, it seems to be difficult to realize real-time ad-
justment ®. Therefore, innovative design on absorb-
er attracts so many attentions, which promotes the
development of cutting tool equipment.

As is known, the particle damping technology
is a new type of vibration control method. Damping
particles are often placed at a position where the vi-
bration of main structure is intense, or along the vi-
bration transmission path of the structure. When the
main structure vibrates, damping particles collide
and rub against each other. This can dissipate ener-
gy of the vibration system and achieve vibration re-
duction. Vibration absorption via particle damping
has the advantages of high durability, high reliabili-

ty, and low sensitivity for temperature "**"'

, among
which the greatest one is the ability to directly ab-
sorb kinetic energy, exhibiting high damping perfor-
mances. Traditional vibration absorbers can only
transfer system energy rather than dissipating,
which may lead to high-frequency harmonic vibra-

tion'®. Sanchez et al.'®!

utilized frequency-response
functions to study the mass and damping ratio of par-
ticle dampers. They found that the maximum value
is not the same as before when the gap is different
between the container and particles. In fact, it is ac-
tually greater than the sum of the mass of the con-

1.5 combined the ad-

tainer and particles. Zhang et a
vantages of classical dynamic vibration absorbers to
design a new type of damping device tuned particle
dampers(TPDs). They established equivalent theo-
retical models to describe the behavior of the cantile-
ver system after TPD treatment. Currently, the par-

ticle damping technology is widely utilized in the vi-

[31-33] 34]

bration reduction of boring bars . Guo et al.!

proposed a novel type of variable stiffness TPDs for
boring bar vibration reduction. Biju et al."*” intro-
duced high-carbon steel spherical particles into the
empty cavities at the tip of a boring bar and pro-
posed a boring bar based on particle impact. The im-
pact of adding particles was analyzed through the
surface morphology, surface roughness, and round-
ness of the workpiece. It was found that the radial vi-
bration of the boring bar had a significant impact on
the surface morphology of the workpiece. Chockalin-

gam et al.” mixed Cu and Zn particles and filled
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them into the inner cavity of a boring bar. Experi-
ment showed a 55% reduction of the amplitude of
the boring bar and 80% reduction of the surface
roughness of the workpiece, significantly enhancing
the stability of the boring process.

The above results indicate the superiority of vi-
bration-reducing boring bars to traditional boring
methods. However, when difficult-to-machine and
high-processing-standard material comes, deep hole
machining process has to face many unavoidable
challenges. Although traditional vibration dampers
applied in boring bars has significant contributions
on vibration suppression, the vibration-damping
equipment can work only when the vibration of bor-
ing process is within the range of the natural frequen-
cy of the vibration dampers. When resonant frequen-
cy is irregular, it fails to work. To be noticed, parti-
cle damping has the advantage of realizing the adap-
tive control of the frequency bandwidth of the vibra-

tion dampers '

. Generally, damping particles are
designed to reduce vibration through direct colliding
with the main body of boring bar. These behaviors
may increase the possibility of collision-induced vi-
bration between particle damping and boring bar.
To avoid this, this paper proposes a modified struc-
ture design of a particle damping boring bar. It can
enable the vibration-damping range to cover the
range of vibration frequencies, thereby enhancing
the effectiveness of vibration suppression during

drilling operations.
1 Design Procedure

Based on the existing results on vibration reduc-
tion via particle damping, we intend to dig a cavity
inside the damping block. It can avoid direct colli-
sion between particle damping and boring bar. The

following is the detailed design procedure.

1.1 Theoretical design

Based on the theory of vibration control, a con-
ceptional damping boring bar system shown in Fig.1
(a) can be simplified as a two-degree-of-freedom (2-
DOF) model which consists of a main bar structure
and a vibration damping system as shown Fig.1(b).
m; and 4, are the mass and the stiffness of the main
system, respectively. m, is the shock absorber
mass; k., the absorber spring stiffness; ¢ the damp-
ing coefficient of the rubber support; and Fsin(w?)

the exciting force applied to the main system.
Fsin(wf)

kl ml Il

kc

=)

Fein(et)]

(a) Conceptional damping boring bar system (b) 2-DOF model

Fig.1 Dynamic model

The dynamic equation of motion of this 2-DOF
model can be given by

S v S I B
0 m,]\x, —c c X,
Btk —k])(x) (F) .
[kz b, }(12)_(0)”(“’[) ()

In order to better understand the relationship
between the main system and the added (particle

damping) system, we define

where B, is the static deformation; p, the natural fre-
quency of the main system; p, the natural frequency
of the absorber system; u the mass ratio; « the fre-
quency ratio; and ¢ the damping ratio. Then, the di-

mensionless amplitude ratio can be given by

— oV (2007

(3)

B (X
By [l — (A= 1) (X — )P+ (X —1+pu2)

When the natural frequency of the shock absorb-
er is equal to the working {requency of the main sys-

tem, the vibration of the main system will be elimi-

nated. This phenomenon is called anti-resonance.
Taking #=0.05 and a=1 as an example, and

we obtain the amplitude-frequency response curves
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of this system, as depicted in Fig.2. Fig.2 shows
that when the damping ratio is equal to O, it is simi-
lar to the undamped shock absorber; when the
damping ratio is too large, the system becomes a
single degree of freedom system. In the process of
developing a damping dynamic shock absorber, the
key lies in selecting the appropriate m, and 4,. The
purpose of this is to ensure that the amplitude is con-
sistent at the two intersection points of the curve,
that is, the tangent to the curve at these two inter-
section points is horizontal. Then in a fairly wide fre-
quency range, the main system has vibration less
than the allowable amplitude, which achieves the
purpose of reducing the vibration of the main sys-

tem.

25
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A

Fig.2 Amplitude-frequency response curves: a=1, x=0.05

Through the above theoretical analysis, the de-
sign procedures of the particle damping boring bar
are as follows.

(1) According to m, and p,, the mass of the vi-
bration absorber can be determined according to the
cavity size of the boring bar and the material of the
damping block. Then, the mass ratio can be deter-
mined.

(2) Then it comes to determine the frequency

J 1

ratio @ ="—=

P1_1+/1

spring stiffness &, = m, p3.

and calculate the absorber

(3) The damping ratio is calculated as &=

3u
8(1+pu)

support is ¢ = 2{m,ws.

and the damping coefficient of rubber

If the boring bar elastic modulus E=2.11X
10", density p = 7 850 kg/m’, we can obtain m,=

2.160 09 kg, 4, =9.86097 X 10°N/m and p,=
340.015 Hz.

According to the above steps, the followings
can be calculated: The shock absorber mass m,=
0.108 kg, the spring
1.72773 X 10° N/m, and the damping coefficient of
rubber support ¢ = 9.122.

absorber stiffness k&, =

1.2 Structural design

We conducted an extensive study on the avail-
able damping boring bars on the market and consid-
er the actual production needs, then design a granu-
lar damping boring bar based on the common mar-
ket boring bar HC40-LBK4-400L. The particle
damping boring bar is composed of ten parts, as
shown in Fig.3. The mass block, rubber support
and particle damping form a particle damping dy-
namic absorber. The particle damping absorber is
loaded into the cavity of the boring bar. A cavity
damping block is designed to place particles. The in-
ternal particles are blocked with a thread plug. The
rubber support sleeve is placed on the steps at both
ends of the mass block to form a complete particle
damping dynamic shock absorber. The followings

are the detailed design procedures.

T

\ \

1 2 34 5 6 17
1—Cautting tool; 2—Boring head; 3—Top wire; 4—Gaskets; 5—Par-
ticle damped power vibration dampers; 6—Boring bar; 7— Thread
plugging; 8—Rubber support; %—Cavity damping block; 10—Particle
damping
Fig.3 Schematic diagram of particle damping dynamic

damping boring bar

(1) Boring bar

The dynamic stiffness is determined by the stat-
ic stiffness and the damping is generated by the tool
rod. Taking out the cavity on the boring bar can in-
evitably cause the loss of the static stiffness of the
tool bar. However, due to the effect of rubber sup-
port and internal particles, the static stiffness loss

will be compensated by the damping. For the parti-



No. 1 HUANG Yi, et al. Trial-Manufacture and Experimental Study of Particle Damping Boring Bar for--- 127

cle damping absorber, the more particles are in-
volved in the cavity, the better the vibration reduc-
tion performance. Therefore, to design the cavity of
the boring bar, we should try to increase the size of
the cavity as much as possible while ensuring that
the static stiffness is not lost too much. In this case,
the total length of the boring bar is 400 mm and the
diameter is 40 mm. The cavity length is 100 mm
and the diameter is 20 mm.

(2) Particle damper

To obtain good performance, the material of
the damping block should give priority to the materi-
al with high density. The density of tungsten-based
alloy is as high as 18.3 g/cm’, and the impact
strength is 10—30 J/cm’.In addition, the tungsten-
based heavy alloy has good machinability and can be
conventionally machined. Therefore, we choose
tungsten-based alloy as the design material of vibra-
tion damping block. Besides, to reduce the vibration
amplitude of the main system, the mass of the
shock absorber should be as large as possible.
Therefore, the necessary parts for positioning or
sealing are removed in the cavity of the boring bar,
and the remaining space is left to the damping block.
Therefore, the length of the damping block is
65 mm, the diameter is 18 mm, and there are steps
of 2.5 mm long and 1 mm high at both ends to place
the rubber support.

(3) Rubber support

The radial deformation of the rubber ring under
load is nonlinear, but the deformation is small and
negligible. The inner diameter is 16 mm and the out-
er diameter 1s 20 mm. The rubber spring is installed
at both ends of the damping block, and its length is
set to 5 mm according to the size of the damping
block.

2 Damping Ratio Analysis

2.1 Data acquisition

In order to assess the damping performance of
the particle damper within the boring bar, a modal
impact test is conducted. The test takes into account
various particle materials, particle diameters, and

filling ratios. Through these experiments, the opti-

mal filling parameters for the particle damper in the
boring bar are determined.

The utilized experimental signal acquisition sys-
tem is the LMS SCADAS. For the excitation of
metal materials in the experiment, a hammer with a
sensitivity of 0.21 mV/N is employed as the excita-
tion device. An acceleration sensor from PCB Piezo-
tronics in the United States 1s selected, with the
model number SERTAL #38260 and a sensitivity of
99.6 mV/g. The computer acquisition software is
the Simcenter Test.lLab data analysis software,
which is a processing tool for the acquisition and
analysis of vibration, noise, and other signal data.

Experiments with different fillers are conducted
in the cavity at the front end of the boring bar. An
impact hammer is used to strike the boring bar,
while an acceleration sensor is attached to the corre-
sponding position on the opposite side of the ham-
mering point. This acceleration sensor captures the
frequency response signal of the boring bar and
transmits it to the LMS vibration and noise test and
analysis system. Subsequently, the test results are
thoroughly analyzed and processed using data analy-
sis software on a computer, as shown in Fig.4.

The experimental data is meticulously analyzed
and refined through the Simcenter Test.Lab soft-
ware, which is designed to work in tandem with the
LLMS vibration measurement system. By employing
the modal analysis capabilities of the Time MDOF
module within the software, the first-order damping
ratio is determined, with the corresponding experi-
mental data presented in Table 1. The findings re-
veal an enhancement in the first-order damping ratio
across various filling parameters when compared to
ordinary boring bar, a clear indication of the damp-
ing effect in action. Notably, the use of 5 mm ce-
mented carbide balls has yielded the optimal out-
come, with a damping ratio of 19.386% , represent-
ing a significant improvement over ordinary boring
bar. The vibration damping performance of the bor-
ing bar also lies in the parameters of the damping
particles. In the followings, we analyze the damping
particles material, diameter, fill rate change on the

vibration characteristics of the boring bar.
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Fig.4 Schematic diagram of hammering experiment

Table1 The first-order damping ratio of boring bar

with different filling parameters

Fill rate /%

Filling material

50 70 90
Aluminum ball (1 mm) 4.900 10.658 4.740
Aluminum ball (3 mm) 6.120 8.252 5.780
Aluminum ball (5 mm) 4.275 9.757 7.287
Steel powders 10.940 12.938 7.479
Steel ball (3 mm) 14.230 15.842 6.294
Steel ball (5 mm) 10.637 13.157 4.934
Carbide powders 3.750 8.093 7.657
Carbide ball (3 mm) 10.480 12.161 9.333
Carbide ball (5 mm) 12.361 19.386 14.312

2.2 Particles effects

(1) Particle materials

A case with a diameter of 5 mm and 70% fill
rate is selected. The frequency and time domain
comparisons of the damping of particles for different
materials are shown in Fig.5. It is observed from
that the carbide balls possess the smallest amplitude
and the fastest decay rate in the time domain, fol-
lowed by the steel balls and finally the aluminum
balls. Since denser particles carry more energy and
kinetic energy during movement, and cemented car-
bide exhibits superior elastic properties compared to
aluminum and iron, with higher restitution coeffi-
cients, the frequency of particle collisions increas-
es, leading to greater energy dissipation.

(2) Particle diameter

Fig.6 illustrates the damping ratio bar chart for
particles of different diameters at various fill rates.
In Fig.6(a), the damping ratio for aluminum parti-

cles increases as the particle size decreases, with

0.020
—— Aluminum ball
~ o006k k@ T Steel ball
'z - - -~ Carbide ball
& 0.012
3
£ 0.008
&
£ o004
0.000
VA
(a) Frequency domain signals of three different materials
1.0
—— Aluminum ball
~ | e Steel ball
z 05f - - -~ Carbide ball
&
g 00}
£
s
E o5}
-1.0 L ; ; p
0.00 0.02 0.04/ 0.06 0.08 0.10
t/s

(b) Time domain signals of three different materials
Fig.5 Comparison of frequency domain and time domain of

different material particles

1 mm particles exhibiting the highest damping ra-
tio, followed by 3 mm, and 5 mm showing the low-
est. This trend can be attributed to the lower densi-
ty of aluminum. Under identical impact conditions,
the smaller 1 mm particles, owing to their higher
collision frequency, dissipate more energy, result-
ing in the observed order of 1 mm > 3 mm >
5 mm. In Fig.6(b), the damping ratio for steel par-
ticles is the highest for 3 mm balls, followed by the
powdered steel, and the lowest for 5 mm balls.
Steel has a moderate density and elastic perfor-

mance. However, under the same filling rate, pow-
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dered steel tends to accumulate partially and does
not fully engage in collisional energy dissipation. In
contrast, there are more 3 mm steel balls than 5
mm balls, meaning a greater number of particles
participate in collisions, thus consuming more ener-
gy. Fig.6(c) shows that for cemented carbide parti-
cles, the damping ratio is the highest for 5 mm par-

ticles, followed by 3 mm, and the lowest for pow-

dered particles. At the same filling rate, the total
mass of the filling material decreases in the order of
powder, 3 mm, and 5 mm. Due to the high density
of cemented carbide, powdered and 3 mm particles
are more prone to accumulate, which is less effec-
tive than 5 mm particles in achieving more colli-
sions at a moderate particle count, thereby enhanc-

ing energy dissipation.

15 RN 50% f@ll rate . BNN50% fill rate 21 BN 50% fill rate 19.386
~12k I l70% flll rate ~16} 15.842I I70% fill rate AIS o I I 70% fill rate
Y 10.658 @A fillrate | £ E7A90% fillrate| T | EZ790% fill rate _—
- 9.757 e 13:157 - .
& 9t 8252 20 I 12361 12.161
3 2 5 F N
'E"s 6 14.900! 4 7406. '780 % § g 9 §
¢ '~ 7 \ V) +215 / = g ¢ \
1111 : \
AN NLY N\ : LY |

Powder
Diameter
(a) Aluminum balls of different diameters

Diameter
(b) Steel balls of different diameters

mm 5 mm

Diameter
(c) Carbide balls of different diameters

Fig.6 Columnar diagrams of damping ratio of damping particles with different diameters

(3) Fill rate

The experiments have revealed that the damp-
ing ratio initially increases with the rise of the fill
rate and then decreases after reaching a peak. The
optimal damping ratio, and consequently the best vi-
bration damping effect, are achieved at a filling rate
of 70%, as demonstrated in Fig.7. At a 50% filling
rate, the limited number of particles reduces colli-
sions with the chamber walls and among the parti-
cles themselves, resulting in inadequate energy dis-
sipation. Conversely, at a filling rate of 90% , the

particles are too closely packed, offering little space

for movement, and tend to accumulate under the in-
fluence of gravity, which decreases the collision fre-
quency and reduces the energy absorption capacity
of the particles as a result. A filling rate of 70% pro-
vides the optimal vibration damping effect, as the vi-
bration energy is primarily dissipated through colli-
sions and friction among the particles and between
the particles and the container walls. At a filling rate
of 70%, there are enough particles and sufficient
space in the container to ensure the occurrence of
collisions and f{riction, thereby ensuring the con-

sumption of vibration energy.

16 ——— Aluminum ball(1 mm) 24 ——Stcel powder 28 ——Caibide ball pawder
- 14+ —— Aluminum ball(3 mm) <2gh ——Steel ball(3 mm) ¢ 241 —=— Carbide ball(3 mm)
ot —— Aluminum ball(5 mm) 3 ——Steel ball(5 mm) 90k —— Carbide ball(5 mm)
2 2 2
1ot glor E16f
2 st ..%012. 212t //\
= 2. 2
£ of £ R e
4t af
Py . . . . 4l . . , s ol— . . . .
50 60 70 80 90 50 60 70 80 90 50 60 70 80 90
Fill rate / % Fill rate / % Fill rate / %

(a) Aluminum balls with different particle sizes

(b) Steel balls with different particle sizes

(c) Carbide balls with different particle sizes

Fig.7 Diaphragms of damping ratio of damping particles with different filling rates

The results of the modal test indicate that the
best damping effect of the boring bar is achieved

when filled with 5 mm diameter cemented carbide

balls at a filling rate of 70%. To further verify the
performance of this configuration in an actual ma-

chining environment, boring experiments with 7075
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aluminum alloy material are planned. This experi-
ment will assess the boring bar’s ability to control
vibrations, ensuring that its damping effect is equal-

ly effective in industrial applications.
3 Cutting Experiment

3.1 Experimental setup

The properties of the material can have a cer-

9780 The materi-

tain impact on the machining effec
al used in the experiment 1s 7075 aluminum alloy,
whose physical properties are shown in Table 2,
and chemical composition is shown in Table 3. The
7075 aluminum alloy bars purchased from the mar-
ket, after T6 heat treatment, possess good compre-
hensive properties, including high strength, good

and certain corrosion resistance™***,

toughness,
The bars are then machined into workpieces with an
outer diameter of 65 mm, an inner diameter of
45 mm, and a height of 45 mm. When clamping the
boring bar, the length-to-diameter ratio is main-
tained at 9:1, and the maximum boring depth is

360 mm. To ensure the accuracy and consistency of

Table 2 Main physical properties of 7075 aluminum alloy

Tensile 0.2% yield FElastic ) ) ,
Hardness/ Density/ Poisson’s
strength/ strength/ modulus/ "B

MPa MPa GPa
524 455 71

(geem *)  ratio

150 2.81 0.33

Table 3 Chemical composition of 7075 aluminum alloy

%
Si Fe Cu Mn Mg Cr Zn Ti
0.4 0.5 1.2—2.0 0.3 2.1—2.9 0.18—0.28 5.1—6.1 0.2

the experiment, the vibration measurement system
employs the same signal acquisition system used in
the modal test, including identical acceleration sen-
sors and other equipment. The position of the accel-
eration sensor is also consistent with that used in the
modal test. Fig.8 shows the schematic diagram of

the experimental setup.

—_—— e — —

| Analysis software |

| Sensor | LLMS Test.Lab |

Fig.8 Principal diagram of cutting experiment

3.2 Experimental scheme and process

The single factor experiment is used to study
the vibration reduction performance of the vibration
reduction boring bar. The experimental parameters
are shown in Table 4. In order to make the experi-
mental results more obvious, the experiment adopts
larger cutting parameters, which is convenient for
collecting vibration signals and comparing the re-
sults.

During the experiment, the boring bar and the
workpiece are clamped on the machine tool fixture

and the three-jaw chuck respectively, the vibration

Table 4 Cutting experiment scheme

Number Working condition Cutting speed/(rsmin ") Feedrate/(mmer ') Cutting depth/mm
1 No vibration reduction 500 0.5 0.7
2 No vibration reduction 700 0.5 0.7
3 Carbide(powder)70% 500 0.5 0.7
4 Carbide ball(3 mm)70% 500 0.5 0.7
5 Carbide ball(5 mm)70% 500 0.5 0.7
6 Carbide ball(5 mm)70% 700 0.5 0.7
7 Carbide ball(5 mm)70% 300 0.5 0.7
8 Carbide ball(5 mm)50% 700 0.5 0.7
9 Carbide ball(5 mm)90% 700 0.5 0.7
10 Steel ball(5 mm)70% 700 0.5 0.7
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measurement system is connected, and the sensor is
pasted on the front end of the boring bar. The data
analysis software is debugged, and the acceleration
vibration time domain diagram is collected. The
sampling time is 10 s. After completion, the pro-
gram is written on the CNC lathe according to the
experimental parameters, and the cutting and vibra-
tion signals of the workpiece are collected in turn ac-
cording to the experimental order. The test site is

shown in Fig.9.

Fixture "

Boring bar

7 /4 .—_T.

]

== ‘_
b < A LMS Test.Lab

Artifact

Anysis software

Fig.9 Cutting experiment site

3.3 Experimental results

After the experiment is completed, the vibra-
tion data from the workpiece during cutting is cap-
tured using the Signature Acquisition module in
LMS Test.Lab. The data is extracted and graphical-
ly analyzed. Employing the two-sided peak detec-
tion method, the mean amplitude of the workpiece’s
vibration is calculated, along with the extraction of
the maximum amplitude value, as shown in
Table 5. Given that an acceleration sensor is used in

the experiment, the results are presented as acceler-

Table 5 Maximum amplitude and average amplitude

g/N
Number ~ Maximum amplitude Average amplitude
1 —7.629 —3.646
2 —6.671 —3.882
3 —4.949 —3.097
4 —3.769 —1.477
5 —2.000 —0.706
6 —2.246 —0.737
7 —1.746 —0.612
8 —6.432 —3.124
9 —4.560 —1.654
10 —5.215 —2.306

ation amplitudes with the unit of g/N. It should be
noted that since the acceleration sensor measures in
the direction of —Z axis, the amplitude values are
negative.

Subsequently, the surface quality of the work-
piece serves as a direct reflection of the experimen-
tal results. A white light interferometer is used to
measure the surface topography and surface rough-
ness. First, a small section of the workpiece is cut
off. Second, measurements are taken at three differ-
ent locations. Finally, the average value is taken.
The workpiece is placed horizontally along the direc-

tion of the cutting speed, as shown in Fig.10.

¥ i o |
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i
[ Cutting irection |
0. ) L L51.
0.0 0.5 X/ mm 0 51.6
(a) 2D morphology map
Z/ um
72.791
-40.890

< v

(b) 3D morphology map

Fig.10 Surface morphology of the workpiece measured by

the white light interferometer

To evaluate the performance of the developed
damping boring bar in deep-hole machining of 7075
aluminum alloy, experiments 1, 2, 5, 6 are con-
ducted. Experiments 1 and 2 utilize conventional
boring bars with different cutting speeds. Experi-
ments 5 and 6 employ damping boring bars with cor-
responding cutting speeds matching those of experi-
ments 1 and 2, respectively. Fig.11(a) displays the
time-domain vibration signals recorded during these
experiments. The average amplitude results in
Fig.12 show that the signal amplitudes in experi-

ments 5 and 6, which use the damping boring bar,
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have significantly decreased. Specifically, under the
same cutting conditions, the average time-domain
signal amplitude for experiment 1 is —3.646 g/N,
while for experiment 5 it is reduced to —0.706 g/N,
showing a reduction of 80.64%. Similarly, under
identical cutting conditions, the average amplitude
for experiment 6 is 81.01% , lower than that for ex-
periment 2. Fig.11(b) displays the surface imagery
of the workpieces, as captured by a white light inter-
ferometer. The workpieces from experiments 1 and
2, which are machined without the use of a damping
boring bar, exhibit significant fluctuations in the cut-
ting marks. In contrast, the surfaces of the work-
pieces from experiments 5 and 6, where a damping
boring bar is employed, are noticeably smoother.
This contrast further corroborates the effectiveness
of the damping boring bar in the machining process.
Fig.12 presents a comparison of the surface rough-
ness values among the workpieces from the four ex-
periments, indicating that the workpieces machined
with the damping boring bar have achieved lower
surface roughness values.

Due to the strong nonlinear characteristics of
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Fig.12 Comparison of average vibration amplitude and
workpiece roughness between ordinary boring bar

and damping boring bar

particle damping, the verification of the filling param-
eters of particle damping in modal test may not be ful-
ly applicable to the actual processing, so we also
need to analyze and verify the damping boring bar un-
der different filling parameters in boring processing.

To investigate the effects of damping particles
made from different materials on the vibrations of a
boring bar, experiments 6 and 10 are specifically de-
signed. Experiment 6 utilizes a 70% filling rate of
5 mm cemented carbide balls, whereas experiment
10 employs a 70% filling rate of 5 mm steel balls.
Fig.13(a) displays the comparative time-domain vi-
bration signals for both experiments, highlighting
significant differences. The average amplitude of vi-
brations in experiment 6 is measured at 0.737 g/N,
while experiment 10 records a higher amplitude of
2.306 g/N, reflecting a reduction of 68.04% in ex-
periment 6. Fig.13(b) presents the surface rough-
ness comparison, where experiment 10 shows a
roughness value of 26.644 ym, and experiment 6 ex-
hibits a superior surface finish at 18.19 um, which is
26.19% lower than that of experiment 10. These re-
sults emphasize the superior damping performance
and the positive impact on surface finish quality
when using cemented carbide balls in comparison to
steel balls during the boring operation.

In all respects, the particle damping and vibra-
tion reduction performance of cemented carbide ma-
terial is superior to that of steel material. This once
again confirms the analysis of damping with differ-
ent material particles observed in modal testing.

For analyzing the performance of cutting exper-
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iments with different particle sizes, experiments 3,
4, and 5 are designed, all with a 70% filling rate.
Specifically, experiment 3 utilizes cemented carbide
powder, experiment 4 uses 3 mm cemented carbide
balls, and experiment 5 employs 5 mm cemented
carbide balls. By comparing the time-domain signals
of experiments 3, 4, and 5 presented in Fig.14(a),
it is observed that as the particle size increases, both
the average and maximum vibration amplitudes sig-
nificantly decrease. In terms of specific experimental
data, experiment 3 shows a 52.31% reduction in vi-
bration amplitude compared to experiment 4, and
experiment 4 exhibits a 52.2% reduction in vibra-
tion amplitude compared to experiment 5. Upon fur-
ther observation of the workpiece roughness compari-
son in Fig.14(b), it can be seen that the workpiece
roughness for experiments 3, 4, and 5 are 25.048,
19.371, and 18.47 pm, respectively, showing a
trend of decreasing by 27.36% and 4.65% in succes-
sion.

These experimental data clearly demonstrate
that the vibration damping effect of using 5 mm ce-
mented carbide balls is significantly superior to that

of 3 mm cemented carbide balls, which in turn is
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Fig.14  Text results of different particle sizes

more effective than using cemented carbide powder.
This pattern is consistent with the analysis of damp-
ing by different material particles in modal testing.

To explore the impact of different filling rates
on the performance of cutting experiments, we con-
ducts experiments 8, 6, and 9 using 5 mm cement-
ed carbide balls at filling rates of 50% , 70%, and
90% , respectively. Fig.15(a) illustrates the com-
parison of time-domain signals measured under
these three filling rates, presenting both the average
and maximum amplitudes of the vibration signals. It
is observed that as the filling rate increases, the av-
erage and maximum vibration amplitudes exhibits a
trend of decreasing initially and then increasing. No-
tably, at the 70% filling rate, the vibration signal
amplitude is minimized, with an average reduction
of 76.41% compared to that at the 50% filling rate
and 55.44% compared to that at the 90% filling
rate. Fig.15(b) presents a comparison of the work-
piece surface roughness. The surface roughness of
the workpieces at filling rates of 50%, 70%, and
90% are 25.677, 18.19, and 21.235 pm, respec-
tively. It is evident that the best surface quality is
achieved at the 709 filling rate.
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Fig.15 Test results of different filling rates

These cutting experiments have once again con-
firmed that the damping boring bar with particle
damping exhibits optimal vibration reduction effects
at the 70% filling rate. This finding is consistent
with the modal testing analysis and further validates
the potential and effectiveness of particle damping

technology in vibration control applications.

4 Conclusions

This paper has completed the trial production
of a particle damping dynamic vibration reduction
boring bar through theoretical analysis and parame-
ter calculation. Through modal testing and cutting
experiments, the excellent vibration reduction per-
formance of the boring bar in deep-hole processing
of 7075 aluminum alloy has been verified, and the
following conclusions can be drawn.

(1) When using 70% filling rate of 5 mm diam-
eter cemented carbide particles for particle damp-
ing, the vibration reduction effect is superior to that
under other conditions.

(2) The designed vibration reduction boring
bar can reduce the maximum processing vibration

amplitude by up to 81.01%, and the surface rough-

ness value can be reduced by up to 47.09% com-
pared to the ordinary boring bar.

In summary, the designed particle damping dy-
namic vibration reduction boring bar has shown sig-
nificant vibration reduction effects in the deep-hole
boring process of 7075 aluminum alloy, providing
strong technical support and reference for the deep-

hole machining of this material.
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