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Abstract. High speed turn-milling is regarded as the milling of a curved surface while rotating
the workpiece around its centre point, which combines effectively the advantages of both turning
and milling, wherein allows for good metal removal with the difficult-to-cut thin-walled
workpieces in aviation. The objective of the present work is to study chatter stability of thin-walled
blade by high-speed turn-milling in cutting condition. The dynamic model and the stability critical
condition determined by the relative dynamic characteristics between cutter subsystem and blade
subsystem are put forward. Aiming at the small-stiffness frequency response characteristics of
thin walled structures, the stability critical domain is predicted based on the high-order dynamic
behavior of the multi-DOF system. It can be shown that the chatter condition in turn-milling is
closely related to both cutter speed and depth of cut, besides cutter geometry, engagement
conditions, frequency response function, material property of workpiece and so on. Based on
chatter stability simulation model to access 3D chatter stability lobes of high-speed turn-milling
machining blades. This conclusion provides a theoretical foundation and reference for the
orthogonal turn-milling mechanism research.
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1. Introduction

As a newly emerging cutting technology, turn-milling makes use of the advantages of turning
and milling, which both workpiece and cutting tool are given rotary motion simultaneously, in
particular, eccentric machining. The advanced machining method can make the machining
accuracy, processing efficiency to be required. So it enjoys the advantages of turning and milling
and excels at machining revolving workpieces, like crankshafts or camshafts [1-2]. Actually, its
strengths are far more than this. Owing to intermittent cuts and simultaneous rotations of tools and
workpieces, it keeps low thermal stresses, lowers cutting forces and has good removal rates. As
the blade is thin-wall part and easily deformed in load condition, the chatter is occurred in
high-speed turn-milling process. If the cutting force is too large, it will cause large blade
deformation, and easily lead to poor surface results from instability, so that the workpiece is
difficult to achieve processing requirements [3-5].

There are some literature researches on chatter stability in general turning or milling. Altintas
[6-7] were presented single-degree-of-freedom, and multi- degree-of-freedom machining chatter,
as well as a variety of processing methods stability chatter, ball milling, and the three modes have
an impact on the direction of the cutting thickness, so that the two-dimensional theory be extended
to three-dimensional chatter stability. Pogacink [8] has researched turn-milling dynamic stability
by using cutting parameters optimization. He proved turn-milling machining surface quality better
than normal turning. Thevenot [9] has presented the integration of dynamic behavior variations in
the stability lobes method: three lobes construction and application to thin-walled part. These
computed results are compared with real experiments of down-milling of thin-walled structures.
Budak [10-14] has proposed the variable pitch cutters can be used to suppress chatter in milling
of these extremely flexible components. And then, he has studied the workpiece dynamics affect
stability in machining of flexible parts and presented a methodology for prediction of in process
workpiece dynamics based on a structural dynamic modification by using the FE model of the
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workpiece. Song [15] has proposed the method for predicting simultaneous dynamic stability limit
of thin-walled workpiece high-speed milling process, which takes into account the variations of
dynamic characteristics of workpiece reprehensive of a typical industrial application by finite
element method. Tang [16] has studied the machining stability in milling of the thin-walled plate
and develops a three dimensional lobe diagram of the spindle speed, axial, and radial depth of cut.
Through the three-dimensional lobe, it is possible to choose the appropriate cutting parameters
according to the dynamic behavior of the chatter system. Moreover, this paper studies the
maximum material removal rate at the condition of optimal pairs of the axial and radial depth of
cutting. Bravo [17] has proposed considering such applications and suggested a method for
obtaining a 3D stability lobe to cover all the intermediate machining stages.

This paper is divided into four main sections; the first, entitled the principle of high-speed
turn-milling machining blades, will introduce the basic motions in turn-milling process. The
second section, the relative transfer function of tool-blade system, will discuss transfer function
blade and cutter respectively, and then the modal test was conducted. The third part, the calculation
model of stability lobes and simulation process, will built machining stability model based on the
relative transfer function, the simulation flow process and so on. The next part, the influence
analysis of technological parameters on chatter stability, will analyze chatter stability relative to
both cutter speed and depth of cut, besides cutter geometry, engagement conditions, and frequency
response function. Finally, in section four, some conclusions from this study are given.

2. The principle of high-speed turn-milling blades

Turn-milling involves four basic motions including rotation of cutter, rotation of workpiece,
axial feed, and radial feed of cutter, as shown in Fig. 1. High-speed milling machining blades is
not simply the turning and milling processing methods into a single machine for processing blade,
but the use of turn-milling motion to accomplish complex surface machining blades. The main
cutting motion is rotary motion of ball milling, the speed of ball milling rotation and blades
rotation together determine the cutting speed. The rotational speed of the ball cutter is the main
role in the whole cutting process, so in some high-speed, ultrahigh-speed turn-milling machining
can even ignore the rotation speed of the blades. Rotation speed of the blades, ball milling axial
velocity and radial feed of cutter those three basic rates together determine the total turn-milling
machining cutting blade velocity, obviously, and the main role of the total velocity is the rotation
speed of the blades.

The rotation

Fig. 1. Turn-milling blade principle diagram

With respect to the blade of this part has complex surface which is difficult to machine, only
one direction of feed for processing is difficult to processing requirements, therefore its processing
need to feed from two directions. Due to the high-speed turn-milling is a composite of turning and
milling, it is easy to automatically except crumbs in the process, meanwhile the tool and the chip
contact time is shorter so the tool can obtain good heat dissipation. This will improve the surface
quality of processing. Several cutting edges are in contact with the workpiece at all times during
the cutting period and the transfer of heat from the machining zone by the chips keep the
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workpiece temperature relatively low preventing thermal deformations, so high surface finish and
reducing tool wear are generated in such operations due to chip formation the intermittent cutting
process. In addition, good chip removal has also been achieved due to short chip length and
compared with turning. Because of quenching time for cutting edges, the intermittent cutting and
short chips are formed in orthogonal turn-milling process.

3. The relative transfer function of tool-blade system

The frequency response function is expressed for workpiece — tool subsystem in one degree of
freedom:

IO wpy
- Fe(s) T k(s? 4 28w,s + w?)

¢ (s) (1

where k is stiffness (N/mm?), ¢ is damp ratio, w is frequency (Hz).
The frequency response function is expressed for tool subsystem in multi-degrees of freedom
as follows:
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Similarly, the workpiece subsystem frequency response function is given:

n b b n b
(5], = Z A+ Birks _ Z [R]y 3)

£us? + 25wy + wpy A S? 28 wnp + 07

To study the two subsystems of tool and workpiece must be studied on the transfer function in
the same direction, so three directions transfer functions are established in space coordinate
system. The transfer functions of tool are expressed in X, Y and Z direction as follows:
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where, G;(w) and H;(w) are respectively the real and imaginary parts of the system transfer
function of the tool in x, y and z direction. 6; is the displaced direction of tool subsystem. F; is
the force direction of tool subsystem.

The transfer functions of workpiece in x, y and z direction are as follows:

6xx.b

Drxp (W) = Gryp(W) + jHypp () =

1]

Fxx.b

(

| 8

9330 (0) = Gy (@) + jHyy ) = 222, “
|

\

Fyy.b

6zz.b
)
Fzz.b

¢zz.b ((1.)) = Gyzp (w) +jH,, p ((1.)) =

3352  ©JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2014, VOLUME 16, ISSUE 7. ISSN 1392-8716



1424. RESEARCH ON 3D CHATTER STABILITY OF BLADE BY HIGH-SPEED TURN-MILLING.
LIDA ZHU, HUINAN ZHAO, XIAOBANG WANG

where, Gp(w) and H,(w) are respectively the real and imaginary parts of the system transfer
function of the blade in x, y and z direction. §,, is the displaced direction of blade subsystem. F,
is the force direction of blade subsystem.

For the tool subsystem and blade subsystem, the force values are same and the force directions
is opposite interaction. After the analysis of the transfer function, the forces in x, y and z direction
are expressed as follows:

By = IFxx.tI = |_Fxx.b|:
By = |Fyy-t| = |_Fyy-b|' (6)
F,; = |Fppel = |=Fpzpl.

The relative movement of tool subsystem and blade subsystem is the addation of displacements
in x, y and z direction, so the two subsystems move away from each other due to the action of the
cutting force. The absolute displacements are given as follows:

Srelative(xx) = 5t(xx) + Sb(xx)'
Sretative(yy) = Ot(yy) T Obyyy )
é“relative(zz) = é‘t(zz) + é‘b(zz)-

The relative transfer functions between the tool and the blade are obtained from Eq. (4)-(7)
and analyzed as:

¢relative(xx) = ¢t(xx) + ¢b(xx)l
Pretativeyy) = Pe(yy) T Poyy) 3
¢relative(zz) = ¢t(zz) + ¢b(zz)-

That is to say, the components of the Relative FRF are the addition between the tool’s FRF
and the FRF of the workpiece in x, y and z directions. The resulting FRF will be used for the
calculation of the lobe diagram.

The difference between the transfer function of the relative movement with respect to the
treatment of the tool’s and blade’s transfer functions as two independent entities seems obvious.
For the transfer function of tool and blade, the modal test is conducted in 5-axis machining center.
The diameter of cutter is 16 mm. There are some equipment as follows: 1) modal testing and
analysis software Cut/Pro; 2) USB Carrier 1/0-9233; Accelerometer sensor8778a500 (Sensitivity
10.00 mV/g); Hammer type 9722a500 (Sensitivity 10.00 mV/g); Sampling Rate (Hz): 50000;
Frequency Range: 50-5000; Transfer function: Displacement-Force.

Fig. 2. The modal test in 5-axis turn-milling center

Fig. 3 the amplitude and phase diagram (Bode diagram) of the multi-modes transfer function
tool subsystem, the multi-modes transfer function of workpiece sub-systems and system transfer
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function (relative to the transfer function of the system). It can be shown that the transfer function
of the structure of a processing system depends on the relative relationship between the two
subsystems. A first-order natural frequency equal to the natural frequency between the lowest
among all the natural frequency, the last-order natural frequency is equal to the natural frequency
between the highest natural frequency, that is the natural frequency of the system is relatively low
to the high order by sequentially increased number order.

—_ tool

£

3 blade =

‘q:'; == === relative tool-blade
——

g "L‘,.—- : W"“"-'

g |

8 oot N

a

1
|

200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency[Hz]

t
I
o -t - == === === = —
o
g : \ { tool
- ****:*J[' ‘P* ------ blade

I “r | == === relative tool-blade

1 1

1000 1200 1400 1600 1800 2000
Frequency[Hz]

Fig. 3. Relative transfer function of multi-mode in turn-milling
4. The calculation model of stability lobes and simulation process

After the modeling and simulation of the relative transfer function, the theory calculation of
lobe diagram analytically is carried out in the frequency domain. In the stability model, the
dynamic milling forces are expressed as follows:

[F()] = 5 ak,lAl[Ad], ©

where, [A] is time invariant but immersion dependent directional cutting coefficient matrix. The
dynamic milling forces are [F(t)] = [Fx(t) FE,(t) F()]7 in x, y and z directions; [Ad] is the
dynamic displacement vector which can be expressed as the difference between the displacements
at current time and one tooth period:

[Ad] = [x()) —x(t—7) y@O —-y(t—-1) z()—z(t-1)]

where, 7 is the tooth period. The regenerative vibration vector can be expressed as follows:

[Ad] = (1 = e"*P) @ (iw ) [F ()], (10)
where the transfer function matrix [®(iw)] identified at the cutter-workpiece contact zone:

b, (iw) cI)yz(iw) @, (iw)
[@(>iw)] = [Pyx(iw) @y (i) Py, (w)]. (11)
D, (iw) @y(iw) @,,(>Iw)
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The chatter stability of the system is determined by the characteristic equation of the three
dimensional dynamic milling system. The complex eigenvalue is given by:

N .
A== —aK (1= e79T) = Ap + i, (12)

The critical axial depth of cut at chatter frequency:

_ 2mAg [1 + (A,)] 13
Ajim = NKt AR . ( )

Since a;;;;, must be a real number, and the imaginary part of the Eq. (13) must vanish. The
given the chatter frequency, the chatter limit in terms of the axial depth of cut can directly be
determined from Eq. (13):

T ! (e + 2km) 60 14
= — - [ p—

Ler2kmon= g 14
where ¢ is phase shift between inner and outer modulations (present and previous vibration marks).
The spindle speed (n) is simply calculated by finding the tooth passing period (T) and
corresponding spindle speed.

The behavior of system is used for chatter stability as shown in Fig. 4. The detail steps of
calculation lobe diagram process are are follows.

Input initial condition and

Start simulation parameters
N=1 Natural frequency based on FRF

(tool, blade), and frequency

—ﬁ range (Wmin ™~ @max)

K =1, w = wpp, the first order
natural frequency is given.

The relative to the transfer
function and directional K=1Fk+1
coefficient matrix

T
N=N+1 i
The eigenvalue of the Calculation of the spindle
characteristic equation speed. and axial depth of cut
]
The stable domain

w=w+1 |

in the frequency

End The stable domain
in the frequency

Fig. 4. Flow chart for simulation of chatter stability
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5. Influence analysis of technological parameters on chatter stability
5.1. The influence of radial width and tool diameter ratio on chatter stability

The three-dimensional chatter diagram is simulated to analyze influence law in different
technological parameters. In maintaining the cutting tool geometry parameters unchanged, only
change the relative position of the blade axial the results of three-dimensional chatter stability
limit diagram as shown in Fig. 5. In addition to maintaining the tool geometry parameters under
radial cutting machining width and process parameters of tool diameter unchanged. The ratio
between different radial machining width and tool diameter (a,/D = 0.1, 0.5, 1) is simulated by
changing the width of. Finally, get corresponding comparison diagram between high-speed
turn-milling machining systems three-dimensional chatter limit diagram with two-dimensional
diagram under different values of a,/D. It can be seen in Fig. 6 that the radial width of the
machining and tool diameter ratio increases, the corresponding maximum chatter of cutting depth
also decreases. The reason results from the radial width of the machining and the tool diameter
ratio changes, resulting in the tool-workpiece system relative modal parameters also changes,
thereby affecting the minimum limit stability of the system. The perspective of its
three-dimensional lobe diagram is simulated as follows: a narrow opening in a,/D = 0 condition.
The stable limit is minimum value; close to wide ratio a,/D = 1, the stability limit increases.

xial depth of cut (mm)
=
/

=
S
So

Spindle speed (rimin) 400 aelD

Fig. 5. 3D graph for the effect of a, /D on chatter stability

Axial depth of cut( mm)

| I
800 1000
Spindle speed( r/min)

Fig. 6. Effect of a,/D on chatter stability

It can be shown that in conditions permit, the processing required to ensure that the case should
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try to use a smaller radial machining width and tool diameter ratio of the turn-milling process,
which avoids the occurrence of chatter, and will get better surface quality, but the process is not
very efficient.

5.2. The influence of ball inclination angle on chatter stability

In addition to maintaining the tool inclination angle under the geometric parameters of
machining and the same cutting process parameters, the effect of inclination [ (I = 15°, 25°, 35°)
on chatter stability is simulated. It can be obtained that corresponding comparison diagram
between high-speed turn-milling machining systems stability limit diagram under different
inclination values. It can be seen when the ball milling inclination increases, the corresponding
chatter limit depth of cut also increases, the reason is that due to the tooling inclination angle
changes, resulting in the tool-blade relative modal system parameters changes, thereby affecting
the minimum stability limit of the system. The processing of all the different angle of each lobe
corresponding to inclination angle will open the same size, the same with degree of intensity
distribution, which avoids the occurrence of chatter, but should not blindly increase the processing
inclination angle, the ball-cutter radius, length, and processing space and so on should also to be
considered.

T >,
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o
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:
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Axial depth of cut (mm)

1600 1800 2000 2200

S0 600 800 1000
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Spindle speed (rimin)

Fig. 7. Effect of inclination angle on chatter stability
5.3. The influence of tool radius on chatter stability

In addition to maintaining the tool radius under the geometric parameters of machining and
the same cutting process parameters, the effect of cutter radius on chatter stability is simulated. It
can be seen that the ball milling cutter radius increases, the corresponding chatter limit depth of
cut is also decreased, which different tool radius results in different tools modal parameters, and
thus impact on system minimal stability limit. As can be shown in Fig. 8 and Fig. 9, each lobe ball
milling of all different radius will moves slowly under the overall radius increase, but the same
size and shape of stability lobes. It can be shown that the case should try to use a smaller radius
ball milling machining turn-milling cutter, which avoids the occurrence of chatter, and improve
processing quality.

5.4. The influence of the radial cutting depth on chatter stability

Radial cutting depth is an important factor, which will effect on stability lobe in high-speed
turn-milling process. In the unchanged machining parameters, the stability limit is simulated in
different radial cutting depth (3 mm, 4 mm, 4.5 mm, and 5.5 mm). As can be seen that the radial
cutting depth increases, the corresponding stability limit of cutting depth is less, which results
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from the different tool-blade system modal parameters. As shown in Fig. 10, in addition to each
of all blades under different radial cutting depth will increase as the radial cutting depth as a whole
moving up, will also tiny moving towards small speed, but the same size and shape of stability
lobes. It should try to use the smaller radial cutting depth for turn-milling, which can avoid of
chatter phenomenon, and improve the quality of processing, but the efficiency will be decreased.

055
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Fig. 8. The effect of tool radius on chatter stability
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Fig. 9. Effect of tool radius on chatter stability
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Fig. 10. Effect of radial cutting depth on chatter stability
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6. Conclusions

— The chatter condition in turn-milling is closed relative to both cutter speed and depth of cut,
besides cutter geometry, engagement conditions, frequency response function, material property
of workpiece and so on.

— The dynamic model and the stability critical condition determined by the relative dynamic
characteristics between cutter subsystem and blade subsystem are proposed to obtain the
reasonable and accurate stability domain.

— When the increase of radial width, cutter radius and radial cutting depth, the corresponding
maximum chatter of cutting depth also decreases. So when conditions permit, the processing
required ensuring that the case should try to use a smaller radial machining width and tool diameter
ratio of the turn-milling process, which avoids the occurrence of chatter, and will get better surface
quality, but the process is not very efficient.

— When the ball milling inclination angle and cutter teeth increases, the corresponding chatter
limit depth of cut also increases. It can be seen that the case should try to use a lager inclination
angle to turn-milling machining process, which avoids the occurrence of chatter, but should not
blindly increase the processing inclination angle; the ball-cutter radius, length, and processing
space and so on should also be considered.
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