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Abstract

This paper studies the dynamic sensitivity-based tool condition monitoring and finds the factors that affect tool wear under
operation. First, the dynamic sensitivity of the method is discussed in the article. This discussion is divided into three parts: (i) The
hammer test on the computer numerically controlled (CNC) lathe is carried out to study the sensitive components and sensitive
directions of low-frequency modes in the static state. (ii) The modal parameters of tools are identified by using the method of
operational modal analysis (OMA) in the cutting process. The sensitivities of the operational modes and different directions are
analyzed, with a description of the variation of the tool-workpiece system. (iii) Sensitive directions and dominant modes that
affect tool wear are obtained by comparing and analyzing the dynamic sensitivity under static and operational states.
Furthermore, the results of tool condition monitoring experiments are analyzed and discussed. The characteristics of the tool
wear state are obtained based on dynamic sensitivity under different cutting parameters. Additionally, machining applications
based on dynamic sensitivity are discussed in three aspects: tool wear rate, process design optimization, and cutting depth
optimization. Finally, the results show that the method can be used to characterize the wear state of the tool. A reliable method

of tool state monitoring that is independent of the cutting speed has been found.

Keywords Operational modal analysis - Dynamic sensitivity - Tool wear - Process optimization

1 Introduction

Tool condition monitoring is very important for process auto-
mation because the excessive wear of the tool can cause dis-
tortion of the machining dimension, sometimes increasing the
scrap rate and the production cost [1]. Tool condition moni-
toring is very important for reducing the tool wear rate, work-
piece surface quality control, and process optimization. At
present, tool wear monitoring methods are divided into two
basic methods: the direct monitoring method and the indirect
monitoring method. Most of the monitoring methods are in-
direct [2-7].

The direct monitoring method such as the analysis of tool
states by obtaining visual or optical signals is difficult to use in
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actual processing because the tool and workpiece are always
in contact in the actual process, and sometimes a chip will be
attached to the cutting edge. Moreover, the cutting fluid takes
away a large amount of heat produced by cutting to improve
the cutting process conditions. Thus, the direct method is more
difficult to apply [8].

Most monitoring signals used in the indirect monitoring
method are acoustic emission (AE), cutting force, and vibra-
tion acceleration signal. AE is dependent on the structure of
the cutting material rather than the cutting tool. The AE signal
is used to obtain higher frequency bands due to material plas-
tic deformation. The most serious limitation of AE methods is
the analytical technique, not the sensing technique [9]. The
correlation between cutting force and tool wear has been
widely recognized [10]. However, it is difficult to monitor
the tool status with the cutting force signal in the actual ma-
chining condition. For example, the volume of a dynamome-
ter is relatively large, which will cause great problems for
actual processing. The machining vibration is caused by the
periodic change of the cutting force dynamic component.
Vibration takes place on the tool in the cutting process [11].
Vibration signals have some advantages such as robustness,
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Fig. 1 Experimental setup

reliability, and fast response, which are important for real-time
online monitoring. Furthermore, the accelerometer is easily
installed and does not affect the cutting process.

Vibration signals are used to monitor tool status in many
research studies. Four kinds of signal are characteristic of tool
wear: the natural frequency amplitude, the high-frequency
band amplitude, the tooth frequency, and the frequency band
energy.

Lim GH [12] found that there is a strong correlation be-
tween tool wear and the amplitude of the frequency of the tool
bar. When the vibration amplitude reaches the second peak,
the tool is rapidly reaching its wear limit. Dimla Sr DE et al.
[1] analyzed the correlation between tool dominant frequency
amplitude and tool wear. Aghdam BH et al. [13] analyzed the
correlation between the main modal change of the tool bar and
tool wear.

Chelladurai H et al. [14] analyzed the correlation be-
tween tool high-frequency band amplitude and tool wear.
Gonzalez LA etal. [15], Rao KVetal. [16], and Babu GP et
al. [17] analyzed the correlation between the maximum am-
plitude in the high-frequency band and the tool wear, and
the frequency shift occurred at the severe stage of tool wear.
Bhuiyan MSH et al. [18] analyzed the correlation between
tool height root mean square (RMS) amplitude and tool
wear.

Table 1 Experimental system parameters

Orhan S et al. [19] analyzed the correlation between the
first three orders of harmonic amplitudes and the tool wear.
Kalvoda T et al. [20] analyzed the correlation between PSD
energy change of tool tooth frequency and tool wear. Sevilla
CPY et al. [21] found that the dominant frequency will be
derived between the tooth frequency and the first harmonic
frequency when the tool wear reaches the failure point.

Stavropoulos P et al. [22] studied the correlation between
the average energy of the high-frequency band and the tool
wear in the vibration of the workpiece. Rmili W et al. [23]
studied the normalized average energy of the high-frequency
band and tool wear in the vibration of the tool bare terminal
end.

The existing research progress is illustrated from three as-
pects: frequency domain analysis method, analysis frequency,
and arrangement of measurement points. For frequency do-
main analysis, spectrum analysis is usually carried out direct-
ly. For the analysis frequency, the natural frequency of the tool
bar is usually studied in the high-frequency areas, and the
value of the root mean square or the maximum amplitude is
usually selected. The frequency and harmonic frequency of
the tool or spindle are generally studied in the low-frequency
areas. The measuring points are usually arranged on the tool,
the spindle or the workpiece in the milling process. The re-
search of tool condition monitoring aims to find a tool wear
identification method that is independent of cutting
parameters.

Dimla Sr DE et al. [1] found that the tool life can be iden-
tified by the tool nose wear, which is better than the side tool.
Therefore, this paper focuses on the correlation between tool
wear and the vibration signal of turning tools. In the cutting
process, the change of tool and workpiece system will lead to
the change of the low-frequency operation mode of the NC
machine tool structure. The low-frequency operational mode
of the NC machine tool will change with the position of the
tool and the workpiece system during the cutting process. In
this paper, the tool nose wear will be studied based on the
OMA in the NC turning process.

The dynamic change of cutting tool and workpiece sys-
tem is studied based on OMA. Second, the PSD signal of
vibrational response is processed by the Op.PolyMax algo-
rithm. The operational modes of NC machine tools can be

Components

Parameters

Machine tools

Data collection system
Data analysis software
Cutting tool

Workpiece

Vibration response sensors

CNC lathe K60 with the CNC system of HNC-818A

LMS vibration signal data acquisition (model: SCMO05)
LMS Vibration signal data processing (model: Test. Lab 10)
Mitsubishi turning tool (model: PTGNR2525M16)

45 steel, 40 Cr

Model: PCB-356A15
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Fig. 2 Experimental setup. a Accelerometer mounting. b Hammer setup

identified more accurately. The operating modes of differ-
ent parts are analyzed in the low-frequency range, and the
sensitivity of the tool workpiece system is analyzed in dif-
ferent directions, which are defined as a dynamic sensitivity
method.

Tool condition is monitored by the dynamic sensitivity
method in this paper, and the correlation between the opera-
tional modes and the tool wear is analyzed. In addition, three
processing applications are mentioned: tool wear rate, process
design optimization, and cutting depth optimization. This pa-
per is organized as follows: Section 2 discusses the dynamic
sensitivity of the method. This part is divided into three parts
as follows. (i) The hammer test on the CNC lathe is carried out
to study the sensitive components and sensitive directions of
low-frequency modes in static state. (i) The modal parameters

of tools are identified by using the method of OMA in the
cutting process. The sensitivities of the operational modes
and different directions are analyzed, describing the variation
of'the tool-workpiece system, and (iii) sensitive directions and
dominant modes that affect tool wear are obtained by compar-
ing and analyzing the dynamic sensitivity under static and
operational states. Section 3 presents the results of tool condi-
tion monitoring experiments that are analyzed and discussed.
The characteristics of tool wear state are obtained based on
dynamic sensitivity under different cutting parameters.
Section 4 presents the machining applications based on dy-
namic sensitivity discussed in three aspects: tool wear rate,
process design optimization, and cutting depth optimization.
The work is summarized, and future work is presented in the
conclusions.
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Fig. 3 Mode stabilization diagram using Op. PolyMAX
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Fig. 4 FRF of the measuring points with impact in the z-direction of the x-table

2 Dynamic sensitivity methods
2.1 Experimental setup

Figure 1 presents an experimental system for hammering and
cutting.

Table2 Modes and sensitivity in 0—120 Hz frequency band of the CNC
lathe

Modes Natural Damping Sensitive Sensitive
frequency ratio (%) direction components
(Hz)

Ist 19.045 1.49 X Spindle

2nd 30.769 1.14 z Spindle

3rd 36.218 0.99 z Spindle

4th 77.391 1.85 - -

Sth 85.550 3.85 X Tool

6th 89.579 0.39 X Tool

7th 105.149 0.41 X Spindle

@ Springer

The details of the experimental system are shown in
Table 1, below.

Figure 2a presents the cutting process system and the sen-
sor points arrangement. The details are as follows: Point 1 is
on the cutter bar, point 2 is on the X-worktable, point 3 is on
the Z-worktable, point 4 is on the lower rail, and point 5 is on
the spindle.

2.2 Dynamic sensitivity analysis under static state
2.2.1 Hammer setup and modal calculation method

The sensitivity of the low-frequency modes is analyzed in the
static hammering experiments. Direction of excitation: tool z-
direction, x-workbench z-direction, z-workbench x-, y- and z-
direction. The frequency response function (FRF) of five
points in each direction is obtained by using the
Op.PolyMax algorithm. Then, the static modes of the NC
machine tool structure (0—120 Hz) are analyzed.
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Table 3  Cutting parameters

Cutting parameter Value
Cutting length 75 mm
Feed speed 25 mm/min
Cutting time 180 s

Total cutting time 126 min
Cutting volume 800323 mm’

Cutting diameter From 65.7 mm to 30.3 mm

Figure 2b presents the hammer test in the z-direction of the
x-workbench; the remaining points are similar. Figure 3 pre-
sents the mode stabilization diagram of the x-direction of the
x-workbench under the motivation of the x-workbench z-
direction.

The mode stabilization diagram is obtained by FRF using
the operational PolyMAX method (Op. PolyMAX) where the
green curve is the frequency response curve after integration.
The letters in the figure represent the pole steady state, as
follows: the “0” stands for extreme instability. The “f” repre-
sents the pole stability in the tolerance range. The “d” repre-
sents the pole’s damping and the frequency stability within the
tolerance range. The “v” represents the pole vector stability in
the tolerance range of stability. The “s” represents the frequen-
cy, damping, and the vector of the pole stability within the
tolerance range. With the change of the order of calculation,
the case of relatively stable letters can be considered a mode.

2.2.2 Sensitivity analysis of low-frequency modes
under the static state

The sensitivity analysis is conducted mainly from the sen-
sitive direction, the sensitive parts, and the dominated
mode. If some mode has always been found in the 0—
120 Hz band, and their amplitudes are significant by ana-
lyzing the FRF of different measuring points, these modes
can be considered sensitive to the direction. Under the same
strike, the component with the largest FRF amplitude is
considered the modal sensitive part. In addition, the mode
with the largest amplitude is considered the dominant mode
in a certain direction.

Figure 4a presents the z-direction FRF of each measuring
point, which shows that the amplitude of 30 and 36 Hz is very
significant in the frequency band, so it is sensitive to the z-
direction. In addition, the amplitude of 30 Hz is sensitive to
the measuring point of the spindle because of its largest am-
plitude. The amplitude of 36 Hz on the striking point of the x-
workbench is the largest, and the amplitude on the spindle
(away from the striking point) is submaximal, so the 36 Hz
is sensitive to the spindle.

Figure 4b presents the amplitude of 85 Hz as the most
significant in the whole frequency band, so the 85 Hz is

- Tool wear

Fig. 5 Tool wear

sensitive to the radial x-direction. The magnitude of 85 Hz is
the maximum at the tool point, and the amplitude is submax-
imal at the strike point, so this shows that 85 Hz is sensitive to
tools.

Figure 4c presents FRF of each measuring point in the y-
direction, and the 105 Hz is relatively obvious, while other
peaks are not obvious.

According to Fig. 4, the sensitive direction of 105 Hz is the
x-direction because its amplitude is relatively prominent.
From the amplitude, the amplitude of tool points at 105 Hz
is the largest, so it is sensitive to the tool. The same sensitivity
analyses were also performed: the striking points are in the
tool bar z-direction and the —x, +y, +z-direction of the z-
worktable.

2.2.3 Conclusions of sensitivity analysis under static state

By analyzing the mode stabilization diagram of each direction
in the five strike experiments, the results are summarized in
Table 2 that is combined with the sensitive components and
sensitive directions.

From Table 2, there is a certain regularity in modal sensi-
tivity. From the point of the component, the dominant modes
of the spindle in the z-directions and x-directions are 35 and
19 Hz, respectively, while 85 Hz is the dominant mode of the
tool in the x-direction. From the point of direction, the dom-
inant modes in the x-direction and z-direction are 85 and
36 Hz, respectively. From the point of the frequency band,
the z-direction is the modal sensitive direction of the spindle
in the lower bands at 30—40 Hz, the x-direction is the modal
sensitive direction of the tool in the higher bands at 80-90 Hz,
and the modal sensitive directions of 19 Hz (the lowest mode)
and 105 Hz (the highest mode) are in the x-direction of the
spindle.

2.3 Dynamic sensitivity under operational state

Two experiments with different cutting conditions were car-
ried out aimed at analyzing the operational mode. In the fol-
lowing two experiments, the cutting depth and feed rate re-
main the same, and the cutting speed decreases as the diameter
of the workpiece decreases.

@ Springer
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2.3.1 Dynamic sensitivity analysis of the workpiece
with 65 mm diameter in the clamping state

The complete tool wear process was divided into 42 groups of
cutting experiments, and the cutting parameters are as follows
in Table 3.

The cutting parameters remained the same in the 11 groups.
The cutting depth is 0.4 mm, the spindle speed is 230 r/min,
the cutting time remains constant, and the cutting amount is
also approximate. The tool has been worn off after the last
groups, as shown in Fig. 5, below.

The power spectral density (PSD) of vibration responses in
the x-direction and the z-direction in the 11 groups is analyzed
using the Op. PolyMAX. Figure 6 presents the mode stabili-
zation diagram in the x-direction.

Figure 7 presents the magnitude variety of operating modes
in the low-frequency range in the x-direction. Figure 7a

Table 4  Cutting parameters

Cutting parameter Value
Material 40 Cr
Diameter 50 mm
Cantilever length 120 mm
Cutting depth 0.05 mm
Spindle speed 210 r/min
Cutting length 75 mm
Cutting volume 233428 mm’

Cutting diameter

From 47.3 mm to 35.3 mm

presents the magnitude of the variation of 26.990 Hz in the
x-direction. The operating mode 26.990 Hz corresponds to the
natural mode 30 Hz. The wear stage is divided into six stages.
Stage 1 (group 1-4): The vibration response amplitude in-
creases as the faster tool tip wears, with the small wear rate
and the increasing friction force. Stage 2 (groups 5—12): The
tool nose enters the stationary wear stage. The wear quantity is
basically the same, and the amplitude is almost the same.
Stage 3 (groups 13—16): The amplitude decreases due to the
plastic deformation and thermal softening. Stage 4 (groups
17-32): The overall amplitude of vibration response decreases
slightly because the workpiece quality decreases greatly, and
the tool nose wear increases. Stage 5 (groups 33-39): The
amplitude of vibration response increases dramatically be-
cause the workpiece quality decreases, the tool wear increases,
and the friction force increases rapidly. Stage 6 (group 40-42):

Tool wear

Fig. 9 Tool wear
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The amplitude of the vibration response decreases because the
friction decreases, and the quality of the workpiece decreases,
and the tool front angle increases. Finally, the failure point of
tool wear is reached. Overall, the effect of tool wear on the
dynamics of the tool and workpiece system is reflected by the
variation of the 26.990 Hz amplitude.

Similarly, the following conclusions are obtained by ana-
lyzing the variation of the remaining four modes. Figure 7b
presents the magnitude variation of 35.213 Hz in the x-direc-
tion. The 35.213 Hz is excited by the harmonic frequency
35.79 Hz (the rotation frequency 217 Hz). Periodic excitation
mode is more sensitive to workpiece quality and less relevant
to tool wear.

Figure 7c presents the magnitude variation of 85 Hz in the
x-direction, showing that the energy of 84.888 Hz is larger
than the others because of the its largest magnitude.
Therefore, 84.888 Hz can be regarded as the dominant mode,
which reflects the dynamics of the tool-workpiece system.
However, the amplitude variation of the 85 Hz is like the

@ Springer

amplitude variation of the tool natural frequency with the cut-
ting time. The 85 Hz is most sensitive to the wear of the tools,
but it can still reflect the change of workpiece quality in the
steady wear stage.

Figure 7d presents the magnitude variation 0f91.147 Hz in
the x-direction. The magnitude variation of the 91.147 Hz is
like those of 84.888 Hz, but the overall is smaller than the
amplitude of the third order. Therefore, the sensitivity of
91.147 Hz is lower than the sensitivity of the 84.888 Hz.
The principle of magnitude variation of 91.147 and
84.888 Hz is different from the principle of magnitude varia-
tion of the 35.213 Hz, since there are many hard materials in
the workpiece, and the pulse excitation is generated during the
cutting process.

Figure 7e and f presents the magnitude variation of
110.980 Hz under the turning speed and the diameter of the
workpiece, respectively. From Fig. 7e and f, the change of
surface quality is more relevant to frequency amplitude than
cutting speed in the stable wear stage. There is a small



Int J Adv Manuf Technol (2018) 98:1441-1460 1449
a b
© The amplitude of 24.756Hz in x-direction of tool £06 1 : .
E£-06 9 T The amplitude of 35.79Hz(harmonic frequency) in x-direction of tool
8 09- -
7 - 08
e S o7
) pt
25 g
% Z 06
Ly !
o 0.5
2 2| 04- =
% 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Experimental groups Experimental groups
¢ d
18 0.45,
E-06 © The amplitude of 74.116Hz in x-direction of tool E-06 © The amplitude of 89.366Hz in x-direction of tool
16 i
0.4- -
14- \
z )
512 g | |
% 3 035 Tool wear failure point
! 3
= Z 03
£08 E
06- - )
0.25,
04
0% 10 20 30 40 50 60 70 80 0% 10 20 30 40 50 60 70 80
Experimental groups Experimental groups
e f
06 1.15; - - T T - - T
E-06 4 The amplitude of 106.86Hz in x-direction of tool E-06 The amplitude of 113.007Hz in x-direction of tool
0.55;
1.1}
< 0.5 =
) )
%045 5105
= Pt
E E
% 04 £ 4 i
£
“ 035 =
0.95!
0.3
{! 1 1 1 1 1 |\ 1 1 1 L 1 1 1
l)'250 10 20 30 40 50 60 70 80 0'90 10 20 30 40 50 60 70 80

Experimental groups

Experimental groups

Fig. 11 The magnitude of operational modes in the x-direction. a 24.756 Hz. b 35.79 Hz (harmonic frequency). ¢ 74.116 Hz. d 89.366 Hz. e 106.86 Hz. f

113.007 Hz

deviation in correlation because the wear leads to an increase
in the amplitude. Therefore, in the tool workpiece system, the
variation of workpiece mass will be considered to analyze the
change of frequency amplitude instead of the turning speed.

The magnitude variation of operating modes in the z-
direction is analyzed by the same method. Figure 8 shows that
the magnitude variation of the z-direction is low sensitivity to
the wear of the tool and high sensitivity to the diameter of the
workpiece.

Table 5 Cutting parameters of three groups

Parameters Exp. 1 Exp. 2

Groups Ist 2nd 3rd
Cutting speed (m/min) 30.3478 19.1059 21.8856
Feed rate (mm/r) 0.0952 0.1786 0.1563
Cutting depth (mm) 0.4 0.05 0.05

2.3.2 Dynamic sensitivity analysis of workpiece with 47 mm
diameter in the cantilever state

The complete tool wear process was divided into 71 sets of
cutting experiments, and the cutting parameters are as follows
in Table 4. The tool has been worn off after the last groups as
shown in Fig. 9, below.

Table 6 Cutting parameters in Exp. 1

Cutting parameter Value

Groups 33

Material 40 Cr

Cantilever length 100 mm

Cutting length 68 mm

Cutting diameter From 46.8 mm to 28.94 mm
Each group cutting time 2.626 min
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Fig. 12 a Tool wear of early stage a
in Exp. 1. b Tool wear of the later
stage in Exp. 1

Tool tip wear in
early stage

The magnitude of five operational modes in the z-direction
is presented in Fig. 10. The lower frequency is less sensitive to
the wear of the tool, while the higher frequency is more sen-
sitive to the wear of the tool and the diameter of the
workpiece.

The magnitude of the variation of five operating modes in
the x-direction is analyzed from Fig. 11, and the following
conclusions are obtained: (i) 24.756 Hz is the dominant mode
from 0 Hz to 120 Hz, which obviously reflects the three stages
of wear, whose amplitude is ten times the other modes.
Additionally, 89 Hz is the most sensitive to the wear of the
tool. (ii) The plastic deformation and thermal softening effect
appear during the large wear of the tool. (iii) The changes of
rotating frequency are not related to tool wear which cannot be
used in tool condition monitoring.
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2.3.3 Conclusions of sensitivity analysis under the operational
state

The sensitivity of dynamics is significantly different in direc-
tion, component, and frequency.

In the x-direction, the measuring points in the tool better
reflect the wear of the tool than the measuring points in the
spindle. In the z-direction, the high operational modes are
more sensitive to the tool wear and the diameter of workpiece
than the low modes.

The mode of resonant frequency and periodic excitation
have a low sensitivity to tool wear, while the modes of white
noise are the opposite. The cutting speed has little effect on the
operational modes; however, the diameter of the workpiece is
the opposite.

b
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Fig. 13 Operational mode of x-table in the x-direction in Exp. 1. a 83.554 Hz with amplitude. b 83.554 Hz with damping ratio. ¢ 106.345 Hz with

amplitude. d 113.146 Hz with amplitude
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Fig. 14 Operational mode of the x-table in the z-direction in Exp. 1. a 35.598 Hz with amplitude. b 35.598 Hz with damping ratio

For the dominant modes, the sensitivity between the static
modes and the operational modes is high. Although the
boundary conditions and other factors change, the sensitive
components have not changed, which indicates that the modal
sensitivity is the basic property of machine tools. The result
shows that the wear of the tool can be reliably reflected by the
amplitude of the sensitive operational mode.

2.4 Comparative analysis

In the static state, 85 and 36 Hz are the dominant modes of the
x-direction and the z-direction, respectively. The sensitive di-
rection of 36.218 Hz is the z-direction, and the sensitive di-
rection of 85.550 and 89.579 Hz is the x-direction. The sen-
sitive parts are tool and spindle.

In the operational process, 84.888 and 35 Hz are the dom-
inant modes of x-direction and z-direction, respectively. The
85 and 89.579 Hz are the most sensitive to tool wear in the x-
direction. The modes of the z-direction (particularly
35.213 Hz) are more sensitive to the diameter of the work-
piece and less sensitive to wear.

Some modes, which are identified in static in the range of
0-120 Hz, do not appear in the operational process. There are
several Hertz among them, which shows that the static modes
identified by impact are different from the actual operational
modes.

a
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3 Tool wear monitoring analysis

3.1 Tool wear monitoring under constant cutting
parameters

Three different cutting parameters were set up in two cutting
experiments. The first groups of parameters were used in Exp.
1. The second and third groups of parameters were carried out
in Exp. 2, which were alternated. The tool cantilever length of
Exp. 1 and Exp. 2 are 50.39 mm. Three groups of parameters
are shown in Table 5, below.

3.1.1 Tool wear identification in Exp. 1

The experimental setup is basically consistent with Section
2.3.1. The cutting parameters are as follows in Table 6.
Figure 12 shows that the tool is worn off after the 33rd
group, which indicates that the failure point has been reached.
Figure 13a presents the amplitude variation of the
83.544 Hz that is the sensitive operational mode. The
83.544 Hz amplitude decreases sharply after reaching the
wear failure point. Then, its amplitude is reduced approxi-
mately 60 times, and the variation is relatively small when
the side tool is in the wear stage, showing that the operational
modal amplitude is sensitive to the wear of the tip of the tool
instead of the wear of the side of the tool. The natural

w
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g. 15 Operational mode of spindle in z-direction in Exp. 1. a 35.602 Hz with amplitude. b 35.602 Hz with damping ratio
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Fig. 16 Operational mode of spindle in x-direction in Exp. 1. a 83.451 Hz with amplitude. b 83.451 Hz with damping ratio. ¢ 106.741 Hz with amplitude

frequency is shifted continuously before reaching the failure
point. Then, it is no longer shifted basically and kept at ap-
proximately 85 Hz. Therefore, the variation of the tip causes
the natural frequency.

Figure 13b presents the variation of the damping ratio at
83.544 Hz. The damping ratio is 24 times the minimum value
after 13th group. Then, the damping ratio becomes 5.5 times
smaller than the minimum value, showing that the variation of
the damping ratio is due to the side tool wear. The variation of
the damping ratio in the side tool is like the variation of the
amplitude in the tool tip wear. Therefore, the wear of the side
tool can be expressed by the variation in the damping ratio.

The 106.345 Hz is not the dominant mode because its
energy level is 1/10 of 85 Hz in Fig. 13c. From Fig. 13d,
113.158 Hz corresponds to the 115 Hz mode under stationary
conditions, and the variation of the amplitude and the sensitive
mode of tool wear are consistent with those of 85 Hz, so the
amplitude variation of 113.158 Hz is reliable to characterize
the tool wear failure point. From the changes of modes in the

Table 7  Cutting parameters in Exp. 2

Cutting parameter Value

Groups 55

Material 45 steels

Cantilever length 100 mm

Cutting length 65 mm

Cutting diameter From 43.64 mm to 30.14 mm
Each group cutting time 2.626 min
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0-120 Hz in the x-direction, the changes of tool wear are
reflected by the natural frequency and damping ratio of 85 Hz.
From Fig. 14, the amplitude variation of 35 Hz is not sen-
sitive to the wear of the tool tip, but it is sensitive to the wear of
the side tool. The damping ratio of 35 Hz reflects the wear of
the side tool. In general, 35 Hz is the dominant mode, which is
sensitive to the wear of the side tool in the z-direction.

From Fig. 15, the amplitude of 35 Hz is sensitive to the
wear of the tool in the z-direction. However, its damping ratio
is sensitive to the wear of the side tool. According to the result
of the spindle point and the worktable point in the z-direction
from Fig. 14 and Fig. 15, the damping ratio of the spindle is
sensitive to the wear of the side tool. In addition, the amplitude
of the worktable is sensitive to the wear of the side tool.

Tool tip wear

~

:

-
-
-

&

Fig. 17 Tool wear in Exp. 2
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Fig. 18 The modal changes under the second group of parameters. a
84.716 Hz in the x-direction of the tool. b 115.202 Hz in the x-direction
of'the tool. ¢ 84.703 Hz in the y-direction of the tool. d 82.258 Hz in the z-

From Fig. 16, the amplitude of 83.451 Hz is sensitive to the
wear of the tool. Its damping ratio is small before the tool wear
failure point. Then, the damping ratio increases rapidly after
the failure point, which shows that it is feasible to characterize
the wear of the tool. From Fig. 16c, the amplitude of
106.741 Hz is less sensitive to the wear of the tool, and its
natural frequency deviation is irregular.

Conclusion in Exp. 1 According to the analysis of the modal
amplitude and damping ratio, the damping ratio of the domi-
nant modes in the x- and z-directions is related to the wear of
the tool. The damping ratio variation in the x-direction (85 Hz)
and the z-direction (35 Hz) is related to the wear of the side
tool. The conclusion is below. (i) When the variation of the
damping ratio (35 Hz) is used to characterize the wear of the
side tool, the measuring points of the spindle can reflect the
early stage of wear, and the measuring point of the worktable

Experimental groups

direction of the spindle. e 84.742 Hz in the x-direction of the x-table. f
115.250 Hz in the x-direction of the x-table

is sensitive to the later stage of wear. (ii) When the variation of
the damping ratio (85 Hz) is used to characterize the wear of
the side tool, the worktable is more sensitive to the early stage
of wear than the spindle.

3.1.2 Tool wear identification in Exp. 2

The experimental setup is basically consistent with Section
2.3.1. The cutting parameters follow in Table 7. The cutting
parameters of the second and third groups are in the same
workpiece, which is alternated.
The tool wear after cutting is shown in Fig. 17. The tool
wear is smaller than Exp. 1, not reaching the point of failure.
(1) Under second group of cutting parameters

Figure 18 presents the modal amplitude variations under
the second parameters. The x-direction of the x-table and tool
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Fig. 19 The modal changes under the third group of parameters. a 3 5.273 Hz in the z-direction of the tool. b 85.827 Hz in the x-direction of the tool. ¢
85.944 Hz in the x-direction of the x-table. d 36.223 Hz in the z-direction of the spindle

is sensitive to the wear of the tool tip, especially the 85 and
115 Hz. The wear of the tool tip can be described by the
variation amplitude of 85 Hz. The severe wear of the tool tip
is more significant. The spindle is sensitive to the wear of the
tool tip at the early stage, but less sensitive at the later stage in
the z-direction.

(i1) Under third group of cutting parameters

Figure 19 presents the modal amplitude variations under
the third parameters. The x-direction of the x-table and tool
bar are sensitive to the wear of the tool tip, especially the
85 Hz. However, the z-direction of the tool bar and the spindle
are less sensitive to the wear of the tool tip.
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Conclusions in Exp. 2 The modes are excited significantly
under the two parameters. The excited mode decreases grad-
ually as the feed rate decreases. The characteristics of the tool
tip wear are described by the sensitive mode. From the point
of direction, the radial x-direction is more sensitive to tool tip
wear, and the feed z-direction is sensitive to a certain mode,
while the y-direction is less sensitive to tool tip wear. From the
measuring point, the wear of the tool tip is well described by
the sensitive modal 85 Hz of the tool bar, x-worktable and
spindle.

In general, although the cutting parameters change, mode
85 Hz is still highly sensitive to the wear of the tool tip in the
x-direction, and wear points are also consistent, illustrating
that the cutting parameters cannot change the reliability of
the tool tip wear described by the operational modes.

0.45, A The variation of cutting speed in tool wear process ; ; : A,
89Hz Amplitude variation of X-directi
E-06 « Amplitude variation o in sp‘i:‘«:lion Tool tip wear failure point —___
< 04 30
H s
2 035 i 282
H Accelerated wear H
& Stable wear stage of tool tip 5
& ]
g0y : \‘ 26 X
H H
F 0250 s e
°% 10 20 30 40 50 60 70 86”

Experimental groups

Fig. 20 Changes of sensitive operational modes. a The workpiece with 65 mm diameter. b The workpiece with 47 mm diameter
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Table 8 The first and second cutting parameters

Cutting parameters Ist 2nd

Cutting speed (vy, V»3) 30.3478 m/min 20.4958 m/min

Average feed speed (fi, 33) 0.0952 mm/r 0.1675 mm/r
Cutting depth (ay, a3) 0.4 mm 0.05 mm
Cutting speed ratio (v{/v,3) 1.48 1.48
Average feed speed ratio (fi/f3)  0.57 0.57

Cutting depth ratio (a;/a,3) 8 8

3.2 Tool wear monitoring under varying cutting
parameters

In this section, tool wear is identified by two sets of experimen-
tal data in (Section 2.3) under varying cutting speeds in Fig. 20.

Under the variation of the cutting parameters, the ampli-
tude of the sensitive operational mode can still characterize the
tip wear, showing that the cutting speed has little effect on the
modal peak amplitude. The natural frequency is not offset
with the cutting speed decreases. The natural frequency offset
is due to the tip of the wear, but the reduction of the cutting
speed suppresses the increase of the natural frequency.
Therefore, the identification method of tip wear, which is in-
dependent of the cutting parameters, is characterized by the
amplitude of the sensitive operational mode.

3.3 Comparative analysis

There are some similarities and some differences in the anal-
ysis of tool wear monitoring by four cutting experiments un-
der variable and constant cutting parameters.

(i) The same points

This section will be discussed by cutting direction, measur-
ing parts, frequency. From the aspect of cutting direction, tool
tip wear is highly sensitive to radial x. The z-direction has a
good sensitivity to some wear stage. The y-direction of the
main cutting is the least sensitive to tip wear. From the aspect
of the measuring parts, the 85 Hz of the x-table and the 85 and

a
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Cutting time of wear tool. a First wear tool. b Second wear tool

89 Hz of the spindle are the most sensitive to the tool tip wear.
The x-table is more obvious at the amplitude of 85 Hz, and the
spindle is more obvious at the damping ratio of 85 Hz. From
the aspect of frequency, the higher frequency can better char-
acterize the wear process of the tool tip, but there are some
differences in the failure point. However, the lower frequency
is not significant for the wear process of the tool tip. In sum-
mary, the cutting parameters have little effect on the effective-
ness and accuracy of the tool wear. It is a reliable method to
analyze the tip wear by the amplitude variation of the sensitive
operational mode.

(i) The difference points

When the cutting parameters remain constant, the natural
frequency will shift approximately 6 Hz due to the tool nose
wear. Then, it offsets after reaching the limit value. However,
for a sensitive mode of 85 Hz, the natural frequency is sub-
stantially no longer offset after the wear failure point. An
important conclusion in this section is that the cutting param-
eters have little effect on the amplitude of the sensitive mode.
Therefore, the method of tool tip wear, which is independent
of the cutting parameters, is characterized by the amplitude of
the sensitive mode.

4 Machining applications based on dynamic
sensitivity

The stable wear stage of the tool tip can be judged by the
frequency amplitude of the sensitive mode and then combined
with the roughness of the workpiece surface. The aim is to
optimize the processing.

4.1 Tool wear rate analysis
4.1.1 Effect of cutting parameters

For convenience, the cutting tool in Section 3.1.1 is named the
1 wear tool, and in Section 3.1.2, the cutting tool is named the

b
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Fig. 22 Comparison of wear time
between the first and third tool

m
8

Frequency magnitude (g2/Hz)

second wear tool. Other cutting parameters are shown in
Table 8.

As shown in Fig. 21, the first tool reaches the wear failure
point when the 11th group is carried, and the second tool
enters the accelerated wear stage when the 50th group is car-
ried. For the first tool, the transverse cutting length is 68 mm,
and the average feed rate of the first 11 groups is 21.36 mm/
min, so the calculated cutting time is 35.019 min. For the
second tool, the transverse cutting length is 65 mm, and the
average feed rate of the first 50 groups is 29.755 mm/min, so
the calculated cutting time is 109.225 min. The tool life of the
second wear tool is expected to be at least 3.12 times the tool
life of the first wear tool.

. . 2 30.3478
Cutt d rat py=—=—=1.48 1
utting speed ratio vi_p3 s 204958 (1)
0.0952
Average feed speed ratio f|_,; = ;—1 = 01675~ 0.57 (2)
23 .
. . aj 04
Cutting depth rat py=—=——=2_8 3
utting depth ratio a3 s 0.05 (3)

From Egs. (1), (2), (3), the cutting depth is found to have
the greatest effect on the tool wear since the high cutting depth
ratio. In other words, the tool wear speed is faster when the

Table 9  Cutting conditions between the second and fourth wear tool

Cutting parameters 2nd tool 4th tool
Workpiece material 45 steels 40 Cr
Cutting speed (m/min) 20.4958 27.5432
Feed rate (mm/r) 0.1675 0.1190
Cutting depth (mm) 0.05 0.05
Cutting length (mm) 65 75
Cutting time (min) 2.19 3
Workpiece’s cantilever length (mm) 100 120

Tool bar’s cantilever length (mm) 37.35 mm 50 mm
Workpiece fixing method Cantilever Cantilever
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cutting depth increases. When the cutting allowance is small,
the cutting depth is reduced, and the tool wear speed is re-
duced, which ensures that the dimensional accuracy is main-
tained at more cutting time.

4.1.2 Effect of workpiece rigidity

The influence of the rigidity of the workpiece is analyzed
based on the first wear tool (Section 3.1.1) and the third wear
tool (Section 2.3.1). Because the two cutting experimental
conditions are similar, the only difference is that the first work-
piece is in the cantilever state and the third workpiece is in the
fixed state.

From Fig. 22, the first tool is worn very quickly, and the
cutting time is 35.019 min when the 11th group is carried.
However, the third tool is worn very slowly, and the cutting
time is 120 min when the 40th group is carried. The tool life of
the third is at least 3.43 times the tool life of the first. The
rigidity of the workpiece has a great influence on the tool wear
because the cutting speed of the third tool is greater than the
cutting speed of the first tool. Fixing the workpiece can im-
prove the rigidity and extend the tool life.

4.1.3 Effect of the cantilever length

The influence of the cantilever length is analyzed based on the
second wear tool (Section 3.1.2) and the fourth wear tool
(Section 2.3.2). The cutting parameters of the two cutting
experiments are shown in Table 9, below.

From Fig. 23, the second wear tool is near the accelerated
wear stage in the 50th group, and its cutting time is 110 min.
However, the fourth wear tool reaches the wear failure point in
the 66th group, and its cutting time is 198 min. Therefore, the
fourth wear tool life is 2 times the second wear tool life, and
the left cutting time of the second wear tool should be less than
the left cutting time of the fourth tool. The fourth wear tool has
some conditions such as greater cutting speed, longer work-
piece cantilever length, and 40 Cr material that will reduce the
tool life, which is opposite to the larger left cutting time of the
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fourth tool. The shorter cantilever length will accelerate the tip
wear because the second tool has a short cutting time.

A method that aims to slow down the wear and improve the
cutting time is to increase the length of the cantilever. The
increased length of the cantilever should be appropriate, be-
cause the cutting experiments of the larger cantilever length
were not studied.

4.1.4 Conclusions

In the case where the processing time is not limited or where
the precision turning process is not limited, the following four
aspects can slow down the tip wear rate: (i) reduce the depth of
the cutting, (i) clamp the end of the workpiece, (iii) reduce the
cantilever length of the workpiece if the workpiece is not
clamped, and (iv) increase the appropriate cantilever length
of the tool.

4.2 Processing design optimization

The stability phase can be judged according to the smaller
amplitude of the vibration response in the direction of the
main cutting force. The advantage of this stage is that the tool
vibration is small, and the surface quality of the workpiece is

Fig. 24 The 85 Hz amplitude of
the second wear tool in the x- E-O
direction and the y-direction
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better. Therefore, it is better to choose the main processing
surface at this stage. The amplitude and roughness of the op-
erational mode are studied to optimize the process design
based on the vibration response data for the second wear tool.

From Fig. 24, the amplitude of the x-direction is 20 times
larger than the amplitude of the y-direction in the stable wear
stage with low amplitude. The 84.716 Hz in the x-direction
and 84.703 Hz in the y-direction under cutting state are all
from the 85 Hz under the static state. The tool is in the stable
wear state from the 2 1st group to the 51st group. Its amplitude
is very small and stable in the direction of the main vibration
force. The cutting stage is defined as the low amplitude stabi-
lization phase in the y-direction.

The roughness tester used in the experiment was Mitutoyo
SJ 210 with the measuring speed of 0.5 mm/s and the resolu-
tion of 4 2.5 um. The three original contour measurement
parameters (Pa, Pq, Pz) will be obtained based on the unfil-
tered measurement data.

Figure 25a shows clearly that Pa is relatively stable (lower
than 4.5 pm) from the 21st group to the 38th group. The
surface quality of the workpiece is high during this process.
Considering the amplitude in the y-direction of the main cut-
ting force and the surface roughness, the process (group 21-
group 51) is in the low amplitude stabilization phase of the

N 84.716Hz amplitude variation of X-direction in tool bar under 2nd parameter in 2nd wear blade
© 84.703Hz amplitude variation of Y-direction in tool bar under 2nd parameter in 2nd wear blade
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Fig. 25 The roughness parameters of the second worn tool. a Pa. b Pq. ¢ Pz

vibration response and in the stable wear stage of the tool. The
trends of Pq and Pz are consistent with the trends of Pa from
Fig. 25b, c. The surface quality is qualified as the roughness
parameter decreases after the 38th group.

It is best to arrange the high-quality surface processing at
the low amplitude stable stage of the main cutting force and
the steady wear stage of the tool. At the same time, the cutting
depth and feed rate can also be increased to improve the cut-
ting efficiency.

4.3 Cutting depth optimization

Cutting depth and tool wear affect the quality of the surface, so
the cut depth needs to be optimized to meet the requirements
of surface roughness.

The effects of cutting depth and tip wear on surface rough-
ness were analyzed by using the fifth tool. The tool entered the
steady wear stage after 19 groups of experiments, with only a
small amount of wear. The cutting speed and feed rate remain

Table 10  Cutting parameters

Cutting parameter Value
Material 45 steels
Workpiece cantilever length 100 mm
Tool cantilever length 51 mm
Each group feed length 65 mm

111,101.591 mm®
From 44.77 mm to 38.21 mm

Cutting volume
Cutting diameter

@ Springer

constant except for cutting depth. Other parameters are shown
in Table 10, below.

Figure 26 presents the roughness parameters Pa, Pq, Pz,
and their average value with the cutting time under 0.06 mm
cutting depth. From Fig. 26, roughness changes less in the
early stages, and the smaller wear of the stabilization phase
will increase slowly in the later stages. The roughness will
increase in the late stages more significantly under the
0.06 mm depth, especially Pa in Fig. 26a.

In summary, the tip wear will have an impact on the rough-
ness under a small cutting depth. The greater the tip wear, the
greater the roughness value. There is a certain correlation be-
tween roughness and tool wear in the case of a small cutting
depth. In the precision cutting or in the tool wear stable stage,
the cutting depth should be reduced to meet the surface quality
requirements when the tool wear increases constantly.

5 Conclusions

This paper mainly studies the monitoring of the dynamic
sensitivity-based tool condition and finds the factors that af-
fect tool wear under operation. The conclusion is divided into
three parts.

(i) Dynamic sensitivity method
There is consistency between the static modal sensitivity

and the operational modal sensitivity. The cutting conditions
do not affect the characterization of the tool workpiece system
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Fig. 26 The roughness parameters of the 5th worn tool. a Pa. b Pq. ¢ Pz

that is expressed by the operational mode, especially the tool
wear failure point. Regarding characterization, there are not
only band differences but also direction differences and com-
ponent differences. For example, the radial x-direction mode
has the highest sensitivity to tip wear, especially 85 Hz in
Section 2.2. In addition, modes excited by periodic excitation
and rotational frequency are less sensitive to tool wear, while
the modes excited by white noise excitation are more sensitive
to tool wear.

(i) Tool condition monitoring based on dynamic sensitivity

The sensitivity of dynamics is significantly different in the
cutting direction, components, and frequency band. In terms
of cutting direction, the cutting tool is better reflected by the
tool wear than the spindle in the x-direction. The x-direction is
more sensitive to the wear of the tool tip than the z-direction
and the y-direction. In terms of measuring components, the
measuring points of the x-table and spindle in 85 Hz are the
most sensitive to tool tip wear. The amplitude changes of
85 Hz are most obvious on the workbench. The damping ratio
changes of 85 Hz on the spindle reflect the most obvious. In
terms of frequency band, the wear process of the tool can be
characterized by the higher frequency, but it is not accurate
near the failure point.

When the cutting parameters remain constant, the natural
frequency will shift approximately 6 Hz due to tool nose wear.
Then, it offsets after reaching the limit value. However, for a
sensitive mode of 85 Hz, the natural frequency is substantially
no longer offset after the wear failure point.

1459
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In summary, the cutting parameters have little effect on the
effectiveness and accuracy of the tool wear. It is a reliable
method to analyze the tool wear by the amplitude variation
of the sensitive operational mode.

(iii)) Machining applications based on dynamic sensitivity

In this paper, the influence of cutting depth, workpiece
rigidity, and tool cantilever length on the tool wear speed
was analyzed, and the measures to reduce wear rate are given.
It is best to arrange the high-quality surface processing at the
low amplitude stable stage of the main cutting force and the
steady wear stage of the tool. At the same time, the cutting
depth and feed rate can also be increased to improve the cut-
ting efficiency.

In the cutting process with small cutting depth, smaller tool
wear is beneficial to the surface quality of the workpiece. At
this time, the cutting depth should be changed in real-time
according to the wear to ensure the surface quality of the
workpiece.
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