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Abstract: Micro-milling, widely employed across various fields, faces significant challenges due
to the small diameter and limited stiffness of its tools, making the process highly susceptible to
cutting chatter and premature tool breakage. Ensuring stable and safe cutting processes necessitates
the prediction of chatter by considering the tool breakage. Crucially, the modal parameters of
the spindle–holder–tool system are important prerequisites for such stability prediction. In this
paper, the frequency response functions (FRFs) of the micro-milling tool are calculated by direct
FRFs of the micro-milling cutter and cross FRFs between a point on the shank and one on the tool
tip. Additionally, by utilizing a cutting force model specific to micro-milling, the bending stress
experienced by the tool is computed, and the tool breakage curve is subsequently determined based
on the material’s permissible maximum allowable stress. The FRFs of the micro-milling tool, alongside
the tool breakage curve, are then integrated to generate the final stability lobe diagrams (SLDs). The
effectiveness and reliability of the proposed methodology are confirmed through a comprehensive
series of numerical and experimental validations.

Keywords: micro-tool FRFs; micro-milling cutting force; tool breakage curve; stability prediction

1. Introduction

With the increasing demand for miniaturization and precision in aerospace, bioengi-
neering, microelectronics, and defense, micro-milling has received widespread attention
due to its low machining cost and high efficiency [1]. Regenerative chatter is a vibration
phenomenon generated by the growing chip thickness due to the phase difference between
adjacent tool teeth [2]. Cutting chatter frequently leads to poor machining surface quality,
tool wear, and other issues; therefore, it should be minimized as much as possible in prac-
tical machining. Unlike conventional milling, where the diameter of the milling cutter is
typically larger, micro-milling cutters often have a diameter of less than 1 mm, making them
prone to weak stiffness, and consequently, common chatter in micro-milling. Additionally,
the weak stiffness characteristic of micro-milling also contributes to premature breakage of
micro-milling cutters.

In order to ensure efficient and high-quality machining, it is particularly important to
predict or suppress chatter during the cutting process. To accomplish this, two important
tasks need to be undertaken. The first task is to predict chatter stability, for which there are
two widely used methods. One is the analytical prediction model, known as the “zero-order
method”, which was proposed by Altintas and Budak [3,4] for predicting the SLDs of a
milling system. The other is the semi-discrete method, which was proposed by Insperger
and Stepan [5], based on delay differential equations to predict the SLDs of the system.
Another method is the semi-discrete method, aiming to predict the milling SLDs using
delay differential equations, as proposed by Insperger and Stepan [5]. Additionally, Hopf
stability [6–8] needs to be considered when there is a flexible dominant direction in the
milling system. The second task is to obtain the modal parameters of the tool, which are
important input parameters required by the procedure for calculating SLDs [9]. There are
also two typical methods for obtaining these parameters. One method involves applying
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excitation at the tool tip and measuring the corresponding response signal, known as
hammer impact testing. The other method is an analytical approach based on receptance
coupling substructure analysis (RCSA). The diameter of the micro-milling tool is small, and
the even smaller size of its tip makes achieving direct excitation challenging, even with
the smallest force hammers. Furthermore, due to the tiny size of the tool tip, conventional
contact measurement methods are ineffective, necessitating the use of non-contact mea-
surement methods to capture the response signal [10]. Jin and Altintas [11] obtained the
FRFs of a micro-milling tool by exciting a point on the toolbar and measuring responses
both at this position and at the tool tip. Although this method avoids the excitation of the
tip of the micro-milling tool, it requires the measurement of the response at the tip of the
micro-milling cutter, which is more equipment-dependent.

RCSA, which was first proposed by Schmitz [12], aims to predict the FRFs of tool tips
through a small number of experiments. In the first generation of the RCSA model [12],
the tool was modeled by a Euler beam model, and the tool axis system was divided into
a spindle–holder substructure and tool substructure, also known as a “two-component”
model. In addition, the rotationally related frequency response functions are assumed
to be zero. An important advancement in RCSA modeling was the computation of the
FRFs including rotation based on the finite difference method by Pork et al. [13]. Another
important advancement in the first generation of RCSA was the separation of the holder
from the spindle–holder structure for more general coupling calculations, also known
as a “three-component” model [14]. Then, Schmitz and Duncan [15] extended the three-
component model further. For two nested structures that are coaxial, e.g., the holder and the
part of the tool inserted into the holder, the connection is characterized using a multi-point
coupling model. Alternatively, Erturk et al. [16] derived an analytical computational model
of the FRFs of the tool tip. This model was based on the known internal configuration of
the spindle, including the precise locations of all bearings, and the dimensions of various
components such as the spindle, shank, tool, and connecting parts. They achieved this
by employing vibrational differential equations of the Timoshenko beam. All the above
studies were carried out for conventional milling. Lu et al. [17] and Wan et al. [10] applied
RCSA to a micro-milling system and successfully realized the prediction of FRFs of a
micro-milling tool.

Due to the small size of milling cutter tools (often with diameters of ≤1 mm), the issue
of stress concentration induced by internal defects becomes more pronounced, consequently
leading to early tool breakage. Zhou et al. [18] found that the stresses due to torsion in
micro-milling cutters are small, and the breakage of micro-milling cutters is mainly caused
by excessive bending stresses. Fang et al. [19] studied the tool breakage of a micro-milling
cutter based on the finite element method. The results of existing studies show that the
early fracture of the tool is due to the stress in the cutting process exceeding the ultimate
strength of the tool material itself. Lu et al. [20] further extended the stress modeling
to include not only the tool section but also the shank of the micro-cutter and the taper,
concluding that the maximum bending stresses experienced by the micro-milling cutter are
concentrated at the transition between the tool and the shank of the cutter.

In summary, the challenges of machining chatter and cutter breakage coexist in the
micro-milling process. However, existing studies have either solely focused on addressing
the issue of chatter in micro-milling or on mitigating the breakage of micro-milling cutters.
The former primarily ensures the stability of the micro-milling process, while the latter
primarily emphasizes the safety aspect. In this work, both the breakage and chatter issues of
micro-milling cutters are addressed to ensure both stability and safety in the micro-milling
process. Stability prediction primarily concerns the acquisition of modal parameters of
the micro-milling cutter. However, the breakage of the micro-milling cutter often results
from excessive bending moments [18–21]. Therefore, it is necessary to establish a cutting
force model for micro-milling. It is important to note that the cutting force model for micro-
milling is different from conventional milling. The obvious cutting edge radius of a micro-
milling cutter leads to size effects, which cannot be ignored in micro-milling. Meanwhile,
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the cutting edge radius affects the minimum undeformed chip thickness [22,23], which
starts from the separation point that is defined to distinguish the shearing and ploughing
effects. In this paper, the cutting force model is taken from the authors’ previous work [24],
which considers the influence of the separation point.

This paper aims to investigate the chatter stability of the micro-milling process while
considering early tool fracture. The whole paper consists of four parts. The first part
primarily summarizes the acquisition of modal parameters of micro-milling cutters and
the current status of tool breakage. The second part theoretically focuses on describing the
method for obtaining the FRFs of the micro-milling cutter and calculating tool fracture. The
third part experimentally validates the proposed method. The research conclusions are
summarized in the fourth part.

2. Methodology
2.1. Methods for Obtaining FRFs of Micro-Milling Cutters

The FRFs of micro-milling cutters are difficult to measure directly by experiment, and
this paper briefs a method to obtain the FRFs of micro-milling cutters based on RCSA and
the Timoshenko beam model. Figure 1 shows a two-dimensional model of a micro-milling
spindle–holder–tool system. The excitation and response at the tool tip can be represented
as follows in the frequency domain:{

Yx(ω)
Yy(ω)

}
=

{
Gxx(ω) Gxy(ω)
Gyx(ω) Gyy(ω)

}{
Fx(ω)
Fy(ω)

}
(1)

where Fx(ω) is the excitation in the x direction. Yx(ω) is the response in the x direction.
Fy(ω) and Yy(ω) correspond to the excitation and response in the y direction. When the
applied excitation is in the j direction (b = x or y), and the measured response is in the i
direction (a = x or y), the resulting FRFs can be expressed as Gij(ω). Gxy(ω) and Gyx(ω)
are two cross-FRFs, which are generally considered to be 0, since the x and y directions
are perpendicular to each other [25]. Gxx(ω) and Gyy(ω) are two direct FRFs of the micro-
milling system in the x and y directions, respectively, which are approximately equal.
Therefore, it is only necessary to calculate the direct FRFs in the x or y direction. This paper
takes the procedure for obtaining Gxx(ω) as an example to illustrate the methodology. It is
worth noting that any element from Equation (1) is a 2 × 2 full-degree-of-freedom (DoF)
FRF matrix. Four elements are contained in any matrix in Equation (1) and can be expressed
as follows [16]: [

Gpq
]
=

[
Hpq Lpq
Npq Ppq

]
(2)

where Hpq is the FRFs of translation/force. Lpq is the FRFs of translation/moment. Npq is
the FRFs of angular/force. Ppq is the FRFs of angular/moment. p = x or y and q = x or y are
response and excitation, respectively. Among them, Hpq is often used to predict stability.

The micro-milling spindle–holder–tool system is divided into the spindle substructure,
holder substructure, and micro-milling tool substructure, as shown in Figure 2. The FRFs
of the micro-milling cutter in the x direction can be expressed as follows:

Hx
22 =

Yx
2(ω)

Fx
2(ω)

(3)

where Hx
22 is the FRFs of the micro-milling system in the x direction with excitation and

response at point 1 in Figure 2. Fx
2 and Yx

2 are the excitation and response at point 2 in the x
direction. However, the tip size of the micro-milling cutter is so small that it is difficult to
apply pulsed excitation even with the smallest-size force hammers available. In addition,
shaker excitation has the potential to cause failure of the tool tip. Therefore, excitation of
the microtome tip should be avoided.
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Figure 1. A milling system with two degrees of freedom.
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Figure 2. Micro−milling spindle–holder–tool structure.

Fortunately, the FRFs of a micro-milling cutter can be realized with the help of the
direct FRFs at a point on the shank and the cross-FRFs between this point and the tool tip.
The direct FRFs of point 1 in Figure 2 can be expressed as follows:

Hx
11 =

Yx
1(ω)

Fx
1(ω)

(4)

where Hx
11 is the FRFs in the x direction with excitation and response at point 1 in Figure 2.

Fx
1 and Yx

1 are the excitation and response at point 1 in the x direction. The cross-FRFs of
points 2 and 1 in Figure 2 can be expressed as follows:

Hx
12 =

Yx
1(ω)

Fx
2(ω)

=
Yx

2(ω)

Fx
1(ω)

(5)

where Hx
12 is the FRFs of the micro-milling system in the x direction with excitation at point

2 and response at point 1 in Figure 2. Fx
2 is the excitation at point 2 and Yx

1 is the response
at point 1 in the x direction. Substituting Equations (4) and (5) into Equation (3) will give a
new expression for the FRFs of the tool tip [11].

Hx
22 =

Yx
2(ω)

Fx
2(ω)

=
Yx

2(ω)

Fx
1(ω)

· Fx
1(ω)

Xx
1(ω)

· Yx
2(ω)

Fx
1(ω)

=
(Yx

2(ω)/Fx
1(ω))2

Yx
1(ω)/Fx

1(ω)
=

Hx
21

2

Hx
11

(6)
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Here, Hx
22 is the Hpq in Equation (3), which is the FRFs of the micro-milling system. It

is worth noting that in previous studies [26–28], it was mentioned that when the value of
this is close to 0 in the frequency band of interest, it causes errors in the calculation results.
Fortunately, this is not the case in any of the frequency band ranges of interest in this paper,
which guarantees the accuracy of the computed results.

Hx
22 = Hxx (7)

2.2. Method for Predicting Tool Breakage

Micro-milling tool breakage is often caused by concentration bending stress, as re-
ported in existing studies. The first step in predicting tool breakage is to build a cutting
force model of the micro-milling process. Second, the maximum bending stress is calculated
based on the cutting force model. Third, the tool breakage curve is confirmed according
to the maximum bending stress of the tool during the cutting process and ultimate bend-
ing tensile stress of the material of the micro-milling tool. Lastly, SLDs can be predicted
considering tool breakage.

2.2.1. Micro-Milling Force Model

According to Wan et al. [29], there is a region near the micro-milling tool tip where
workpiece materials hardly flow during the micro-milling cutting process called the “metal
dead zone (MDZ)”, as shown in Figure 3.

Workpiece

Cutter

 Dead metal zone

s1
s2

s3

hsh
h1=hp

Workpiece

Cutter

hp

a shearing and ploughing effects b only ploughing effect

Figure 3. Illustration of the micro-milling process. (a) Both shearing and ploughing effects. (b) Only
ploughing effect.

The MDZ is a sub-triangular region, and the vertex S1 of the MDZ is the separation
point between the ploughing and shearing effects during the micro-milling process. When
the uncut chip thickness is greater than h1 in Figure 3a, ploughing and shearing effects both
occur. Conversely, only ploughing occurs, as shown in Figure 3b. Accordingly, the cutting
force model of micro-milling can be expressed as follows [24]:

• If h > h1

Ft = Ftp + Fts = Ktpaph
ptp
1 r

qtp
e + Ktsaphpts

s rqts
e

Fr = Frp + Frs = Krpaph
prp
1 r

qrp
e + Krsaphprs

s rqrs
e

(8)

• If h ≤ h1

Ft = Ftp = Ktpaph
ptp
p r

qtp
e

Fr = Frp = Krpaph
prp
p r

qrp
e

(9)

where Ft and Fr are the cutting forces in the tangential and radial directions. Ktp and Krp are
the ploughing force coefficients in the tangential and radial directions. Kts and Krs are the
shearing force coefficients in the tangential and radial directions. re is the tool edge radius.
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hp is the ploughing thickness. h1 is the maximum ploughing thickness. hs is the shear
thickness. h is the uncut chip thickness. ptp, qtp, pts, qts, prp, qrp, prs, and qrs are constants.
ap is the axial depth of cut.

2.2.2. Calculation of the Maximum Bending Stress

According to Lu et al. [20], the maximum bending stress of a micro-milling cutter
occurs at the location of transition between the tool and taper of the micro-milling cutter.
In this paper, the maximum bending stress is calculated by simplifying the distributed load
on the micro-milling cutter to a concentrated load, which is positioned at a distance of ap/2
from the tip of the cutter, as illustrated in Figure 4.

  

 Tool breakage 

      position

zap

Distributed 

load
 Concentrated 

        load
 ap 

2

Taper

Tool

Figure 4. Illustration of calculation of maximum bending stress.

Considering the tool part of the micro-milling cutter as a cantilever beam, the maxi-
mum bending stress of the micro-milling cutter can be expressed as follows:

σmax =
Mmax

W
=

Mmax

π(d1
3)/32

(10)

Mmax = Fmax(z −
ap

2
) (11)

Fmax =
√

Fmax
x + Fmax

y (12)

Fx = −Ftcosϕ − Frsinϕ (13)

Fy = Ftsinϕ − Frcosϕ (14)

where σmax and Mmax are the maximum bending stress and bending moment of the micro-
milling tool with feed per tooth of fz and axial depth of cut of ap. d1 is the diameter of
the micro-milling tool. z is the axial length of the tool, as defined in Figure 4. ϕ is the
instantaneous immersion angle of the current tooth. Fmax is the maximum total cutting
force. Fmax

x and Fmax
y are the maximum cutting forces in the x and y directions, respectively.

2.2.3. Prediction of Stability Considering Tool Breakage

Actually, the maximum bending stress, denoted as σmax, refers to the maximum
bending stress induced by the cutting parameters and can be expressed as σmax (fz,ap). The
ultimate bending stress of the tool material is [σ]. With reference to Lu et al. [20], if the
maximum bending stress of the tool exceeds 80% of the ultimate bending stress, the tool is
considered to be at risk of breakage. At the same time, comparing this cutting parameter
with the ultimate stable axial depth of cut alim, the following four situations will exist.

• case1
If σmax (fz,ap) < 0.8[σ] ∧ ap < alim

para (fz,ap) ∈ parasaf
sta (fz,ap)

• case2
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If σmax (fz,ap) ≥ 0.8[σ] ∧ ap < alim

para (fz,ap) ∈ parabre
sta (fz,ap)

• case3
If σmax (fz,ap) < 0.8[σ] ∧ ap ≥ alim

para (fz,ap) ∈ parasaf
cha (fz,ap)

• case4
If σmax (fz,ap) ≥ 0.8[σ] ∧ ap ≥ alim

para (fz,ap) ∈ paracha
bra (fz,ap)

where ‘para (fz,ap)’ represents the cutting parameters for micro-milling with the feed per
tooth of fz and the axial depth of cut of ap. ‘parasaf

sta (fz,ap)’ indicates that the cutting state
is stable and safe for this group of cutting parameters. It means that neither chatter nor
tool breakage occurs during the micro-milling process. Similarly, ‘parabre

sta (fz,ap)’ indicates
that the cutting process is stable but tool breakage occurs. ‘parasaf

cha (fz,ap)’ indicates that
the cutting process is safe but cutting chatter occurs. ‘parabre

cha (fz,ap)’ indicates that both
chatter and tool breakage occur. The set in case 1 is the stability prediction considering
tool breakage.

3. Experimental Validation
3.1. Verification of FRFs of Micro-Milling Tool

Validation experiments of tool tip FRFs are carried out using a two-fluted micro-milling
cutter with a length of 50 mm. The diameters of the shank and tool of the micro-milling
cutter are 4 mm and 1 mm, respectively. A commercial LDV (POLYTEC V100) and a force
hammer are used to carry out a hammer impact test, as shown in Figure 5. Both excitation
and response signals are collected by LMS Test Lab. The LDV is typically positioned on a
tripod, which must be leveled to mount the LDV. Subsequently, the LDV is aimed at the
object to be measured, and the laser spot is adjusted to be as small as possible based on the
distance. Finally, the position of the LDV is fine-tuned to ensure that the signal received by
the LDV is strong enough.

LMS

LDV

Force
Hammer

ba

c

Computer

Micro 
milling tool

point 2
point 1

Figure 5. Experimental equipment. (a) Equipment for excitation. (b) Equipment for measuring
response. (c) Equipment for measuring excitation and response signals.

The micro-milling tool is clamped with a length of 35 mm on a 5-axis CNC machine.
The geometric parameters of the cutter in Figure 2 are shown in Table 1. The excitation
point is point 1 and the response points are points 1 and 2. To ensure result accuracy, each
hammer impact test is repeated 15 times, and the final FRFs are determined by averaging
these measurements. The direct FRFs of point 1 and cross-FRFs between points 1 and 2
are shown in Figure 6. The FRFs of the micro-tool clamped with a length of 35 mm can be
calculated by Equation (6), and the result is illustrated in Figure 7. The proposed method
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needs to measure the response at the tip of the micro-milling cutter, which is susceptible
to interference. Therefore, hammer impact tests may show poor coherence. In this case, a
deliberately small excitation force should be used. The excitation generated by this force
will only induce vibration in the tool itself, without generating additional signals, ensuring
good coherence in the experiments. At the same time, the sensitivity of the excitation
and response needs to be adjusted so that smaller physical quantities can be measured.
Similarly, tool tip FRFs of a micro-milling tool with a clamped length of 25 mm can be
obtained by the same experimental methods, and the results are shown in Figure 8.

Table 1. Geometric parameters of micro-milling cutter.

Ls (mm) Lt (mm) L1 (mm) ds (mm) d1 (mm)

39 5 6 4 1

H11 and H21 when micro tool clamped 35mm

0 5 10 15
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Frequency ( ×103  Hz)

M
a
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it
u

d
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 (
 ×

1
0

-5
  
m

/N
)

H11 H21

Figure 6. FRFs of tool tip with clamped length of 35 mm.
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Figure 7. FRFs of tool tip with clamped length of 35 mm. (a) Magnitude. (b) Real part. (c) Imaginary part.
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Figure 8. FRFs of tool tip with clamped length of 25 mm. (a) Magnitude. (b) Real part. (c) Imaginary part.

Referring to Figures 7 and 8, it is found that as the tool clamped length is shortened,
the natural frequency is increased substantially, thus leading to an increase in the cutting
stability domain. Subsequently, based on the least-squares fitting technique, the modal
parameters corresponding to the tool clamped lengths of 35 mm and 25 mm are calculated
and are shown in Table 2. It is worth noting that modal parameters are the important inputs
for predicting SLDs.

Table 2. Modal parameters of micro-milling tool.

Clamped
Length (mm) Order Natural

Frequency (Hz)
Modal Mass

(kg)
Damping Ratio

(%)

35 1 3938.24 0.00131 2.36
35 2 4353.71 0.00098 1.24
25 1 9728.60 0.00021 1.48

3.2. Verification of Tool Breakage
3.2.1. Determination of Ultimate Bending Stress

Experiments on ultimate bending stress are carried out using three cutters with a
diameter of 0.5 mm. The length of the tool part of these cutters is 6 mm. A Kistler 9119AA2
is used to measure the breaking forces applied at the tool tip. The tool part of the micro-
milling cutter is modeled as a cantilever beam and the breaking force of the cutter is used
to calculate the ultimate bending stress.

Two of these three cutters are used for static tests and the other one for dynamic
tests. The procedure is as follows. The z-coordinate of the surface of the workpiece is
defined as 0, and the coordinate of the tip of the first cutter with a clamped length of 35 mm
is set to −0.05 mm. Subsequently, the machine feeds in the x-direction with a feed per
tooth of 0.001 mm until the tool breaks, with the forces on the workpiece being measured
simultaneously. The above steps are repeated to measure the broken force of the second



J. Manuf. Mater. Process. 2024, 8, 122 10 of 16

cutter without the loss of generality. To ensure the accuracy of results, cutting experiments
are carried out with a feed per tooth of 0.05 mm and an axial depth of cut of 0.3 mm.
The tool breakage force is still measured. Ultimately, the measured tool breakage forces
corresponding to the three tools are 7.8 N, 7.6 N, and 7.2 N, respectively. The proximity of
the three sets of experimental results illustrates the reliability of the experimental results.
Substituting the dynamic breaking force into Equation (10), the ultimate bending stress of
the tool material is 3.3369 × 109 Pa.

3.2.2. SLDs Considering Tool Breakage

The cutting force coefficients and constants involved in the micro-milling force model,
i.e., Equations (8) and (9), are determined by using the method reported by Wen et al. [24],
and the calibrated results are listed in Tables 3 and 4.

Table 3. Cutting force coefficients and constants of ploughing effect.

Workpiece Material Ktp ptp qtp Krp prp qrp

Al 7050-T7451 1182 0.8532 0.01174 1584 0.6071 0.2832

Table 4. Cutting force coefficients and constants of ploughing effect.

Workpiece Material Kts pts qts Krs prs qrs

Al 7050-T7451 851.3 0.6382 0.1023 402 0.9781 −0.08319

The length of the tool part of the micro-milling cutter is 6 mm. The diameter of the tool
is 1 mm. The ultimate bending stress of the micro-tool is 3.3369 × 109 Pa. By substituting
these data as well as the cutting force coefficients and constants into Equations (8)–(14), the
maximum bending stress at the corresponding cutting parameters can be calculated. When
the bending stress during cutting reaches 80% of the ultimate bending stress, the tool is
considered to be at risk of breakage.

The maximum bending stress of a 1 mm diameter micro-milling cutter with different
cutting parameters, i.e., feed per tooth and axial depth of cut, can be obtained and is shown
in Figure 9. The horizontal axis of Figure 9 is the feed per tooth, while the vertical axis is the
axial depth of cut. The cloud shown in Figure 9 indicates the maximum bending stress of
the tool at the corresponding cutting parameter couple. The value of the maximum bending
stress can be determined according to the color scale on the right-hand side of Figure 9. In
order to give a better indication of the critical cutting parameter that leads to tool breakage,
when the maximum bending stress exceeds the ultimate bending stress of the tool material,
the maximum bending stress is replaced with the ultimate bending stress. Therefore, the
bending stress in the upper right region of Figure 9 is uniform yellow, and the color remains
unchanged. This yellow region corresponds to all the cutting parameters for which tool
breakage will occur. The cutting parameters corresponding to the yellow areas in Figure 9
will cause tool breakage. The relationship between the critical axial depth of cut, at which
breakage just occurs, and the feed per tooth, illustrates the tool breakage curve for the
cutter, as shown in Figure 10. The region below this line is the cutting safety area, while the
region above this line is the dangerous region where breakage will occur. This curve can
be combined with the predicted SLDs to judge the state of the cutting process. According
to the modal parameters given in Table 2, the SLDs of micro-milling are predicted based
on the semi-discrete method. It should be noted that when the tool overhang length is
35 mm, the first- and second-order modes of the tool are very close to each other, and
the lowest envelope of the two modes is taken as the final SLDs. Combined with the tool
breakage curve, the stability predictions considering tool breakage can be obtained, and
results corresponding to the two micro-milling cutters with clamped lengths of 35 mm and
25 mm are shown in Figures 11 and 12, respectively.
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Figure 10. Breakage curve of micro−milling cutter.

In this paper, the following four regions are defined. The region above the SLDs is
defined as the chatter region, while the region below it is defined as the stable region.
Similarly, the region above the tool breakage curve is defined as the unsafe region, while
the region below tool breakage curve is defined as the safe region. According to these
definitions, it can be found that after considering tool breakage, the SLDs, which originally
only involve stable and chatter regions, are divided into four regions, i.e., stable and safe
region, chatter and safe region, stable and unsafe region, and chatter and unsafe region, as
delineated in Figures 11 and 12. In practical cutting situations, unsafe cutting conditions and
chatter must be avoided. The ideal situation is the one shown in Figures 11a–c and 12a–c,
where all stabilized cutting parameters guarantee safe cutting. The most important case
to note is the occurrence of tool breakage in the stable region, which is the blue area in
Figures 11d and 12d. The stable cutting region will be split into safe and unsafe regions.
The cutting parameters in the unsafe region cannot be used for actual machining, and thus,
the occurrence of this situation can also be regarded as a reduction in the stable region.
Since the parameters that enable tool breakage in the paper all occur at a spindle speed
of 60,000 rpm, the accuracy of the methodology of this paper is demonstrated by using a
simulation to simulate tool breakage due to limited experimental conditions. It is worth
stating that the tool material and workpiece material will affect the final distribution of the
above four regions, and the machining parameters can be selected according to the actual
situation.



J. Manuf. Mater. Process. 2024, 8, 122 12 of 16

a b

c d

2.5 2.6 2.7 2.8 2.9 3
Spindle speed (rpm)

0

0.1

0.2

0.3

0.4

0.5

A
x
ia

l 
d

e
p

th
 o

f 
c
u

t 
(m

m
)

2.5 2.6 2.7 2.8 2.9 3
Spindle speed (rpm)

0

0.1

0.2

0.3

0.4

0.5

A
x
ia

l 
d

e
p

th
 o

f 
c
u

t 
(m

m
)            Breakage curve 

(f=60 um/tooth, ap=450 um)

            Breakage curve 
(f=120 um/tooth, ap=280 um)

5.5 5.6 5.7 5.8 5.9 6
Spindle speed (rpm)

0

0.1

0.2

0.3

0.4

0.5

A
x
ia

l 
d

e
p

th
 o

f 
c
u

t 
(m

m
)

            Breakage curve 
(f=60 um/tooth, ap=450 um)

5.5 5.6 5.7 5.8 5.9 6
Spindle speed (rpm)

0

0.1

0.2

0.3

0.4

0.5

A
x
ia

l 
d

e
p

th
 o

f 
c
u

t 
(m

m
)

            Breakage curve 
(f=60 um/tooth, ap=280 um)

Stable and safe region Stable and unsafe region Chatter and safe region Chatter and unsafe region

Figure 11. SLDs considering tool breakage with clamped length of 35 mm. (a) SLDs considering
tool breakage when feed per tooth is 60 µm and the spindle speed is from 25,000 to 30,000 rpm.
(b) SLDs considering tool breakage when feed per tooth is 120 µm and the spindle speed is from
25,000 to 30,000 rpm. (c) SLDs considering tool breakage when feed per tooth is 60 µm and the
spindle speed is from 55,000 to 60,000 rpm. (d) SLDs considering tool breakage when feed per tooth
is 120 µm and the spindle speed is from 55,000 to 60,000 rpm.

Figure 12a is obtained to verify the proposed model by existing experimental means.
On the one hand, the accuracy of the SLDs is verified. When the spindle speed is 25,500 rpm
and the axial depths of cut are 50 and 150 µm, the acceleration signals of the workpiece as
well as the power spectrum signals after filtering by the variable forgetting factor recursive
least-squares (VFF-RLS) algorithm are given in Figure 13. The chatter identification method
used in this paper is taken from the method proposed by Wan et al. [30]. The method takes
into account the effect of environmental noise. If the cutting is stable, there is almost nothing
in the filtered signal for stable cuts. If the cutting is chatter, the chatter components of the
signal are retained after filtering. Similar to Wan et al. [30], in this paper, accelerometers are
also positioned on the side of the workpiece. The acceleration signals from the vibration of
the workpiece are utilized to determine whether or not chatter occurs during the cutting
process. From Figure 13, it can be seen that when the axial depth of cut is 50 µm, the
magnitude of the filtered signal almost equals 0, while when the axial depth of cut is
150 µm, the corresponding chatter signal with a higher magnitude appears after filtering.
This indicates that the cutting state is stable when the depth of cut is 50 µm, while chatter
occurs when the depth of cut is 150 µm. Importantly, Figure 12a also shows that tool
breakage occurs when the feed per tooth is 60 µm and the axial depth of cut is 400 µm. The
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observation is basically close to the prediction. Figure 14a shows the workpiece used in
the experiment, with the red arrow indicating the feed direction. The workpiece’s length
along this direction is 5.5 mm. At a spindle speed of 25,500 rpm and a feed of 60 µm, the
time required to machine the workpiece is 1.08 s. However, as shown in Figure 15, the force
signal at the moment of breakage shows a sudden drop to zero at 0.33 s, indicating tool
breakage. The image of the broken cutter is shown in Figure 14b.

In summary, the proposed method is verified experimentally.
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Figure 12. SLDs considering tool breakage with clamped length of 25 mm. (a) SLDs considering
tool breakage when feed per tooth is 60 µm and the spindle speed is from 25,000 to 30,000 rpm.
(b) SLDs considering tool breakage when feed per tooth is 120 µm and the spindle speed is from
25,000 to 30,000 rpm. (c) SLDs considering tool breakage when feed per tooth is 60 µm and the
spindle speed is from 55,000 to 60,000 rpm. (d) SLDs considering tool breakage when feed per tooth
is 120 µm and the spindle speed is from 55,000 to 60,000 rpm.



J. Manuf. Mater. Process. 2024, 8, 122 14 of 16

0 0.2 0.4 0.6 0.8 1

Time (s)

-0.2

0

0.2

9 9.2 9.4 9.6 9.8 10
0

1

2

3

4

5

P
o
w

e
r/

fr
e
q
u
e
n
c
y
(W

/H
z
)

a

0

1

2

3

4

5

P
o
w

e
r/

fr
e
q
u
e
n
c
y
(W

/H
z
)

3×Frequency ( 10  Hz)

9 9.2 9.4 9.6 9.8 10
3×Frequency ( 10  Hz)

CF
9592.94Hz

CF
9200.8Hz

0 0.2 0.4 0.6 0.8 1

Time (s)

-0.4

0

0.4

b

A
c
c
e
le

ra
ti
o
n
 (g

)
A

c
c
e
le

ra
ti
o
n
 (g

)

Figure 13. Acceleration signals and power spectrum filtered by VFF−RLS algorithm when the spindle
speed is 25,500 rpm and the axial depths of cut are (a) 50 and (b) 150 µm.
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Figure 14. Workpiece and micro-milling cutter used in experiments. (a) Workpiece. (b) Breaking cutter.
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Figure 15. Cutting force signals when axial depth of cut is 400 µm and feed per tooth is 60 µm.

4. Conclusions

• First, although the natural frequency of a micro-milling cutter increases rapidly with a
decrease in tool overhang length, there is a large decrease in its modal mass. When the
clamped length is shortened from 35 mm to 25 mm for the used tool, the first-order
natural frequency increases by about 2.47 times, while the corresponding damping
deceases to 0.16 times of the original value.

• Second, the breakage curve of a micro-milling cutter depends on the materials of both
the workpiece and the tool. When the ratio of the axial depth of cut to tool length is
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large, the maximum bending stress of the tool can be approximately calculated based
on a concentrated force.

• Third, after considering tool breakage, the original stable and chatter domains of SLDs
are changed to four regions, i.e., stable and safe region, chatter and safe region, stable
and unsafe region, and chatter and unsafe region. This implies that when planning
machining processes, the stable and unsafe region needs to be removed from the stable
area of SLDs in order to ensure both safe and stable micro-milling.
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