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Abstract. Based on the working principle of magnetorheological fluid damping, in this paper, a
set of squeezing mode Magneto-rheological Fluid (MRF) dampers is designed for drilling
vibration suppression in deep hole machines. Elaborate analysis of the correlativity between the
dynamic morphology trajectory of the machined hole surface, the vibration of the drilling
tool-shaft, and the theoretical derivation of the damping force, is put forward in accordance with
the Bingham model and Euler-Bernoulli beam Equation. Simultaneously, the contrast analysis of
the vibration suppression effect is carried out through the drilling experiments with and without
an MRF damper. In addition, a series of measurements on the vibration characteristics of the
drilling shaft, the drilling tool and the guide surface wear patterns, and the machine hole surface
are analyzed, respectively. Both the drilling experiments and theory studies have revealed that the
strength of the magnetic field changed with the drill shaft at different levels of vibration. The MRF
damper could suppress the vibration with nonlinear characteristics initiatively and
instantaneously, by variable damping, which can eventually improve the surface roughness. In
addition, according to the phenomenon of tool tipping, the breakage of the guide bars and the
machine hole surface deduces the condition of the vibration effect objectively.

Keywords: magnetorheological fluid, deep hole drilling, drilling vibration, damper, surface
roughness, drilling tools.

1. Introduction

The BTA (boring trepanning association) deep hole drilling machine can drill deep holes with
depth-diameter-ratio above 100, due to its special design and construction. In this process, there
are relatively strong vibrations that frequently occur between workpiece, cutter, and drill pipe.
This kind of drilling chatter [1] is a self-excited vibration of a closed-loop system consisting of
workpiece, cutter and drill pipe. In deep hole boring, the load transmitted from the boring-bar to
the workpiece while drilling consists of a mean component corresponding to the transmitted power
and a fluctuating increment of a dynamic origin. The latter originates from within the complete
system of the boring bar-workpiece assembly and the nature of the drilling process. And a spiral
pattern called a “rifling mark”, studied by Kenichiro Matsuzaki [2] is formed on the surface of the
bore. Fig. 14(c) obtained from this experiment shows a bore hole with the rifling mark. These
defects not only limit the surface quality of machined holes, but also reduce the durability of the
tool [3]. Matsuzaki studied the cutting and rubbing forces in a chisel drilling edge in addition to
tool vibration, which introduces an error in the hole size or “roundness error” of the drilled piece.
Sakuma et al. [4] made experiments and proposed simple formulas about the burnishing action of
guide pads, and found that the frequency of the bending vibration of the boring bar during
machining of the holes corresponds to the number of the corners of the hole. The mechanism of
chatter vibration was studied experimentally by Marui et al. [5], using six different
spindle-workpiece combinations having different properties. L. F. Kong [6] presented a method
to enhance computational efficiency of the nonlinear dynamic analysis of the large-scale
deep-hole drilling machine including multispan auxiliary supports. Hussien M. Al-Wedyan [7]
studied the whirling motion of the BTA deep hole boring system by introducing the system
excitation in the form of internal forces between the boring bar and the workpiece.
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Magnetorheological fluid (MRF) which is made of high magnetic susceptibility, low hysteresis
rate of solid particles and base fluid, is an important kind of actuating material in smart material
and structure systems [8]. With an increase of magnetic field intensity, MRF can instantaneously
change (about 10 ms) by Newton fluid with good flow properties to Bingham semi solid, which
is widely used in aerospace, vehicles, building structure and precision polishing materials [9].
Ahmadian [10] at Virginia Tech has carried on the study of the theory of the squeezing mode MRF
damper, and develop multi generations practical vehicle vibration isolator. Masoud Hemmatian
and Abdolreza Ohadi [11] used a magnetorheological squeeze film damper to control the vibration
of a flexible rotor system. Furthermore, considering the structural and parametric uncertainties of
the system, the proportional-integral-furthermore controller (PID) and sliding mode controllers
are chosen for reducing the vibration level of the flexible rotor system, which is modeled by the
finite element method.

Despite the abundance of studies done in deep hole drilling or MRF damper, chatter vibrations
are still not fully understood, and the experts do less research on the deep hole system of vibration
control with novel functional materials. It is essential to study and take measures to suppress the
flutter in deep hole processing. Therefore, designing a squeezing mode MRF damper, and applied
it on the deep hole machine.

Drilling pipe

Cutting tool de
MRF damper
Auxiliary support
Drilling pipe
feed sygstre)nrl)

Workpiece

Spindle box

Oil tank

Fig. 1. The deep hole drilling machine
2. The research foundation of vibration suppression damper
2.1. Analysis of drilling shaft system model

The BTA drilling machine is shown in Fig. 1. The cutting mechanism of deep hole drilling is
to install the specially configured so called oil feeder. The cutting tool can be cooled or lubricated
by the high-pressure cutting fluid injecting into the cutting region, and simultaneously, the cutting
fluid with the chip is ejected from the tool shaft inner hole. Good sealing function is achieved due
to axial clamping strictly between the oil feeder and the workpiece.

According to the actual characteristics of the deep hole drilling, the deep hole drilling shaft
system can be simplified, as in the model shown in Fig. 2. Deng and Chin have established an
equation system to describe the drilling system with pronounced shaft length, carried out
simulation on the formation mechanism of the corrugated deep hole, and predicted the hole
roundness by use of the Euler-Bernoulli beam equation. In their formulation, they ignored the
influence of the shear deformation and torsion effect on the drilling shaft, the boundary condition
of drilling shaft system is considered as a fixed, simply supported beam, and thus the governing
equation of the drilling shaft system can be written as follows:

0*y(z,t) %y(z,t) . ay(z,t)

(EI Fre + pA FET: + j2wpA % w?pAy(z,t) = Eé(z -1, o
o* ,t 0? ,t dJ Lt

iEI ’;EZZ ) +pA 9;(22t ) +j2wpA x((azt )_ w?pAx(z,t) = FEé(z - 1),
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where p is the density of the drilling shaft; A is the cross-sectional area of the drilling shaft; E and [
are the Young’s modulus and the moments of inertia respectively; w is the rotating speed of drilling

shaft; £(z) is the Dirac-delta function, and £(z) = {°°' Z =L, | is the length of drilling shaft

0, z+1’

Workpiece

Fig. 2. The deep hole drilling model

The dynamic morphology trajectory AR of the machined hole surface can be expressed as
Eq. (2); at the same time, Equation (1) can transform into Eq. (3):

AR = \/Ax? + Ay?, 2)
0*(AR) 9*(AR) d(AR) ,
EI 31, + pA 377 +]2pr—6t w?pA(AR) = Fé(z — ). (3)

The deep hole drilling force F(z,t) is described as a Fourier series by Matin [12] as shown in
Eq. (4), where a,, a,, and b,, is constant values, and c,, is the workpiece surface non-uniform
cutting coefficient [13]:

a .
F(z,t) = 70 + Z (a,cosmwt + b,,sinmwt) e/meE=2/cw), 4)

m=1

After solving the Eq. (3) and Eq. (4) by using eigenfunction expansion, the AR(z, t) can be
expressed as AR(z,t) = Y2, ¢;(2) q;(t), where ¢;(z) and q;(t) are the mode and modal
coordinates of the system, respectively. ¢;(z) can be expressed by:

¢;(z) = A,cosh(k,,z) + A,sinh(k,z) + A3cosh(k,,z) + A,sinh(k,z). 5)

In the Eq. (5), 44, 4,, 43 and 4, are constants; k,, is an undetermined constant of the nth mode
[14], which can be determined by vibration mode function expression of the beam as Eq. (6):

tan(k,l) = tanh(k,1). (6)

Substituting Eq. (6) into Eq. (3), the dynamic morphology trajectory AR of the machined
surface in deep hole drilling can be obtained as follows:

AR(z,t) = z:[q1 (t)cosh(k,z) + q,(t)sinh(k,z) + q3(t)cosh(k,z) + q,(t)sinh(k,z)]. (7)

=1

In Eq. (7), it can be seen that the dynamic morphology trajectory of the hole surface is the
summation of many modal effects. In other words, the surface quality of the hole in deep hole
drilling is directly related to the vibration modes of the drill tool that come into existence. This
inspires the idea of targeted suppressing, which is simply to knock out the existence of certain
harmful vibration modes to neutralize its damage or to force the vibration morph into less harmful
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modes to curb its damage.

At the same time, Deng and Chin think that the major dynamic morphology trajectory is
contributed by the first mode (n = 1) and the first harmonic (m = 1) as shown in Fig. 3. This
provides the convenience for the theoretical calculation of roughness.

Accumulated contribution

Fig. 3. Accumulated contribution of number of modes (n) and number of harmonics (m)
to the dynamic morphology trajectory (um)

2.2. The working principle of the squeezing mode MRF damper

According to the material performance and magnetorheological effect of MRF, there are three
working modes of the MRF damper: flow mode of fixed electrode plates, shear mode of slide
electrode plates, and squeeze damper, which usually works in the engineering application.

The squeezing mode MRF damper is shown in Fig. 4. The MRF is in the closed cavity formed
by two flat plates. When the guide rod drives the pressing plate moves up and down, the plate
spacing between the piston and the housing will be smaller. The MRF squeezed by the squeeze
plate is forced to flow on all sides, where its direction perpendicular to the direction of the
electromagnetic coil generates a magnetic field. Applying a magnetic field, the rheological
properties of MRF are rapidly and reversibly altered, and produced yield stress to resist the
movement. By changing the current strength of the excitation coils, the damping force that the
damper output is controlled.

The damp power outputs from the squeezing mode MRF damper consists of two parts, squash
and stretch, respectively. Magnetorheological fluid is suffered squeeze by the extrusion of equal
area, and with the sealing effect and squeezing enhancing effects in the extrusion process, higher
damping forces are made.

Housing

Coil |
Copper sleeve

Squeeze plate

Guide

Fig. 4. The squeezing mode MRF damper working principle diagram
3. Analysis and design of squeeze mode MRF damper
3.1. The MRF damper design and structure principle

On the basis of the actual process condition and working principle of MRF, a squeeze mode
MRF damper is designed and applied in deep hole processing as shown in Fig. 5.

The pedestal is fixed on the machine and the piston rod is connected with the drill pipe. The
drill pipe moves up and down and the induction coil generates electricity, which spreads to the
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bottom of the piston rod and forms an electric field by cutting the magnetic induction line under
the situation of vibration. The excitation coil generates a magnetic field; by cutting the electric
field; the MRF produces a magnetorheological effect and consumes the vibration energy, so as to
achieve the aim of damping. The spring is located below to compensate for variations in MR fluid
volume due to the moving piston. Different levels of vibration can make the damper generate a
different magnetic field strength, resulting in a different value of damping force. Under the smaller
distance moving the damper can produce larger yield stress of MRF. In addition to the external
current, the vibration damper can also use the permanent magnet system it comes with, to generate
an electric current, and may at any time control the current intensity according to different
vibration strength, at the same time, it avoids vibration suppression effect is not an ideal
phenomenon, due to the fact that the current strength isn’t changed in time. As shown in Fig. 1,
for an MRF damper it is installed in the position of the deep hole machine.

The squeeze mode Magnetorheological fluid damper with a smaller displacement distance, can
have a greater Magnetorheological fluid yield stress, and avoid the phenomenon that the damping
force generated can’t fully suppress the generation of chatter. Another important advantage is that
it can also be used within the system and comes with a permanent magnet to generate a current in
addition to the external current; it keeps control of the current intensity depending on the intensity
of vibration, and thus the magnetic field strength is also subject to change; In the meantime, to
avoid the phenomenon of vibration suppression effect is not unsatisfactory, and avoids the
uncontrollable flutter phenomenon when there is input current failure.
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Fig. 5. The MRF damper structure principle diagram: 1 — pedestal; 2 — screw; 3 — spring; 4 — seal gland A;
5 — storage separator; 6 — MRF; 7 — excitation coil; 8 — piston; 9 — piston rod; 10 — magnetism isolating
dead plate; 11 — housing; 12 — end cover; 13 — guid; 14 — connecting plate; 15 — fixed collar; 16 — drawblot I;
17 — drawblot II; 18 — permanent magnet; 19 — induction coil; 20 — conductor; 21 — seal gland B

3.2. Analysis of MRF damper damping force

As shown in Fig. 6, according to the structure design of the MRF damper, damping clearance
between the piston and housing is very small compared with the piston diameter, the flow of the
MRF in the damping channel can be approximate to the flow of fluid between the parallel plate.
Therefore, the damping force of the damper is calculated by Bingham model [15].

Studying in hydrodynamics, can get the speed of the MRF within the whole damping gap:

Ap )
- — < <
2l hyy —y?), 0<y<h,
Ap
u(}’) = _Z__rﬂhlzl hl S y S h21 (8)
Ap

k_Zr)l [A* —y? = 2hy(h—y)] — vy, hy; <y <h.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAY 2016, VOL. 18, ISSUE 3. ISSN 1392-8716 1577



1992. RESEARCH ON DEEP HOLE DRILLING VIBRATION SUPPRESSION BASED ON MAGNETORHEOLOGICAL FLUID DAMPER.
HUANG ZHANG, XINGQUAN SHEN, YAOMING LI, HONGBIN MI1AO

In the Eq. (8): 0 < y < h; shows the MRF in yield flow state, h; <y < h, shows the MRF
in rigid flow state, h, < y < h shows the MRF in yield state, Ap is the pressure difference of the
damping channel at both ends, 77 is the viscosity coefficient of magneto rheological fluid under
zero magnetic field.

The structure of the MRF damper is schematically shown in Fig. 6. In the diagram, D; is the
inner diameter of crock canister, D, is the outer diameter of crock canister, D5 is the piston
diameter, D, is the piston mast diameter; h is the damping gap size; [ is the active length.

1

haad
11T

i
u
h - .
h D2 Dyl D 4
: hy T ?
L

Fig. 6. MRF flow diagram of a Bingham Fig. 7. The structure and size diagram

plastic model of parallel plate of the MRF damper

According to the conservation of mass, velocity formula is of the form Eq. (9):

hy h

Q=A,v, = thux(z)dz = W(fhlux(z)dz +J-
0 0

hy

u,(z)dz f

ha

U, (2) dz). 9)

In the Eg. (9):4, = m(Df — D /4) is the working area of piston,w = m(D; + D3/2) is the
equivalent width of the damping channel and v, is piston speed.
When |V| < 3(P — 2T)/P, the Eq. (9) can be simplified as:

3(P — 2T)2[P3 — (1 + 3T — V)P? + 4T3] + TV2P2% = 0, (10)

where the dimensionless velocity V' of the piston is V = —whv,/2Q = —wh/2A,,and P and T
are the dimensionless pressure gradient and yield stress, defined by:

_ whihp whit,

= T=—2 (11)
124,v,1l 124,v,4n

If the piston head velocity v, = 0, then, V = 0, and Eq. (10) becomes a cubic Equation for P.
This cubic Equation has the realizable root at [16]:

P(T) = 2(1+37) | cos [ = acos (1 54( r )3 1 12
=3 cos 3acos 1737 5| (12)

In general, Eq. (10) cannot be solved analytically, but a solution may be easily obtained
numerically. An approximate solution can be used to estimate the desired root for 0 < T < 1000
and —0.5 < V < 0, encompassing most practical designs in which the flow is in the opposite
direction of the piston velocity [17]:

P(T,V) =1+42.07T -V + (13)

1+ 04T

As illustration of force decomposition for MR dampers by G. Yang [18], the damper resisting
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force can be decomposed into a controllable force F; due to controllable yield stress 7, and an
uncontrollable force F,.. The uncontrollable force includes a viscous force F, and a friction force
Fr. Based on the parallel-plate model, F; and F; are defined as:

1 wh \ 12n4,lv, _ TyApl
24,) whd T T h

F =

n sgn(vo). (14)

And ¢ = 2.07 + 1/(1 + 0.4T), bounded to the interval [2.07, 3.07], which Spencer Jr. has
been studied [17].
The controllable force in Eq. (14) can also be rewritten using Eq. (11) as:

12n4,v, TyApl
12nA,ve + 0.4wh?t,) h

F = <2.07 + sgn(vy). (15)

Therefore, the friction force is a constant, then, the dynamic range tends to zero. The total
damping force provided by the MFR damper can be expressed as:

wh \ 12nA,lv T, Al
F:FT+F,7+Ff=(1+ ) L AN T

E 3 ¢ sgn(vy), (16)
where ¢ = 2.07 + 12nA,v,/(12nA,v, + 0.4wh?T,) is the compensation coefficient, T,, is the
shear stress of the MRF in yield state. With the real-time changes of the piston velocity v,, the
MRF damper can make corresponding changes promptly to provide damping force. On the other
hand, the controllable force range is inversely related to the gap size h. To maximize the
effectiveness of the MR damper, the controllable force should be as large as possible, so a small
gap size is required. Ultimately to achieve active regulation and control of drill shaft system
damping and stiffness.

4. The experimental confirmation
4.1. Experimental arrangement and conditions

In order to evaluate the effectiveness of the design, the lateral vibration signals of drilling shaft,
the machined hole surfaces, the drilling tool and the guide pad surface wear patterns are analyzed
through contrast drilling tests on applying damper and having no damper. According to the Eq. (7),
the surface roughness of the workpiece without the damper vibration suppression is studied. The
experimental equipment is set up on a deep hole drilling with rotary workpiece, the others
experimental arrangements are shown in Table 1. Due to the deep hole drilling equipment for a
multi-span support system, the installation position of a damper is another important factor to
affect the drilling tool vibration. Three contrast experiments are carried out under the conditions
with different installation position and the vibration suppression damper is energized with
different coil currents of 0 A and 1.5 A. The vibration signals of the drilling shaft are collected
through the acceleration transducer.

Table 1. Details of the experimental arrangements

Cutting tool BOTEK
Spindle speed (r/min) 360
Workpiece material EAAT
Feed rate(mm/min) 16
Cutting fluid pressure (MPa) 5
Drilling depth (mm) 2440
Bore hole diameter (mm) 30

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAY 2016, VOL. 18, ISSUE 3. ISSN 1392-8716 1579



1992. RESEARCH ON DEEP HOLE DRILLING VIBRATION SUPPRESSION BASED ON MAGNETORHEOLOGICAL FLUID DAMPER.
HUANG ZHANG, XINGQUAN SHEN, YAOMING LI, HONGBIN MI1AO

4.2. Vibration experiment results and discussion

After the completion of drillings with and without installing the damper, a comparative

analysis of the drilling tool wear patterns and the machined hole quality by high depth of field
microscope, are shown respectively in Figs. 8-10. The theoretical value of the machined surface

is shown in Fig. 10.
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Fig. 10. The vibration responses of drilling shaft with the installed position
of the vibration suppression damper is 650 mm away from the tool head,
and the coil currents of 0 A and 1.5 A, with the frequency response curves

Fig. 8-10 shows the responses of coil currents of 0 A and 1.5 A, suppressed by the MRF

damper mounted at a distance of 500 mm, 650 mm and 800 mm from the tool head respectively.
From Figs. 8-10 it can be seen that the suppression effects with coil currents are much better than
without coil currents. Although far from the cutting tool, the same conclusion can be made from
Fig. 10, that persuasively verifies the effectiveness of the damper vibration suppression.
Comparing Fig. 8, Fig. 9 and Fig. 10 respectively, the position of the damper has an obvious effect
on the lateral vibration of the shaft system. With the change of the damper installation position,
the vibration suppression effect also changes accordingly, and the closer distance from the cutting

1580 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAY 2016, VOL. 18, ISSUE 3. ISSN 1392-8716



1992. RESEARCH ON DEEP HOLE DRILLING VIBRATION SUPPRESSION BASED ON MAGNETORHEOLOGICAL FLUID DAMPER.
HUANG ZHANG, XINGQUAN SHEN, YAOMING L1, HONGBIN MIAO

tool that the damper installed, the better effectiveness of vibration suppression when the drilling
shaft isn’t long enough. While the vibrational frequency is manifesting strong nonlinearity, on the
other hand, the frequency shifts effect and amplitude reducing efficiency of vibration suppression
can effectively improve the stability of deep hole drilling.

4.3. Experimental and theoretical values of the machined surfaces

Additionally, Figs. 11-13 show that the experimental and theoretical values of the machined
surfaces are in agreement in trend. It also can be seen that the picture of the machined hole surface,
before and after vibration suppression in Fig. 11, and the theoretical research results, are smaller
as a result of the actual processing being more complex. When the damper installation position
distance of the tool is 500 mm, the roughness value decreases to 1.69 from 3.53, and along with
the damper installation position being different, the roughness is different. After synthetically
analyzing Figs. 11-13, it can be seen that the machined hole surface quality is better when the
damper is installed on a distance of 650 mm, rather than when the distance is 800 mm under the
same condition of I = 1.5 A, and the smallest roughness with Ra = 1.69 is obtained when the
damper is installed on a distance of 500 mm.

&r | |
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4 ft AVL ﬁ Without MRF Damper -
o A N \
U0 L I NW Wyl !
SR I P LY S A
d : T
N -2 H I (N I lu[\él =
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0] 200 400 600 800 1000 1200 1400

X(um)
Fig. 11. The theoretical values without a damper and the curve of surface roughness
(Ra = 1.69 um, the electric current I = 1.5 A, the installed position
of the vibration suppression damper is 500 mm away from the tool head)
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Fig. 12. The curve of surface roughness Fig. 13. The curve of surface roughness
(Ra = 2.16 um, the electric current I = 1.5 A, (Ra = 3.53 um, the electric current I = 1.5 A,
the installed position of the vibration suppression the installed position of the vibration suppression
damper is 650 mm away from the tool head) damper is 800 mm away from the tool head)

Not only did the chatter marks decrease clearly, but the surface roughness improvement degree
was different, also present some non-linear features. This typical phenomenon is mainly due to
the MFR damper acting locally on the drilling shaft, and the effects are global and coupled with
each other from the drilling tool geometric parameters, cutting parameter, the cutting fluid
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whirling motion and nonlinear MRF damping force. The coupled effect results in irregular
changes of the drilling tool vibration behavior, which cause the cutting trajectory and thickness of
the drilling tool acting on the workpiece surface to be non-uniform. However, the vibration
suppression principle suggested and implemented in this paper has been proven effective in
improving the hole machining qualities.

4.4. The influence of vibration

It is clearly observed from Fig. 14(a) that there were a series of severe oxidation wear and
adhesion wear phenomena on the oriented surface of the guide pad, and obvious damage on the
edge of the guide pad. The unsatisfactory situation occurred is due to the bending and twist
distortion of the drilling shaft, which leads the drilling tool axis to deviate from the central line of
the machined hole, at the same time, along with the guide bar installed on the drilling tool was
also tilted, and the force applied on the vulnerable area for the guide bar edge is too excessive and
causes breakage. A strange phenomenon emerged, in that the cutting edge was damaged, but the
wear phenomenon was a rare occurrence. That lead to speculation that the particular results were
mainly caused by strong vibration, and the presence of the rifling mark caused by vibrations,
which exacerbated the wear of the guide pad surface. In Fig. 14(b), the phenomenon of the index-
able insert rack tipping was obvious; the chip separation step breakage and the cracking-off
problem of flank face were serious, which also led to the large-scale increase of the long curly
chips and irregular chips or even caused chip congestion, and could not been removed from the
drilling shaft. In Fig. 14(c), the spiral pattern called a “rifling mark™ is formed on the machined
hole surface, and the “rifling mark” made the wear of the guide pad worse. Fig. 15 revealed the
tool condition after installing the damper. The desquamation of the coating from the index-able
insert rack face is receded, and the breakage of the cutting edge is weakened. In addition, the wear
pattern of the guide pad face becomes a narrow sheet distribution. The rifling mark formed on the
surface of the bore is decreased distinctly, and consequently, the quality of deep holes is better
than has none of damper, this means that the system stability has been improved observably. In
Fig. 15(a), there is a slight wear phenomenon caused by intense dynamic friction. It was the
essential attribute of the guide pad, which was stringent in contact with the machined hole surface.

a) The damaged guide pad edge  b) The breakage of cutting edge c) Riﬂingmrk
Fig. 14. The cutting tool shape obtained from the experiment has none of a damper

a) The guide pad surface b) The indexable insert ¢) High quality hole
Fig. 15. The cutting tool shape obtained from experiment, having installing a damper
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5. Conclusions

According to the working principle of squeezing mode MREF, if the MRF damper used for the
suppression of drilling shaft-tool vibration in deep hole drilling, it can provide real-time response
instantaneously to suppress the vibration. Considerable gains can be made by using the MRF in
deep hole machine.

Both the contrast drilling experiments before and after applying damper and theory research
obviously verified that it has a better performance of active control to suppress the shaft-tool
system vibration significantly under the action of the vibration suppression damper, and
accompanied by frequency shift, it effectively improves the surface quality of machined holes.
The experimental and theoretical values of the machined surfaces are in agreement in trend, and
the closer distance from the cutting tool that the damper installed, the better effectiveness of
vibration suppression.

It’s also possible to provide practical experience and with this, the vibration characteristic can
be analyzed by observing the drilling tool and the guide surface wear patterns. When the worse
wear patterns appear, the magnetic field strength of the magneto-rheological fluid can be enhanced
suppress the drill vibration, or even tools should be changed to guarantee the quality of the drilling
hole.

The damper isn’t fully suppressing the vibration, but shows nonlinear characteristics, mainly
due to the result of multi-factors coupling in deep hole drilling. The vibration suppression effect
is different from the installation position of the damper; the closer distance from the cutting tool
that the damper has installed, the better effectiveness of vibration suppression, to the extent that
the machined hole surface is also different, and the best suppression of the damper is also related
to the installation position of damper and the drilling depth. Further study will be carried out to
work towards producing the least amount of roughness in the future.

Acknowledgements

This work was financially supported by the National Natural Science Foundation of China
(51175482) and International S&T Cooperation Program of China (2013DFA70770).

References

[1] Mehrabadi I. M., Nouri M., Madoliat R. Investigating chatter vibration in deep drilling, including
process damping and the gyroscopic effect. International Journal of Machine Tools and Manufacture,
Vol. 49, 2009, p. 939-946.

[2] Matsuzaki Kenichiro, Ryu Takahiro, Sueoka Atsuo, Tsukamoto Keizo Theoretical and
experimental study on rifling mark generating phenomena in BTA deep hole drilling process
(generating mechanism and counter measure). International Journal of Machine Tools and
Manufacture, Vol. 88, 2015, p. 194-205.

[3] Ema S., Marui E. Theoretical analysis on chatter vibration in drilling and its suppression. Journal of
Materials Processing Technology, Vol. 138, 2003, p. 572-578.

[4] Sakuma K., Taguchi K., Katsuki A. Study on deep-hole boring by BTA system solid boring
tool-behavior of tool and its effect on profile of machined hole. Journal of the Japan Society for
Precision Engineering, Vol. 14, 1980, p. 143-148.

[5] Marui E., Kato S., Hashimoto M., Yamado T. The mechanism of chatter vibration in a
spindle-workpiece system. Part 1: properties of self-exited vibration in spindle-workpiece system.
Journal of Engineering for Industry, Vol. 110, 1988, p. 236-241.

[6] KongL.F.,LiY.,LuY.J., Zhao Z. Y., Hou X. L. A nonlinear dynamic finite element analysis of
drilling shaft including multispan auxiliary supports in deep-hole machining. Advances in Mechanical
Engineering, Vol. 5, 2013, p. 735081.

[71 Al-Wedyan Hussien M., Bhat Rama B. Whirling vibrations in boring trepanning association deep
hole boring process: analytical and experimental investigations. Manufacturing Engineering Division,
Vol. 129, Issue 1, 2007, p. 48-62.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAY 2016, VOL. 18, ISSUE 3. ISSN 1392-8716 1583



(8]
91
[10]

(11]

[12]

[13]

[14]
[15]
[16]

[17]

1992. RESEARCH ON DEEP HOLE DRILLING VIBRATION SUPPRESSION BASED ON MAGNETORHEOLOGICAL FLUID DAMPER.
HUANG ZHANG, XINGQUAN SHEN, YAOMING LI, HONGBIN MI1AO

Ashour O., Rogers C. A., Kordonsky W. Magnetorheological fluids: materials, characterization, and
devices. Journal of Intelligent Material Systems and Structures, Vol. 7, 1996, p. 123-130.

Ioan B., Liu Y. D., Choi H. J. Physical characteristics of magnetorheological suspensions and their
applications. Journal of Industrial and Engineering Chemistry, Vol. 19, 2013, p. 394-406.

Farjoud A., Craft M., Burke W., Ahmadian M. Experimental investigation of MR squeeze mounts.
Journal of Intelligent Material Systems and Structures, Vol. 22, 2011, p. 1645-1652.

Hemmatian M., Ohadi A. Sliding mode control of flexible rotor based on estimated model of
magnetorheological squeeze film damper. Journal of Vibration and Acoustics, Vol. 135, Issue 5, 2013,
p. 051023.

Rahman M., Matin M. A., Seah K. H. W. A study of the vibrational dynamics of an endrill clamped
by side-locking. Journal of Engineering for Industry, Vol. 115, 1993, p. 438-443.

Deng C. S., Chin J. H. Roundness errors in BTA drilling and a model of waviness and lobing caused
by resonant forced vibrations of its long drill shaft. ASME, Journal of Manufacturing Science and
Engineering, Vol. 126, 2004, p. 524-534.

Dimarogonas A. Vibration for Engineering, 2nd Ed. Prentice Hall International Editions, New Jersey,
1996.

Carlson J. D., Jolly M. R. MR fluid, foam and elastomer devices. Mechatronics, Vol. 10, 2000,
p. 555-569.

Gavin H. P., Hanson R. D., Filisko F. E. Electrorheological dampers. Part 1: analysis and design.
ASME Journal of Applied Mechanics, Vol. 63, Issue 9, 1996, p. 669-675.

Spencer Jr. B. F., Yang G., Carlson J. D., Sain M. K. Smart dampers for seismic protection of
structures: a full-scale study. Proceedings of 2nd World Conference on Structural Control, Vol. 1,
1998, p. 417-26.

Yang G., Spencer B. F., Carlson J. D., et al. Large-scale MR fluid dampers: modeling and dynamic
performance considerations. Engineering Structures, Vol. 24, Issue 3, 2002, p. 309-323.

Huang Zhang is a Doctoral candidate of Mechanical Design and Theory from North
University of China, Taiyuan, China. My current research interests include precision deep

e hole drilling technology, drilling theory, modeling and simulation.

o

o b

Xingquan Shen received Ph.D. degree in 2006. He is awarded 2 Shanxi Science and
Technology Progress Award. His current research interests include advanced
manufacturing technology, deep hole drilling, on-line detection and correction.

Yaoming Li received Ph.D. degree from North University of China in 2010. His 6
academic papers are indexed by SCI or EI. His current research interests include numerical
control process technology and deep hole drilling.

Hongbin Miao received Ph.D. degree from Tongji University in 2008, and he is a visiting
scholar of Stony Brook University in 2013. His current research interests include the
modeling, simulation and optimization design of deep hole drilling.

1584 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAY 2016, VOL. 18, ISSUE 3. ISSN 1392-8716




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


