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Abstract: Regenerative chatter is a major limitation in the milling of Ti-6Al-4V, resulting in undesirable
surface and reducing cutting efficiency. It is well-acknowledged that variable pitch cutter and the
process damping effect are effective methods to suppress chatter, and that these two methods
are compatible. In this paper, a novel anti-vibration milling tool with combined variable pitch
(pitch angles of 85◦-95◦-85◦-95◦) and wear edges (60 µm on the flank face), which helps to increase
the process damping effect, is presented. The milling model of variable pitch tool considering
process damping effect is developed and the dynamic milling stability is analyzed by using the
semi-discretization method. To modify time delay, an analytical formula for optimal tuning variable
pitch angles is presented. The effectiveness of the proposed anti-vibration tool is verified by stability
diagrams and milling experiments. Industrial experimental results show that compared with the
common regular pitch tool and onefold variable pitch tool, when the proposed anti-vibration tool is
used, the stable axial depth of cut increases by 97.4% and 26.2%, respectively.

Keywords: milling stability; variable pitch tool; process damping; Ti-6Al-4V

1. Introduction

Ti-6Al-4V alloy has been widely used in the aviation industry, owing to its large spe-
cific strength, small density, strong heat resistance, excellent low-temperature performance,
etc. [1–3] However, it is a typical hard-to-cut material because of its poor thermal conduc-
tivity and high chemical reactivity. Self-excited vibration, which is also called regenerative
chatter [4,5] often occurs in the milling of Ti-6Al-4V, causing poor surface quality, reducing
machining efficiency, or even directly leading to a scrap of the workpiece [6].

To suppress the chatter, many methods have been proposed, which can be classified
into active and passive control techniques [7]. Spindle speed variation methods, active
damping methods, etc. belong to active control techniques. Variable pitch tool, vari-
able helix tool, process damping effect, etc. pertain to passive control techniques. The
selection of the most suitable chatter suppressing techniques should be determined by
considering different aspects of each chatter case and also the dynamic of the machine
tool-workpiece system [6]. During the milling process of Ti-6Al-4V alloy, the variable pitch
tool is considered a useful way to improve the milling stability. The variable pitch tool
was first proposed by Hahn [8]. With this tool, the constant delay of the regular pitch tool
is modified, generating multiple discrete delays, and the regenerative phase is perturbed
in the milling process, so as to suppress chatter. Then, in 1965, the effectiveness of the
variable pitch in chatter suppression was first verified by Slavicek [9]. And the dynamic
milling equation of variable pitch tools was given based on the assumption of the alternate
distribution of variable pitch angles. Alintas et al. [10] proposed the dynamic milling
model of variable pitch cutter and predicted the chatter stability of variable pitch cutter
based on the zero-order approximation (ZOA) method [11]. Computation results verify

Machines 2022, 10, 222. https://doi.org/10.3390/machines10040222 https://www.mdpi.com/journal/machines

https://doi.org/10.3390/machines10040222
https://doi.org/10.3390/machines10040222
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0002-0280-469X
https://orcid.org/0000-0002-7224-769X
https://doi.org/10.3390/machines10040222
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines10040222?type=check_update&version=1


Machines 2022, 10, 222 2 of 17

the effectiveness of the variable pitch tool in suppressing chatter. Then, Budak [12–14]
proposed a simple and effective optimization strategy of variable pitch angle based on the
ZOA method. The simulation and experimental results show that the optimized variable
pitch cutter can significantly improve the milling stability at a low cutting speed. Comak
et al. [15] presented a brute force iterative method for optimized tuning variable pitch
angles based on the multiple delays semi-discretization method. The improvement of
stability with the specially designed variable pitch tools was tested by experiments. This
method not only improves the result in [13] but also saves computation time. To investigate
the ultimate capability of variable pitch tools, Stepan et al. [16] developed a numerical
iterative method for tuning variable pitch tools. The upper and lower capability bounds of
stability lobes with tuned variable pitch tools are obtained by using the proposed method.
The effectiveness of specially designed variable tools was validated by laboratory and
industrial experiments.

Process damping is generated by the indentation and friction between the flank face of
the tool and the machined surface of the workpiece. The ploughing force will produce in the
indentation area. And the direction of ploughing force is opposite to the vibration velocity,
which will consume the vibration energy, so as to suppress the chatter [17]. Because of
the large unit cutting force and poor thermal conductivity of Ti-6Al-4V alloy, high cutting
speeds will lead to excessive tool wear [18,19]. Thus, this material is usually recommended
for a low cutting speed. It is often found in low-speed cutting experiments that the stable
values are greater than predicted since the process damping generated in the process will
improve the stability [20]. Process damping plays an important role in improving the
milling stability of Ti-6Al-4V alloy. Das et al. [21] first found the phenomenon that the
stability and system damping increased with the decrease of cutting speed. They proposed
a cutting force model considering the effect of the velocity term. Later, Sisson et al. [22]
developed a cutting force model by considering the interference in the machining process.
Tlustry et al. [17] defined the mechanism of process damping, which is the indentation and
friction between the flank face of the tool and the machined surface. After this mechanism
was proposed, many scholars investigated the modeling of process damping force. Wu [23]
pointed out that the normal damping force and the interference volume are linear. Based
on this finding, a classic process damping force model was given. In addition he also
introduced how to calculate pressure volume and identify the process damping force
coefficient. Based on Wu’s model, Elbestawi et al. [24] proposed a new ploughing force
model considering the tool wear and clearance angle. The increase of stability at low speeds
was predicted with the tool wear. Chiou et al. [25] and Liang et al. [26] simplified Wu’s
nonlinear model and established a linear viscous damping model under the assumption
of small vibration amplitude. Based on Liang’s model, Ahmadi et al. [27] deduced the
equivalent process damping coefficient of the tool with the tool wear belt. Jia Feng and
Min Wan et al. [28] presented a unified process damping model by comprehensively
considering the velocity effect, ploughing effect, and the dynamic stiffness during the
milling process. The accuracy of the proposed model and prediction algorithms were
proven by the experiments.

The above literature shows that variable pitch cutter can improve milling stability
and a higher stable cutting depth can be achieved with the process damping. Actually,
they have compatibility. To improve the milling stability of Ti-6Al-4V alloy, the variable
pitch tool and process damping combined chatter suppressing method has great potential
and needs to be developed. As mentioned in [4,20,29], the geometry of the tool flank face,
such as wear edge helps to enhance the process damping effect. Hence, the goal of this
paper is to present a novel anti-vibration tool with combined wear edges on the flank face
and variable pitch to further improve the milling stability of Ti-6Al-4V alloy. First, the
2-DOF milling model is built considering the variable pitch angles and process damping
effect. Then, the semi-discretization method is used to calculate stability. To eliminate the
unstable factors by perturbing time-delay, an analytical method for designing variable
pitch angles is obtained. Finally, depending on the actual dynamic properties of the tool
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system, the anti-vibration tools are optimal designed and manufactured. The effectiveness
is demonstrated by numerical simulation and milling experiments.

2. Milling Model of Variable Pitch Tool Considering Process Damping

The variable pitch tool with 4 flutes is considered to be flexible in two orthogonal
directions, as shown in Figure 1. The angular position (φj) of the jth cutting tooth at each
axial level z is:

φj(t, z) =


nst− z tan(β)

R j = 1

nst +
j

∑
i=2

φp,i −
z tan(β)

R j = 2 : N
(1)

where β is the helix angle, ns is the spindle speed, N is the number of teeth, φp,i is the pitch
angle between teeth (j, j − 1), and R is the diameter of the tool. The instantaneous chip
thickness of the jth cutting tooth at the height z and time t is:

hj(t, z) = fz sin
(
φj(t, z)

)
+ ∆x sin

(
φj(t, z)

)
+ ∆y cos

(
φj(t, z)

)
)g
(
φj
)

(2)

where fz sin
(
φj(t, z)

)
is the static chip thickness ( fz is the feed rate per tooth), and

∆x = (
(

x(t)− x
(
t− Tj

))
, ∆y =

(
y(t)− y

(
t− Tj

))
are the dynamic chip thickness pro-

duced by the regeneration effect of the surface wave. In which, x(t) and y(t) are the
current tooth vibration displacement in the X and Y direction, respectively. x

(
t− Tj

)
and

y
(
t− Tj

)
are the former tooth vibration displacement. Different from the tool with a con-

stant pitch, the time delay corresponding to each tooth of the variable pitch tool varies, that
is, Tj = φp,j/ns. Besides, in Equation (2), g is the unit step function, which is used to judge
whether the tooth is in or out of the cutting, and it is expressed as:{

g
(
φj(t)

)
= 1 φst < φj(t) < φex +

ap
R tan(β)

g
(
φj(t)

)
= 0 otherwise

(3)

where ap is the axial depth of cut, φst is the start immersion angles, and φex is the exit
immersion angles. If down milling is adopted in the process, φst = π and φex is defined as:

φex = arccos
(

ae − R
R

)
(4)

where ae is the radial depth of cut. When angular position φst > φj(t) or φj(t) < φex +
ap
R tan(β), the tool is out of contact with the workpiece, and the cutting force and process

damping force are zero. The dynamic cutting force is modeled using the linear force model.
The elemental tangential and radial forces, Ft and Fr on tooth j are proportional to the
cutting force coefficients (Ktc, Krc), instantaneous chip thickness and differential axial depth
of the cut dz: {

dFt,j(t, z) = Ktchj
(
φj(t, z)

)
dz

dFr,j(t, z) = Krchj
(
φj(t, z)

)
dz

(5)

The differential cutting forces are then resolved in the X and Y directions:{
dFx,j(t, z) = −dFt,j(t, z) cos

(
φj(t, z)

)
+ dFr,j(t, z) sin

(
φj(t, z)

)
dFy,j(t, z) = −dFt,j(t, z) sin

(
φj(t, z)

)
− dFr,j(t, z) cos

(
φj(t, z)

) (6)
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Figure 1. Model of milling system (down milling).

Process damping is mainly generated by the indentation and friction between the
flank face of the tool and the machined surface of the workpiece. The ploughing force is
produced in the opposite direction of the vibration velocity. Figure 2 shows the interference
phenomenon between the flank face of the tool and the machined surface.
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Figure 2. Interference between flank face and machined surface of the workpiece.

According to Wu’s classic process damping force model [23], the differential tangential
and radial forces process damping force forces acting on the axial level z are given as:{

dFd
r,j(t, z) = KdSj(t, z)dz

dFd
t,j(t, z) = µdFd

r,j(t, z)
(7)

where Sj(t, z) is the interference area between the tool flank face and the workpiece surface
at axial level z, µ is the coefficient of contact friction, and Kd is the indentation coefficient. At
the low cutting speed region, the curvature of the vibration waves on the machined surface,
which is determined by the cutting speed and vibration frequency, has a significant effect
on the interference area. Under the assumption of a small vibration value, the pressing
volume is calculated analytically by simplifying Wu’s nonlinear pressing model into a
linear viscous damping model. Chiou and Liang [26] mentioned the wear state as the wear
belt length at the tip and edge of the cutting tool.

Sj(t, z) =
lw2

4vc

.
r(t, z) (8)
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In Equation (8), lw is wear width on the flank face of the tool, vc is the cutting speed,
and

.
r is the vibration velocity which is expressed as:

.
r(t, z) =

.
x(t) sin

(
φj(t, z)

)
+

.
y(t) cos

(
φj(t, z)

)
(9)

where
.
x(t) and

.
y(t) are the vibration velocity in the X and Y direction, respectively. The

differential process damping force is then oriented in the X and Y direction using the
damping force in r and t directions as follows:{

dFd
x,j(t, z) = −dFd

t,j(t, z) cos
(
φj(t, z)

)
− dFd

r,j(t, z) sin
(
φj(t, z)

)
dFd

y,j(t, z) = −dFd
t,j(t, z) sin

(
φj(t, z)

)
+ dFd

r,j(t, z) cos
(
φj(t, z)

) (10)

Thus, the equations of milling dynamic considering the process damping can be
generated by: 

mx
..
x + cx

.
x + kxx =

N
∑

j=1

S
∑

k=1
g
(
φj(z)

)(
dFx,j + dFd

x,j

)
my

..
y + cy

.
y + kyy =

N
∑

j=1

S
∑

k=1
g
(
φj(z)

)(
dFy,j + dFd

y,j

) (11)

where mx, cx, kx are the modal mass, damping and stiffness of tools in the X direction, and
my, cy, ky are the modal parameters in the Y direction.

3. Stability Analysis

In this section, the semi-discretization (SD) method [30,31] is used to solve the dynamic
milling stability. Equation (11) can be rewritten in the state space form:

{ .
q(t)

}
= [L(t)]{q(t)}+

N

∑
j=1

[
Rj(t)

]{
q
(
t− Tj

)}
(12)

where

[L(t)] =

[
[0] [I]

−[K][M]−1 + [M]−1 ∑N
j=1
[
Aj(t)

]
−[C][M]−1 + [M]−1 ∑N

j=1
[
Pj(t)

] ],

[
Rj(t)

]
=

[
[0] [0]

−[M]−1[Aj(t)
]

[0]

]
,
{ .

q(t)
}
=
{

x(t), y(t),
.
x(t),

.
y(t)

}T

[M] =

[
mx 0
0 my

]
, [C] =

[
cx 0
0 cy

]
, [K] =

[
kx 0
0 ky

]
[
Aj(t)

]
= δ

[
axx,j(t) axy,j(t)
ayx,j(t) ayy,j(t)

]
, δ = 1

2 apKtc

[
Pj(t)

]
= Cpd

[
pxx,j(t) pxy,j(t)
pyx,j(t) pyy,j(t)

]
, Cpd = 1

2 Kdap
lw2

4vc

(13)

where axx,j(t), axy,j(t), ayx,j(t) and ayy,j(t) are directional dynamic shearing cutting force
coefficients that change with time. They are given by:

axx,j = −g
(
φj
)[

sin 2
(
φj
)
+ Krc

(
1− cos 2

(
φj
))]

axy,j = −g
(
φj
)[
(1 + cos 2

(
φj
)
) + Krc sin 2

(
φj
)]

ayx,j = g
(
φj
)[
(1− cos 2

(
φj
)
)− Krc sin 2

(
φj
)]

ayy,j = g
(
φj
)[

sin 2
(
φj
)
− Krc

(
1 + cos 2

(
φj
))] (14)
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In addition, the process damping force coefficients of pxx,j(t), pxy,j(t), pyx,j(t) and
pyy,j(t) are given by:

pxx,j = −g
(
φj
)[

µ sin 2
(
φj
)
+
(
1− cos 2

(
φj
))]

pxy,j = −g
(
φj
)[

µ(1 + cos 2
(
φj
)
) + sin 2

(
φj
)]

pyx,j = g
(
φj
)[

µ(1− cos 2
(
φj
)
)− sin 2

(
φj
)]

pyy,j = g
(
φj
)[

µ sin 2
(
φj
)
−
(
1 + cos 2

(
φj
))] (15)

According to the SD method, the stability of the dynamic milling system is determined
based the eigenvalues of the transition matrix [Φ], which is constructed as follows:

[Φ] = [Φm] · · · [Φ3][Φ2][Φ1] (16)

where [Φm] · · · [Φ3][Φ2][Φ1] is the Floquent transition matrix and each [Φi] is given by [32,33]:

[Φi] =



e[Li ](t−ti) [0]
[I] [0]
[0] [I]

· · · Q1,j
· · · [0]
· · · [0]

Q2,j · · ·
[0] · · ·
[0] · · ·

[0] [0] [0]
[0] [0] [0]
[0] [0] [0]

...
. . .

...
[0] [0]
[0] [0]

· · · [I] [0] [0]
[0] [I] [0]


4(m+1)×4(m+1)

(17)

where the matrix Q1,j and Q2,j are given by [34]:

Q1,j = ∑N
j=1 w1,j

(
e[Li ](t−ti) − [I]

)
[Li]
−1Rj,i,

Q2,j = ∑N
j=1 w2,j

(
e[Li ](t−ti) − [I]

)
[Li]
−1Rj,i,

(18)

In Equation (18), w1,j and w2,j are the weighted factors that are used to relate
{

q
(
t− Tj

)}
with the state values at the two extreme node of the delayed interval

(
ti−mj , ti−mj+1

)
. mj

is the number of intervals related to the delayed item Tj can be approximately obtained by:

w1,j =
mj∆t+∆t/2−φp,j/ns

∆t , w2,j = 1− w1,j

∆t = Tp/m, Tp = 2π/ns, Tj = mj∆t, mj = int
( Tj+∆t/2

∆t

) (19)

Based on the Floquent theorem [35], the dynamic milling system will be unstable if
any of the eigenvalues of the transition matrix [Φ] is located outside of the unit circle in the
complex plane, otherwise, it is stable.

4. Optimization of Variable Pitch Angles

The variable pitch milling tools help to suppress chatter and increase the milling
stability. However, the off-the-shelf tools may not ensure this. This is because the variable
pitch angles need to be specially tuned depending on the actual dynamic behaviors of the
tool system and given milling conditions [6]. There are many strategies for optimal tuning
of the variable pitch angles, such as the analytical method, brute force method, etc. The
analytical method is proposed by Budak [12–14], which is a simple and effective method
based on ZOA. The brute force algorithm [15] is based on minimizing the magnitude of the
largest Floquent multiplier. In [16], these two tuning strategies are compared by numerical
simulation and milling experiments. The final results indicate that the BF algorithms can
provide the best solutions. While the analytical method is a simple but effective method to
design the pitch angles. Besides, the analytical method does not need iterative calculation,
so it consumes less time than the BF algorithms. Thus, in this paper, the analytical method
is referenced to optimize the variable pitch angles.
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In Equation (13), the directional shearing and process damping force coefficient
[
Aj(t)

]
and

[
Pj(t)

]
are periodic at the tooth passing frequency. If the extremely small radial

immersion in the milling process is not used, the effect of higher harmonics on the precision
in the solution can be ignored. Thus, in the simplistic approximation, only the average
component of Fourier series expansion is considered:

[A0] =
1
T
∫ T

0 ∑N
j=1
[
Aj(t)

]
dt = N

4π

[
αxx αxy
αyx αyy

]
,

[P0] =
1
T
∫ T

0

N
∑

j=1

[
Pj(t)

]
dt = N

4π

[
βxx βxy
βyx βyy

] (20)

where the integrated functions of cutting force are given as:

αxx = [cos 2φ− 2Krcφ + Krc sin 2φ]
φex
φst

αxy = [− sin 2φ− 2φ + Krc cos 2φ]
φex
φst

αyx = [− sin 2φ + 2φ + Krc cos 2φ]
φex
φst

αyy = [− cos 2φ− 2Krcφ− Krc sin 2φ]
φex
φst

(21)

And the integrated functions of process damping force are given as:

βxx = [−µ cos2φ + 2φ− sin 2φ]
φex
φst

βxy = [µ 2φ + µ sin2φ− cos 2φ]
φex
φst

βyx = [µ 2φ− µ sin2φ + cos 2φ]
φex
φst

βyy = [−µ cos2φ− 2φ− sin 2φ]
φex
φst

(22)

Then, Equation (6) can be reduced to the following form:

{F} = 1
2

apKtc[A0]

{
x
(
t− Tj

)
y
(
t− Tj

) }+ Cpd[P0][G(ωc)]

{ .
x(t)
.
y(t)

}
(23)

The dynamic displacement vector in Equation (23) can be determined using the
dynamic properties of the structures, frequency response functions ([G(ω)]), and dy-
namic force. By substituting the response and the delay terms, the following expression
is obtained:

{F}eiωcT = 1
2 apKtc

N
∑

j=1

(
1− e−iωcTj

)
[A0][G(ωc)]{F}eiωcT

+Cpd[P0][G(ωc)]iωc{F}eiωcT
(24)

where ωc is the chatter frequency. Equation (24) has a non-trivial solution only if the
determinant is zero.

det([I]−Λ[U]− [V]) = 0 (25)

where [I] is the unit matrix, Λ = 1
2 apKtc ∑N

j=1

(
1− e−iωcTj

)
is the eigenvalue in Equation (11),

and the matrix [U], [V] in Equation (25) are expressed as:

[U] = [A0][G(ωc)], [V] = Cpd[P0][G(ωc)]iωc (26)

The critical axial depth of cut is analytically calculated as:

aplim = − 1
Ktc

(
2Λ

N −∑N
j=1 cos ωcTj + i ∑N

j=1 sin ωcTj

)
(27)
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Since the transfer function is complex, Λ has complex and real parts. Moreover, aplim

is a real number. Therefore, when Λ = ΛR + iΛI and e−iωcTj = cos
(
ωcTj

)
− i sin

(
ωcTj

)
the imaginary part of, Equation (27) must vanish, yielding:

aplim = − 1
Ktc

(
2ΛI

∑N
j=1 sin ωcTj

)
(28)

Mathematically, it can be known from Equation (28) that if the axial depth of cut (aplim)
wants to obtain the maximum value, ∑N

j=1 sin ωcTj should be the minimum value. It should
be noted that the variable pitch tool has non-constant pitch angles, the phase delay between
the inner and the outer waves is different for each tooth:

ε j = ε1 + ∆ε = ωcTj (j = 1, . . . , N) (29)

Substituting the phase delay ε j into (28) rearranging ∑N
j=1 sin ωcTj as follows:

∑N
j=1 sin ωcTj =

N
2
(sin ε1(1 + cos ∆ε) + cos ε1 sin ∆ε) (30)

The Equation (30) is only applicable to the alternated distribution, which means
that the variation of pitch angles is φp,i =

(
φp,1, φp,1 + ∆φp, φp,1, φp,1 + ∆φp, · · ·

)
,

in which φp,1 is the initial tooth angle and ∆φp is the variation of pitch angle. As
presented in [16], linear distribution, which means that the pitch variation is
φp,i =

(
φp,1, φp,1 + ∆φp, φp,1 + 2∆φp, φp,1 + 3∆φp, · · ·

)
, perform better in suppressing chat-

ter because of a broader perturbation of regeneration. However, considering the dynamic
balance of the tool, alternated variation is adopted in this paper. From Equation (30), it can
be found out that if ∆ε = π + 2kπ (k = 1, 2, 3, . . . ) in extreme cases, ∑N

j=1 sin ωcTj is equal to

0. Thus, ‘minimize ∑N
j=1 sin ωcTj’ is determined as the formula to optimal design variable

pitch angles. In the following sections, the stability diagrams and milling experiments will
be carried on to verify the effectiveness of this formula.

5. Case Study

Assume that the distribution of pitch angles is alternated. The Optool toolbox in
Matlab is used to optimize the pitch angle. To obtain the global optimal solution and the
convergence results, the ga (genetic algorithm) method is used. The optimization goal is
‘minimize ∑N

j=1 sin ωcTj’, and the boundary conditions of variables are φp,1 + φp,2 + φp,3 +

φp,4 = 2π and
φp,4−φp,3
φp,3−φp,2

=
φp,3−φp,2
φp,2−φp,1

. To ensure the strength of the cutting edge and the
stiffness of the tools, the first tooth angle φp,1 is selected in the range of 83~90◦ [36]. Figure 3
shows the flowchart of the design process.
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Before optimizing the pitch angles, the dynamic modal parameters of the tool-spindle
system need to be known. Two cases are considered in this research, one in the industry
and the other in the laboratory. The tool used for modal tests is ARNO solid carbide
end mill. The diameter of the tool is 12 mm, the number of flutes is 4, the helix angle
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is 30◦, and the overhang length is 70 mm. The machining tool used in the modal test is
NINGQING VC-1060 (NingQing, Nanjing, China) under the industrial condition. To obtain
the frequency response function (FRF), the acceleration sensor is fixed on the tooltip, then
impacting the tool with the hammer in X and Y directions. The rational fraction method is
used to identify the modal parameters from the frequency response function.

5.1. Industrial Case

Figure 4a shows the FRF of tool-spindle system under the industrial conditions. By
using the rational fraction method, the modal parameters are identified as follows. The
natural frequency is fnx = 2255 Hz and fny = 2250 Hz. The modal damping ratio is
ξx = ξy = 0.02. The modal stiffness is kx = 3.2 × 107 N/m and ky = 3.0 × 107 N/m. After
having the dynamic modal parameters, the chatter frequency ωc is calculated, then the
optimized method has been applied. Numerical results show that ∑N

j=1 sin ωcTj is the
smallest when the initial tooth angle of φp,1 is 85.2◦ and the variation of the pitch angle of
∆φp is 9.6◦.
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5.2. Laboratory Case

In the laboratory, the tool used for the modal tests has the same geometric parameters
as the industrial case. The machine tool in the laboratory is the Mikron UCP710 (Mikron,
Biel/Bienne, Switzerland) machining center. The FRF of the tool-spindle system is shown
in Figure 4b. As can be seen that the natural frequency and modal stiffness have a slight
decrease compared with Figure 4a. Similarly, after having the measured dynamic modal
parameters and the given cutting parameters, the optimized method is applied. Numerical
results show that ∑N

j=1 sin ωcTj is the smallest when the initial tooth angle of φp,1 is 84.9◦

and the variation of the pitch angle of ∆φp is 10.2◦.

5.3. Stability Diagrams

According to the optimization results, three different tools are designed, which are
listed in Table 1. Tool 1 is a common regular pitch carbide end mill, which is used for the
comparison of stability diagrams. Tool 2 is an optimized variable pitch tool. To facilitate the
manufacture, the initial pitch angles are rounded to 85◦, which means the pitch angles are
85◦-95◦-85◦-95◦. Tool 3 is the specially designed anti-vibration tool with not only variable
pitch angles of 85◦-95◦-85◦-95◦ but also 60 µm wear length on the flank face.
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Table 1. Geometrical parameters of designed tools.

Tool 1 Tool 2 Tool 3

Tool material Carbide end mill
Diameter 12 mm

Tool length 125 mm (30 mm edge length)
Number of flutes 4

Helix angle 35◦

Pitch angles 90◦-90◦-90◦-90◦ 85◦-95◦-85◦-95◦ 85◦-95◦-85◦-95◦

Flank wear length 0 µm 0 µm 60 µm
Clearance angle 9◦ 9◦ 4◦ and 9◦

To verify the effectiveness and have comparable results, the SD method presented in
Section 3 is used to calculate the stability lobe diagrams of three different tools with the
same simulation and cutting parameters. The necessary tangential and radial cutting force
coefficient for calculation are identified by the fast calibration method [37]. The tangential
cutting force coefficient (Ktc) in this research is 1773 Mpa, the radial force coefficient (Krc) is
630 Mpa. The indentation coefficient (Kd) for Ti-6Al-4V alloy 30,000 N/mm3, the friction
coefficient (µ) is 0.3.

Figure 5a shows the stability lobe diagrams of different tool designs under industrial
conditions. By consulting the tool manual, the spindle speed is selected in the range of
900~1200 rpm, corresponding to the cutting speed of 34~45 m/min. It can be known from
the stability boundary curve of regular tool 1 (black line) that when the spindle speed is
in the range of 900~1200 rpm, the limit stable axial depth of cut is about 4 mm. While the
stability boundary curve of variable pitch tool 2 (blue line) shows that the ultimate process
stability increases in the range of 850~1100 rpm. While the spindle speed is in the range
of 1100~1200 rpm, tool 2 merely causes an offset on the stability pockets. The green line
represents the stability boundary curve of anti-vibration tool 3. The overall stable depth of
cut has a considerable increase in the range of 900~1200 rpm. At the given spindle speed
of 1010 rpm point, the ultimate stable depth of cut increases by 94.9% from 3.9 mm to
7.6 mm compared with regular tool 1. Compared with variable tool 2, the ultimate stable
depth of cut increases by 33.3% from 5.7 mm to 7.6 mm. As can be also known from the
green line that with the decreasing of the spindle speed, the increase of stable axial cutting
depth is greater. Because the cutting speed decrease, the curvature of the vibration marks
on the machined surface will increase, and the wavelength of the vibration waves will
reduce. However, the interference area between the flank face and machined surface will
increase, the process damping effect is enhanced, so as the influence of the wear edge on
the machining stability is gradually increased. Similarly, it can be known from Figure 5b
that the milling stability also has an obvious improvement in the range of 850~1000 rpm
using anti-vibration tool 3 under laboratory conditions. Stability lobe diagrams prove the
accuracy and efficacy of the proposed design formula of variable pitch angles and better
chatter suppressing performance with the designed anti-vibration tool.
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6. Experimental Verification
6.1. Experimental Equipment

In this section, milling experiments are carried out to verify the efficiency of optimized
anti-vibration tools. As can be seen in Figure 5b, the milling experiments are conducted
on NINGQING VC-1060 (NingQing, Nanjing, China) vertical center under industrial
conditions. During the experiments, the time-domain acceleration signal is captured by
IEPE piezoelectric acceleration sensor (DH1A803E, Donghua Test, Taizhou, China) and
recorded by the dynamic signal analyzer (DH5922D, Donghua Test, Taizhou, China). The
sampling frequency is 10 KHz. Figure 6f,g shows the geometry and microstructure of the
optimized anti-vibration tools (tool 3). To use and improve the process damping effect
during the industrial and laboratory experiments, the anti-vibration tools (tool 3) with
variable pitch angles of 85◦-95◦-85◦-95◦ and 60 µm wear length on the flank face are used,
which can be seen in Figure 6g. The machined surface quality of the workpiece after
experiments is measured by an industrial CCD camera to confirm the stable cutting and
chatter cutting states.
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6.2. Industrial Validation

The material of the workpiece is the Ti-6Al-4V alloy with a sloped shape. The length of
the workpiece is 150 mm, the thickness is 35 mm, and the height of the slope is 10 mm. As a
comparison, the variable pitch tool (tool 2) with alternated pitch angles of 85◦-95◦-85◦-95◦,
as can be seen in Figure 6f, is selected for the experiments. With reference to the tool manual
and considering the factors such as tool life and surface quality in actual production, the
speed was selected as ns = 1010 rpm (vc = 38 m/min), radial depth of cut ae = 2 mm,
feed per tooth of fz = 0.06 mm/z, and axial depth cut ap = 0~10 mm for down milling.
Acceleration signals in the time domain are collected in the experiment, and the fast Fourier
transform (FFT) method is used to process the data. Since the chatter frequency usually
appears near the system’s natural frequency, the spectrum analysis is mainly concentrated
in 1000 Hz~3000 Hz.
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Figure 7a–c show the experimental stability lobe diagram, the acceleration signal in
the time domain and its FFT spectrum, and machined surface topography when variable
pitch tool (tool 2) is used in the experiments. It can be seen from Figure 7a that the predicted
ultimate stable depth of cut is 5.7 mm. While in the experiment, the onset of chatter occurs
at the axial depth of cut of 6.1 mm point. The difference between the experimental results
and the predicted value is 0.4 mm, which is acceptable. The reason for this difference
is that the dynamic characteristics of the tool will change after rotation. As can be seen
from Figure 7b, with the increase of axial depth of cut, the amplitude of acceleration signal
increases. When the signal is near 22 seconds, the acceleration spectrum becomes noisy
around 2200 Hz, and not only the spindle rotating frequency (recorded as ‘#’) but also the
chatter frequency (recorded as ‘I’) appears in the spectrum. The chatter frequency appears
near the natural frequency of the dynamic system, which means that the chatter starts at
22 s, corresponding to the axial cutting depth of 6.1 mm. Figure 7c shows the machined
surface topography, which can directly reflect the stability of the milling process. It can
be found that when the axial depth of cut reaches about 6.1 mm, surface quality begins to
deteriorate and obvious oblique chatter marks appear on the machined surfaces, which is a
typical sign of chatter. Besides, to quantitatively analyze the surface quality, the surface
roughness parameter Ra is measured. In the stable, critical, and severe chatter regions, the
values of Ra are 0.23 µm, 0.36 µm, and 0.55 µm, respectively. The occurrence of chatter
seriously affects the surface quality.

From the acceleration signal, FFT spectrum, and machined surface topography shown
in Figure 7e,f, it can be known that using the anti-vibration tool (tool 3), the onset of
chatter occurs at the axial depth of cut of 7.7 mm. Experimental results clearly show
that the simulation results are consistent with the experiments. Owing to the process
damping effect, the anti-vibration tool with 60 µm wear length on the flank face shows
better chatter suppressing performance and the ultimate stable axial depth of cut increase
by 26.2% compared with variable pitch tool (tool 2). It can be also found from Figure 7f
that when the anti-vibration tool is used for cutting, the chatter marks on the machined
surface are different from those shown in Figure 7c. There are obvious oblique chatter
marks at the top area of the workpiece. While in the middle and bottom areas, there are
mostly feed marks, accompanied by a few oblique marks. The surface roughness Ra of
the whole machined surface decreases compared with that of milled with tool 2. This kind
of chatter mark is a typical feature after cutting Ti-6Al-4V using the tools with wear edge
on flank face. In [20], the same chatter marks also appear on the machined surface of the
thin-walled Ti-6Al-4V workpiece using the tools with 90~120 µm wear edge on the flank
face. Industrial experiments clearly prove the accuracy and efficacy of the proposed tuning
method of variable pitch angles and better chatter suppressing performance of the designed
anti-vibration tool.

6.3. Laboratory Validation

To further verify the efficiency of designed anti-vibration tools, additional experiments
with various spindle speeds of 1000 rpm and 1500 rpm are conducted in the laboratory. The
material of the workpiece is the Ti-6Al-4V alloy, and the size is 50 mm × 40 mm × 35 mm.
It can be seen from Figure 8 that the experimental results are in accordance with the
predicted values and the results clearly show the increase of stable axial depth of cut
gained with the optimized anti-vibration tool. Another series of experiments are also
conducted with a high spindle speed of 1500 rpm. However, the anti-vibration tools
do not provide much improvement. This is because if the cutting speed increases, the
curvature of the vibration marks on the machined surface will decrease causing the decrease
of interference area between the flank face and machined surface. Thus, the process
damping effect is weakened, and the influence of the wear edge on the machining stability
is gradually reduced.
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7. Conclusions

Chatter is easy to occur in milling Ti-6Al-4V alloy, resulting in unsatisfactory surface
quality and reducing processing efficiency. To suppress chatter, this paper proposed an
anti-vibration milling tool with combined variable pitch and wear edges on the flank
face. Specifically, the variable pitch angles are optimized designed based on the measured
dynamic parameters of the tool system. The following conclusions can be drawn:

(1) The dynamic milling model of the proposed anti-vibration tool is built up and the
milling stability of the anti-vibration tool is analyzed based on the SD method. The for-
mula of ‘minimizing ∑N

j=1 sin ωcTj’ is presented for optimal designing of the variable
pitch angles based on the single frequency solution. Depending on the dynamic prop-
erties of the tool system, the ga method is used to obtain the global optimal solution.
Numerical results show the best tooth spacing distribution scheme is 85◦-95◦-85◦-95◦.
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(2) Stability diagrams and milling experiments are carried out to prove the effectiveness
of the optimized anti-vibration tool (with pitch angles of 85◦-95◦-85◦-95◦ and wear
edge of 60 µm on the flank face). Industrial experimental results have shown that
compared with common regular pitch tool and onefold variable pitch tool, the ultimate
process stability with 97.4% and 26.2% increase in axial depth of cut is found using
the optimized anti-vibration tool in milling of Ti-6Al-4V.
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