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ABSTRACT

An innovative chatter suppression method based on a magnetorheological (MR) fluid-
controlled boring bar for chatter suppression is developed. The MR fluid, which changes
stiffness and undergoes a phase transformation when subjected to an external magnetic
field, is applied to adjust the stiffness of the boring bar and suppress chatter. The stiffness
and energy dissipation properties of the MR fluid-controlled boring bar can be adjusted by
varying the strength of the applied magnetic field. A dynamic model of a MR fluid-controlled
boring bar is established based on an Euler-Bernoulli beam model. The stability of the MR
fluid-controlled boring system is analyzed, and the simulation results show that regenera-
tive chatter can be suppressed effectively by adjusting the natural frequency of the system.
Experiments in different spindle speeds utilizing a MR fluid-controlled boring bar are con-
ducted. Under a 1Hz square wave current, chatter can be suppressed, as evidenced by the
elimination of chatter marks on the machined surfaces and the reduction in the vibration
acceleration at the tip of the boring bar.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The vibration of tools used in machining operations plays a key
role in hindering the productivity of those processes. Exces-
sive vibrations accelerate tool wear, cause poor surface finish,
and may damage spindle bearings (Altintas, 2000). Chatter is
a self-excited vibration phenomenon common in machining.
In deep hole boring, the long, cantilevered boring bars have
inherently low stiffness. This makes them prone to chatter,
even at very small cutting depths. Chatter during the boring
process directly influences the dimensional accuracy, surface
quality, and material removal rate (Tlusty, 2000). Suppressing
the chatter effectively in deep hole boring is important.
Research in boring chatter suppression has been conducted
during the past several decades. Tewani et al. (1995) used
an active dynamic absorber to suppress machine tool chat-
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ter in a boring bar, the vibrations of the system are reduced
by moving an absorber mass using an active device such
as an piezoelectric actuator. Tanaka and Obata (1994) sup-
pressed the chatter of slender boring bar using piezoelectric
actuators, chatter vibration signals detected by a pickup are
fed to a computer. Marra et al. (1995) designed a Hy con-
troller to eliminate the vibrations in cutting operations with a
active piezoelectric actuators. Li et al. (2006) investigated the
effects of varying spindle speed. Pratt and Nayfeh (2001) sup-
pressed chatter with a magnetorestrictive actuator, and Pan
et al. (1996) proposed actively controlling such an actuator.
Wong et al. (1995) applied actively controlled electromagnetic
dynamic absorbers. Li and Hu (1997) suppressed chatter by
using a dynamic damper. Rivin and Kang (1992) described a
systemic approach to the development of cantilever boring
bar tooling structures. Finally, Wang and Fei (1999) developed
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an on-line chatter detection and control system utilizing elec-
trorheological (ER) fluid.

Based on the mode of chatter suppression employed, sup-
pression methods can be classified into three types: passive,
active, and semi-active. Passive chatter suppression is simple
in structure, but the dynamic parameters of the damper used
cannot be adjusted, leading to poor performance when the
working condition changes. Li and Hu (1997) suppressed chat-
ter by using a dynamic damper, and Rivin and Kang (1992)
developed a cantilever boring bar tooling structures, belong
to the passive chatter suppression method. Active chat-
ter suppression allows for continuously adjustable dynamic
parameters based on the feedback signals. The chatter sup-
pression methods based on the effects of varying spindle
speed (Li et al., 2006), piezoelectric actuator (Tewani et al.,
1995), magnetorestrictive actuator (Pratt and Nayfeh, 2001)
and actively controlled electromagnetic dynamic absorber
(Wong et al., 1995) belong to active chatter suppression
method. This type is more effective than passive methods,
but it requires high power and is expensive. Finally, semi-
active chatter suppression can improve stability by changing
the inherent stiffness and dynamic damping parameters of a
system (Wang and Fei, 1999). Semi-active chatter suppression
not only has better damping effectiveness than the passive
mode, but also has lower power and cost requirements than
active suppression (Lam and Liao, 2001). A semi-active chatter
suppression method employing the MR fluid is investigated in
this study. MR fluid exhibits some advantages over typical ER
materials. Compared to ER fluids (Wang and Fei, 1999), which
have high working voltages (2-5kV) and narrow working tem-
peratures (10-70°C), the power (1-2A or 50W) and voltage
(12-24V) requirements for MR fluid activation are relatively
small, and the working temperatures (—40 to 150°C) of MR
fluid are relatively broadened. So MR fluids are more practical
and suitable for machine tool applications. In addition, ER flu-
ids are sensitive to impurities, which is not a problem for MR
fluids (Srinivasan and McFarland, 2001).

In this study, a MR fluid-controlled chatter suppressing bor-
ing bar is proposed. The theory of chatter suppression using
an MR fluid-controlled boring bar is first introduced. Next, the
design and fabrication of a MR fluid-controlled boring bar is
described. Finite element modeling (FEM) of the magnetic sys-
tem is then detailed, the Euler-Bernoulli dynamic beam model
of the MR fluid-controlled boring bar is created, and the sta-
bility of the MR fluid-controlled boring system is analyzed.
Finally, a series of machining experiments in different spin-
dle speeds to demonstrate chatter suppression based on MR
fluid control of a boring bar are conducted for validation.

2. Theory of chatter suppression based on
the MR fluid-controlled boring bar

Most chatter occurring in practical machining processes is
what is termed regenerative chatter, which is usually caused
by instability of the cutting process in combination with the
mechanical structure of machining system. The frequency of
regenerative chatter is close to the natural frequency of the
machine tool (Merrit, 1965). The system dynamics of regen-
erative chatter is illustrated by the block diagram shown in

Mechanical structure
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Fig. 1 - Block diagram of regenerative chatter dynamics
(Yang and Tang, 1983).

Fig. 1 (Yang and Tang, 1983). The tool tip displacement Y(s)
is generated by the dynamic cutting force F(s) applied at the
tool tip. The dynamic behavior of the mechanical structures is
expressed by the dynamic flexibility Rs(s). The transient vari-
ation of chip thickness h(s) is the difference between Y(s) and
the wavy surface X(s) generated in the previous cutting pass.
In an unstable cutting process, F(s) will increase gradually. In
boring, T is the period of spindle revolution, Ky is the cutting
force coefficient (relating the cutting force to chip area), and b
is the cutting width.

The mechanical structure of a boring system can be sim-
plified to a single degree of freedom system modeled by a
combination of equivalent mass (m), spring (k), and damp-
ing (c) elements (Altintas, 2000). The dynamic flexibility of the
mechanical structure of the boring system can be expressed
as follows (Yang and Tang, 1983):

1

= T e

(1)

where w is the frequency of vibration.

As shown in Fig. 2, Rg(w) can be expressed in the complex
plane as an arc, labeled I, with its center at (0, —1/2c) and a
radius of 1/2c (Stephenson and Agapiou, 2006). The point (0,
—1/c) is the intersection of arc I and the imaginary axis. At this

Im(+)

Stable region

Unstable region

Stable region

Fig. 2 - Dynamic flexibility curves of the mechanical
structure and cutting process.
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point, w is equal to the natural frequency of the mechanical
structure wp.

The dynamic behavior of the cutting process, including
regeneration effects, can be described by the dynamic flexi-
bility R4 (Yang and Tang, 1983):

1

R -
47 Kab(p e 7% — 1)

(2)

where ¢ is the phase difference between the inner and outer
modulations and u is the overlap coefficient (0 < <1).

As shown in Fig. 2, Ry can be expressed in the com-
plex plane as a line, marked II (with ©=1) (Stephenson and
Agapiou, 2006). When the dynamic flexibility curves of the
mechanical structure (I) and the cutting process (II) inter-
sect, regenerative chatter will occur (Stephenson and Agapiou,
2006). As shown in Fig. 2, line Il intersects arc I at points A and
B, and divides arc I into stable and unstable regions.

The chatter frequency of the cutting process wc is (Yang and
Tang, 1983):

o= \/wr21 . Kgb(1 — cos ¢) 3)

m

where wy, is the natural frequency of the mechanical structure
of the boring system.

When chatter occurs, the vibration frequency w is equal to
wc, and the cutting process is located in the unstable region, as
shown in Fig. 2. At this moment, if w, is changed by adjusting
structural stiffness, » will remain equal to w. for a short period
of time. The cutting process will shift to the stable region
because the vibration frequency is not equal to the resonant
frequency of the system. Once in the stable region, the ampli-
tude of vibration decays rapidly, and chatter is suppressed.
However, the vibration frequency may shift to a new unstable
resonant frequency during cutting, meaning the chatter could
occur again.

If wp is changed continuously using MR fluid control, chat-
ter can be suppressed. This concept is similar to changing
spindle speed to suppress chatter (Li et al., 2006). When chat-
ter occurs, the cutting process will be in the unstable region of
arc I. At this moment, if v, can be increased by increasing the

Support sleeve

stiffness of the MR fluid-controlled boring bar, the dynamic
flexibility of the mechanical structure Rs(w) will be shifted in
Fig. 2 from O_Pg to cﬁ; According to Eq. (3), the chatter fre-
quency o will increase and shift to the stable region, because
the phase difference ¢1 will remain the same for a short period.
The dynamic flexibility of the cutting process Ry is shifted from
OP; to OP,. The cutting process is then in the stable region, and
chatter is suppressed.

As the cutting process continues, it may again shift into
the unstable region. When that happens, o, can be reduced by
decreasing the stiffness of the MR fluid-controlled boring bar.
Just as when wp is increased, Rs(w) and Rq will be shifted to O_?P3
and OP3, respectively. The cutting process is then back within
the stable region. Thus, conditions promoting regenerative
chatter can be dealt with by either increasing or decreasing
wn.

According to above theoretical analysis, as long as an inno-
vative stiffness-tunable boring bar based on MR fluid can be
developed, the chatter can be suppressed in boring process.

3. MR fluid and design and fabrication of a
MR fluid-controlled boring bar

Magnetorheological materials are a class of material whose
rheological properties may be rapidly varied by applying a
magnetic field. Most commonly, these materials are fluids
that consist of micron-sized, magnetically polarizable ferrous
particles suspended in a carrier liquid. When exposed to a
magnetic field, the suspended particles polarize and inter-
act to form a structure aligned with the magnetic field that
resists shear deformation or flow. This change in the mate-
rial appears as a dramatic increase in apparent viscosity, or
the fluid develops the characteristics of a semi-solid state. MR
fluid rheological parameters (such as apparent viscosity and
shearing stress) can be controlled by changing the intensity
of magnetic field (Ginder et al., 1996). The main characteris-
tics of MR effect are as follows: (1) Reversibility. The viscosity
of MR fluid increases as the strength of the magnetic field
increases, and even it can behave as semi-solid. When the
applied magnetic field vanishes, the MR fluid reverts to its pre-
vious, more fluid state. The shift between liquid phase and
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Fig. 3 - Structure of the MR fluid-controlled boring bar with chatter suppression.
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solid phase is reversible. (2) Controllability. This change is in
proportion to the magnitude of the magnetic field applied.
In different intensities of magnetic field, the magnetic fluid
shows different rheological characteristics, thus the MR equip-
ment can be controlled by the utilization of magnetic field
intensity signal. (3) Quick-response. In the applied magnetic
field, the MR fluid has sensitive response. The transformation
between the liquid and solid phases is fast, on the order of mil-
liseconds (Schwartz, 2002). The response time of the MR fluid
we used in this research is about 5-8ms, so its correspond-
ing bandwidth is about 125-200 Hz. For the innovative chatter
suppression method proposed in this paper, we just need to
input a 1-5Hz periodical square wave current to MR fluid-
controlled boring bar, so the response time of MR fluid is quick
enough for the natural frequency adjustment and control in
this research.

By surrounding the base of the boring bar with MR fluid, as
shown in Fig. 3, the stiffness and natural frequency of the bor-
ing bar can be continuously varied by changing the intensity
of the magnetic field passing through the MR fluid. The bor-
ing bar assembly in Fig. 3 consists of the MR fluid, a support
sleeve, a non-magnetic sleeve, an excitation coil, and a boring
bar shaft with two shoulders, marked as S; and S,. To fabricate
this boring bar assembly, the excitation coil is first embedded
between the two shaft shoulders of the boring bar and coated
with ethoxyline resin. The non-magnetic sleeve and support
sleeve are then assembled. The MR fluid is poured into the

annular cavity and then sealed in by a lid and O-rings. The
thickness of the MR fluid layer in the annular cavity is about
1.0mm. The diameter of the boring bar d is 30 mm, the ratio
of length and diameter I/d is 6, and the length of the fixed
portion I; is 200 mm.

4. FEM analysis of magnetic system for the
MR fluid-controlled boring bar

The magnetic system for the MR fluid-controlled boring bar is
important for energy transformation efficiency, as well as the
chatter suppression capability of the system. FEM analysis was
applied to analyze and design the magnetic field. The boring
bar and support sleeve are made of AISI 1020 low-carbon steel
with a magnetic conductivity of 1000 H/m. The non-magnetic
sleeve and excitation coil are made of non-magnetic mallet
alloy with a magnetic conductivity of only 1.5H/m. The MR
fluid is MRF-JO1, produced by the Chongging Instrument Mate-
rial Research Institute in China. The magnetic conductivity of
this MR fluid is 10 H/m.

An axisymmetric FEM model of the magnetic system was
used to analyze the area, marked in Fig. 3, of the MR fluid-
controlled boring bar. The finite element mesh consists of 545
nodes and 485 eight-node, quadrilateral elements, as shown
in Fig. 4(a). For the boundary condition, the magnetic leak-
age across the boundary of the mesh is assumed to be zero.

Excitation coil

(a) Support sleeve

2

Non-magnetic 1 x

!
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1
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ra ra
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Fig. 4 - FEM model of, and results for, the magnetic system for a MR fluid-controlled boring bar. (a) The FEM mesh of the
magnetic system of a MR fluid-controlled boring bar. (b) Distribution of the magnetic lines of flux in shaft shoulder S;. (c)

Distribution of the magnetic lines of flux in shaft shoulder S,.
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Fig. 5 - Dynamic model of a MR fluid-controlled boring bar.

The direction of magnetic flux is thus parallel to the bound-
ary line. The current density of the excitation coil is calculated
according to circuit theory and set as 267 A/cm?.

Plots of the magnetic lines of flux in shaft shoulders S;
and S, are shown in Fig. 4(b) and (c), respectively. The geom-
etry of the boring bar components was designed with the
goals that the magnetic lines of flux are perpendicular to
the thin layer of MR fluid in shaft shoulders S; and S;, and
most magnetic lines of flux can go through two shoulders,
thus enabling better actuation of the MR fluid. Fig. 4(b) and
(c) shows that, at S1 and Sy, the magnetic lines of flux are per-
pendicular to the thin layer of MR fluid, and most magnetic
lines of flux are all going through shoulders S1 and S;. So the
FEM analysis of magnetic system for the MR fluid-controlled
boring bar shows that the design of its magnetic system is
reasonable.

5. Dynamic modeling of the MR
fluid-controlled boring bar

In this research, the ratio of length to diameter of the MR
fluid-controlled boring bar is 6, the workpiece has a stiffness
value much greater than that of the boring bar, so the bend-
ing mode of the boring bar need to be considered. Bending
mode includes tangential vibrations and radial vibrations, tan-
gential vibrations are in the direction of speed, so they will
not affect regeneration of the chip load significantly but only
the phase, but radial vibrations will change the depth of cut.
Otherwise, axial stiffness and torsional stiffness of the bor-
ing bar are much greater than in bending, the boring bar is
considered to be rigid in axial direction and torsional direc-
tion. So in our modeling process, the tangential vibrations,
axial vibrations and torsional vibrations can be ignored, the
boring bar can be modeled as a cantilevered beam in bend-
ing. An Euler-Bernoulli beam model of the MR fluid-controlled
boring bar shaft shown in Fig. 5, and the equation describ-
ing the dynamics of the MR fluid-controlled boring bar can be
expressed as (Wang et al., 2001):

B P

ax2 ax2 at2

il {EI(X) 2yl t)] BT

where p(x) is the mass of unit length of the boring bar,
p1(X) = pS(x), S(x) is the sectional area of the boring bar, p is
the material density, f(x, t) is the distributed load, C(x) is the
damping, C(x)=Cs + ACm(x), Cs(x) is the base viscous damp-
ing, and ACn(x) is the variable damping generated by the MR
fluid, I(x) is the moment of inertia of the cross-sectional area,
E=Es+ AEp, is the elastic modulus, Es is the base elastic mod-
ulus, and AE, is the variable elastic modulus generated by the
MR fluid, y(x, t) is the deflection of the boring bar.

Eq. (4) can be solved by using eigenfunction expansion of
y(x, t), yielding:

oo

Y= eix)ait) (5)

i=1

where ¢;(x) and q;(t) (i=1, 2, 3,..., 00) are the mode and modal
coordinates of the system, respectively. The boundary condi-
tions at the fixed end (xo=0) are ¢(xo)=0 and ¢'(x0)=0, and
¢"(x0) =0 and ¢"(xo) = 0 at the free end (xp =1). The modes are
mass-normalized as follows:

1
/ RBEGR) dx =55 (j=12.3...) ©
0

1
/ EI(4{ (96 (x) dx = 0?8y (ij=1.2.3...) 7)
0

where lis the length of the boring bar, § is Dirac delta function,
and wy,; is the ith natural frequency.

Eg. (4) can be rewritten in terms of the modal coordinates
as follows:

Gi(t) + 2&0nidi(t) + 02,a:(t)
1
i) - / Fx i) dx (ij=1.2.3...) @
0

where &;, a number between 0 and 1, is the ith modal damp-
ing ratio and fi(t) is the generalized force corresponding
to gi(t).

By considering the dynamic interaction between the cut-
ting force and workpiece surface undulations (produced by

Workpiece Boring bar

Fig. 6 — The cutting force model of a boring process.
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previous revolutions during the cutting process), Eq. (4) can
be changed to

a2 2 a2 .
B‘% [EI(x)af)S;’t)] + () L (:; 9 4 e d)’(a’i’ Y F—0 @

where F. is the cutting force, as illustrated in Fig. 6.

In Fig. 6, w(t) is the inner modulation and w(t — T) is the
outer modulation. Considering the critical state of system sta-
bility, let w(t) = A cos wt, where A is the amplitude of vibration
at the tool tip. The cutting depth As(t) can be expressed as

As(t) = w(t) — pw(t — T) = (1 — u coswT)w(t) + Mw

(t)
(10)

w

If the cutting force is assumed to be proportional to the
cross-sectional area of the cut, the dynamic cutting force F
can be expressed as equal to KgbAs(t), where Ky is the cut-
ting stiffness. Let w(t) = y(t) cos e, the cutting force F. can be
expressed as

Fe =Fcos(B —a) = Kgbcos(f — )

sinwT .
x CoS ((1 — pcoswT)y(t) + uy(t)) 11)
w

(a) 3.5

3.0r
E 2.5}
E Unstable region
S 207
-}
F 151
[=11]
]
£ 1ot Conditional i
o stable region

0.5} /

Bin Unconditional stable region
ol . : . .
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Spindle speed (rev/min)

(b)3-51 v v

Cutting width b (mm)
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Spindle speed (rev/min)

Fig. 7 — Stability lobe diagrams of the MR fluid-controlled
boring process. (a) Stability lobe diagram of the original
state. (b) Stability lobe diagram for varying wn.
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Fig. 8 - Vibration displacement of the boring bar at point P’
with varying wn: (a) wn =500 Hz, (b) wn =515Hz and (c)
wn =530Hz.

where « is the angle between y and w, and g is the angle
between F and w.

Substituting Eq. (11) into (9), and following the same deriva-
tion process used to convert Eq. (4) to (8), the corresponding
dynamics equation, in terms of the modal coordinates, can be
derived:



JOURNAL OF MATERIALS PROCESSING TECHNOLOGY 209 (2009) 1861-1870

1867

(a)

Charge amplifier

[

\ / fMR fluid-controlled ™.
| Chuck / Insert | boring bar

Lathe A Computer

\
% Power amplifier

~.. Special cutter frame

/ |
Workpiece = /' - — i

Auiclcmmclcr i~

5,
-

)‘ 0‘ MR. fluid-controlled boring bar
N

. Tool tipes s =

Fig. 9 - Experimental setup used to study a MR
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ai(t)

. ; inwT) .
ai(t) + (2’§iwni + OIM%)

+(@2; + 0i(1 — p cos wT))q;(t) =0 12)

where O; = (w2.K4qb cos(B — o) cos o) /EL
Eqg. (12) can be rewritten in matrix form as

MQ(t) + CQ(t) + KQ(t) = 0 (13)

where M=, Q(t) = [(]1 (t), Q2 (t), A qn(t)]T, Ci,j = diag[2§iwm +
(Oju sin(wT))/w], and Ky = diaglw?, + 0i(1 — pcoswT)] (i, j=1, 2,
3,..,0N).

6. Stability analysis and simulation of the
MR fluid-controlled boring bar

Previous studies showed that usually only one dominating
mode exists in the chatter exhibited by most machining
processes (Yang and Tang, 1983). By assuming n=1 and mul-
tiplying m= gl to Eq. (13):

q(t)

+[Ks + AKm + ubK4(1 — u coswT)]q(t) =0 (14)

. ubKgusinwT ) .
mq(t) + (CS + ACm + M)

where u=cos(g —a)cos %, y* = pw?, /EI, Ks is base stiffness,

and AKp, is the variable stiffness generated by the MR fluid.
The system in Eq. (14) consists of three parts: (i) the stiff-

ness and damping inherent in the system, (ii) the equivalent

Without control

Under control

Fig. 10 - Picture of the machined surface after boring
without and with MR fluid control (spindle speed =200 rpm).
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Fig. 11 - Vibration acceleration signal of the boring bar
(spindle speed =200 rpm). (a) Without MR fluid control. (b)
With MR fluid control.
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stiffness and damping produced by regenerative effects of
the cutting process, and (iii) the equivalent variable stiffness
and damping generated by the MR effect. Self-excited vibra-
tion occurs when the system damping of the boring process
becomes negative. Thus, the critically stable state for the MR
fluid-controlled boring system can be expressed as

ubKgpusinwT 0

Cs + ACm + (15)

@ S[ . R
4 Without control
Under control
3
7 ?
g,
g
= 0
g Ly
El
g 2
30
-4
S0 1 2 3 4 5 6 7 8§
Time [s]
(c)
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N W
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-4
o1 2 3 4 5 6 71 8
Time [s]
(&) S
47W1th%tco
3
2

—

acceleration [m/ss|
-]

0 1 2 3

o
Time [s]

Substituting Eq. (15) into (14), the result can be simplified
to

mq(t) + [Ks + AKm + ubKg4(1 — u coswT)]q(t) =0 (16)

According to Eq. (16), the natural frequency of the cutting pro-
cess wgq in the critically stable state can be found to be

5 "
®) Without control

Under control

N W

acceleration [m/ss]
=

l' Under control

acceleration [m/ss|
[—]

PO I

o1 2 5 4 s 6 1 8

Time [s]

Under cgntrol

5 6 7 8

Fig. 12 - Time-domain vibration acceleration signal of the boring bar in different spindle speeds: (a) 450 rpm, (b) 560 rpm, (c)

710 rpm, (d) 900 rpm and (e) 1120 rpm.
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i, 17)

g = \/KS + AKm + ubKq4(1 — i cos wT)

As an example, let K=Kg+ AKpy =3200N/mm, K4=1000
N/mm?, &=(Cs+ ACm)/(2mwn)=0.05, (1-8)K/m =
27 x 500rad/s, ©=0.85, and u=0.6 (the parameters are eval-
uated from real machining process). Based on Eq. (17), the
stability lobes, which represent the stability boundary, can be
calculated. The results are shown in Fig. 7(a). The straight line
at the bottom of lobes is the cutting width limit by;,,. Above
the lobes is the unstable region. Between the lobes and the
cutting width limit line is the conditional stable region. Below
the cutting width limit line is the unconditional stable region.

When the stiffness of the MR fluid-controlled boring bar is
adjusted, the system stability condition also changes. To study
the effect of varying stiffness, the stability lobes for oy equals
to 500, 515 and 530 Hz are shown in Fig. 7(b). The system stabil-
ity lobes shift to the right, producing a broadened conditional
stable region, as the natural frequency increases.

As an example to demonstrate boring chatter suppres-
sion, consider point P in Fig. 7(b), with 2200 rev/min spindle
speed and 1.2mm cutting width. At o, =500Hz, P’ is in the
unstable region and tool tip vibration amplitude is shown
in Fig. 8(a). The vibration is amplified without limit, indi-
cating chatter in the cutting process. When oy, is increased
to 515Hz, P’ is located on the stability lobes. The tool tip
vibration amplitude, as shown in Fig. 8(b), is maintained at
a constant level, which indicates the system is in the criti-
cal stable state. At w, =530Hz, P’ is in the conditional stable
region and the amplitude of vibration of the tool tip, as shown
in Fig. 8(c), decays quickly, thus making the cutting process
stable.

These simulation results show that boring chatter can be
suppressed by adjusting the natural frequency of the MR fluid-
controlled boring bar.

wnp =

7. Experimental validation

Experiments were carried out on a lathe. A schematic dia-
gram and photograph of the experimental setup are shown
in Fig. 9(a) and (b), respectively. The horizontal vibration of
the tool tip was measured by a piezoelectric accelerometer
placed at the free end of the boring bar. A computer, con-
nected to a power amplifier, controls the current of the MR
fluid-controlled boring bar. When chatter is detected, as mea-
sured by the behavior of the output signal produced by the
accelerometer, the control system adjusts the waveform, fre-
quency, and amplitude of the current applied on the coil. In
this study, a square wave current with a frequency of 1Hz and
amplitude of 0-2 A was applied to the coil to generate the mag-
netic field for MR fluid control. The lathe spindle speed was
set to 200rpm, the feed rate was 0.1 mm/rev, and the cutting
width was 0.2mm. The workpiece was AISI 1020 low-carbon
steel with an external diameter of 120 mm, an inner diameter
of 100 mm, and a suspended length of 80 mm.

Fig. 10 shows a micrograph of the machined surface with
and without MR control. Not only did the chatter marks disap-
pear, but the surface roughness also decreased from 5 to 1 um
R, when MR control was activated.

Fig. 11(a) shows the acceleration signal, in both the time
and frequency domains, of the MR fluid-controlled boring bar
without control when spindle speed is 200rpm. The maxi-
mum vibration acceleration amplitude is about 2m/s?, and the
main component of the chatter frequency is 473 Hz. When the
square wave current is applied when spindle speed is 200 rpm,
as shown in Fig. 11(b), the acceleration decreases to 1m/s? in
the time domain. In the frequency domain, the vibration fre-
quency is evenly distributed without a dominating peak. And
the values of accelerations in the frequency domain are about
50 times lower than in Fig. 11(a).

In order to investigate the effectiveness of the method in
different spindle speeds, the spindle speed was changed to
450, 560, 710, 900 and 1120 rpm, some other chatter suppres-
sion experiments with MR fluid-controlled boring bar also
have been conducted, and the results are shown in Fig. 12.
The experimental results in different spindle speeds show that
time-domain vibration acceleration signal of the boring bar
decreased significantly when MR control was activated, and
the chatter can be suppressed effectively after MR control.

These experimental results provide a clear demonstration
of the effectiveness of chatter suppression using a MR fluid-
controlled boring bar.

8. Conclusions

A chatter suppression method based on a MR fluid-controlled
boring bar was presented and validated experimentally. The
magnetic system inside the boring bar was designed using
the FEM analysis. A dynamic Euler-Bernoulli beam model of
the MR fluid-controlled boring bar was derived to analyze the
regions of operating stability, and was also used to show that
chatter could be suppressed by adjusting the damping and
natural frequency of the system. Experimental results in dif-
ferent spindle speeds validated the model and demonstrated
chatter suppression in a boring process.

A MR fluid-controlled tool can be applied to other machin-
ing processes for chatter suppression and material removal
rate enhancement. Before this can happen, however, a more
complicated dynamic model needs to be developed to enable
more accurate simulation, and thus more effective design, of
the next generation of MR fluid-based tool chatter suppression
systems. Otherwise, according to Fig. 7(a), when the rotational
speeds are slow, the chatter system will be in the left side of
the stability diagram in this case, it is much easier to suppress
the chatter by adjusting the natural frequency, and the simu-
lation and experiment results have validated this. But when
the rotational speeds are much higher, i.e. the chatter system
will in the left side of the stability diagram, for such a case
moving the chatter system into a lobe requires much higher
increase in the stiffness, maybe increased damping effect is
more useful in this case, and this needs to be investigated in
the future.
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