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ABSTRACT

Studies on in-process measurement have suggested techniques for sensing tool
wear and machine status in a machining center and turning center, for
example by measuring cutting resistance. However, there appear to be no
reports of effective uses of machine sensing in practical machine tools,
perhaps due to problems such as limitations on the number and density of
sensors and the possibility that attaching sensors may affect machine rigidity
and thus processing quality. The purpose of this research is to develop a system
that can monitor the state of the cutting process and maintain it in a normal or
optimal state at all times, based on the acoustic emission (AE) method. To
realize the development of such a system, it is very important to evaluate the
tool wear qualitatively and quantitatively. This report describes a tool wear
experiment that collected AE signals, cutting force data, and high-speed
camera images during metal turning. The collected basic data are
comprehensively evaluated and examined to determine the effectiveness of in-
process measurement by the AE method. The results suggest that evaluating
various AE parameters obtained from the AE original waveform is an effective
parameter for monitoring tool wear and cutting conditions that affect product
quality. The findings from the basic data obtained in this study were found to
be useful information for the practical application of in-process measurement
by the AE method using machine learning methods.
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Introduction

In recent years, it has become clear that continued technological growth will
require the innovations of the 4th industrial revolution, such as big data and
artificial intelligence, to be incorporated into a wider variety of industries. In
support of this goal, there is an urgent technical need for improved in-situ
digital visualization and analysis of manufacturing processes [1]-[3]. When
introducing Internet of Things (IoT) at a manufacturing site, one of the most
important elements is the sensing technology that records key process
parameters in real-time and converts these signals into useful data [4, 5]. For
example, recent studies have measured machining status and tool wear in a
turning center, based on cutting resistance as the in-process measurement [6]—
[10]. However, this approach presents practical issues, such as the machining
area being limited by mounting the cutting dynamometer and the decrease in
rigidity during tool mounting, which may adversely affect the machining
quality and machining accuracy.

Continued basic research is needed to advance the development of the
Industrial Internet of Things (IIoT). To that end, a prior study constructed and
tested an in-process measurement system to monitor the cutting state [11]. The
acoustic emission (AE) method, a non-destructive inspection technique, was
used for sensing in this system. The AE approach does not impair the tool
rigidity during processing and is capable of detecting minute levels of cutting
energy in real-time [12]-[14]. In this application, the AE method enables real-
time detection of elastic waves generated when a solid deforms or breaks. A
practical example of in-process measurement using this AE method is crack
detection of a moulded product during drawing [15]. In grinding processing,
the AE method may be applied to the evaluation of grinding conditions,
allowing the user to judge the deterioration of the cutting edge of the
grindstone and extent of clogging [16]; these applications have already been
automated. However, it seems that there are few studies that apply AE
techniques to visualize cutting operations, that is, using an AE-based sensor
system to fully grasp the state of the cutting tool with practical application in
mind. The qualitative and quantitative evaluation of the wear state of the
cutting tool can be very useful information when evaluating parameters by the
machine learning method [17]-[19].

Therefore, this study employed AE measurements to characterize
machine-cutting performance. In particular, the relationship between AE
signal and tool wear was considered by utilizing cutting power data,
observations of cutting state using a high-speed camera, finite element method
(FEM) modelling, and physical characterization of cutting chips.

Experimental system
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Figure 1 shows the system used for the experiment. The system is designed to
acquire cutting power measurements, AE signals, high-speed camera images,
and various basic chip data during turning. A semi-automatic lathe (TAC360,
Takisawa Co., Ltd.) that can maintain constant cutting speed was used as the
machine tool. Cutting power was measured with a multi-component
dynamometer (model 9257A, Kistler Co., Ltd.). The dynamometer signal was
amplified by a multi-channel charge amplifier (model 5070A).

A wide-band type AE sensor (AE-900S-WB, NF Circuit Design Block
Co., Ltd.) with low resonance was used for the AE measurements. The signal
from the AE sensor was passed through the preamplifier and the discriminator
(models 9917 and AE-99228 respectively); the processed AE signal and the
envelope signal were recorded on a PC. The time constant of the envelope
signal was 0.1 msec. The sampling frequency was 8 MHz, and signals were
processed with a total gain of 20 dB using a high-pass filter of 50 kHz. In the
experimental apparatus, the optimal mounting position of the AE sensor is
generally considered to be near the processing point. However, when installing
the AE sensor near the tool edge, it is necessary to lengthen the tool protrusion
due to chip disposal problems and structural issues with the dynamometer.
Therefore, in this experiment, the AE sensor was installed behind the shank as
shown in Figure 1. In addition, a calibration experiment using a mechanical
pencil (based on the NDIS 2110 standard) has confirmed that there is no
difference in the output signal level between when it is installed near the
cutting edge and when it is installed behind the tool shank.

, h
- .i
(Overall Gain:20dB) v

(HPF:50kHz)

Figure 1: Experiment system.
Figure 2 illustrates the mounting method between the AE sensor and
the tool shank. The AE sensor was shielded against off-axis noise with
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insulating tape, then inserted into the sensor jig, and mechanically fixed with
screws from the rear of the AE sensor via an elastic material. Petroleum jelly
was applied as a contact medium between the AE sensor and the tool shank.

In addition, for the purpose of observing the chip evacuation state,
images were taken from above the work material with two high-speed cameras
(models VW-9000 and VW-Z2, Keyence Co, Ltd.). The frame rate was set to
2000 fps considering the maximum spindle rotation speed during the
experiment. To evaluate the work material after processing, the surface
roughness was measured using a Surfpak-SV instrument (Mitutoyo CO., Ltd.),
and surface gloss was measured with a mirror-TRI-gloss universal gloss meter
(BYK-Gardner Co., Ltd.). The glossiness was measured according to JIS Z
8741:1997 with an incident angle of § = 85 °, and the measurement direction
was the feed direction of the cutting tool.

. | Sensorjig| | Elastic rubber |
P27 APPT7 17772

AE sensor

Target of
measurement

/;;}

| Insulating tape | | Screw |

Figure 2: Structural diagram of AE sensor mounting.

Experimental Method and FEM Analysis

Table 1 shows the main experimental conditions. The work material was C45
structural carbon steel. An insert tip with a corner radius of 0.03 mm was
selected to reduce the effect of the contact arc length of the nose radius on the
cutting depth. The machining method employed dry cutting and outer diameter
finishing. The cutting conditions were determined within the recommended
condition range of the insert tip. The cutting conditions were as follows:
cutting speed 200 m/min, feed rate 0.01 mm/rev, and cutting depth 0.15 mm.
The minimum feed rate of the machine tool was 0.01 mm/rev because the
corner radius of the insert tip used was small.

Figure 3 shows the relationship between flank wear VB and boundary
wear VBy during cutting. Here, flank wear is defined as the length from the
non-wearing position of the main cutting edge to the wear bottom, excluding
boundary wear. In this experiment, in which the flank wear was applied by
artificial polishing, it was difficult to reproduce the frictional state with the
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actual cutting surface on the flank. Therefore, the flank wear produced by the
cutting work was measured over long-term cutting. To determine flank wear
VB, 11 types of worn tools were prepared in advance within the range of 0 to
200 um with reference to the tool life judgment standard JIS B 4011:1971 for
precision light cutting. These 11 cases correspond to the points in Figure 3.

Table 1: Cutting conditions

DCGT 11T3003R-FX

Tool material Cermet
Insert Rake angle [ ° ] 15
Clearance angle [ ° ] 7
Corner radius [mm] 0.03
Work material Carbon steel (C45)
Cutting speed V. [m/min] 200
Feed rate f [mm/rev] 0.01
Depth of cut @, [mm] 0.15
Coolant Dry
Initial Late stage of
wear Steady-State wear Steady-State wear
200 ® 200
180 | { 180
160 | { 160
140 } {140 7
g =
= 120 | {120 &
S s ° 2
® =
= 100 | { 100 §
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E $ E
SEIE T SEX g 160 2
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40 C3 @® Flank wear VB 1 40
20 |@ ® 4 Boundary wear VBy 4 20
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Cutting time [min]

Figure 3: Relation between flank wear width and boundary wear over the
range of cutting time.

Figure 4 shows the relationship between the maximum height
roughness Rz and glossiness GS (85°) for a range of cutting times. Note that
the values obtained after a cutting time of 12 min are excluded from the figure
because these data cannot be guaranteed to conform to the measurement
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standard (i.e., relative to the specular glossiness at a specified incident angle 6
on a glass surface with a refractive index of 1.567, with the reflectance being
100%) [20]. From the results in Figure 4, it is clear that the maximum height
roughness and gloss are significantly inferior at the cutting time of 17 min.

Therefore, from the viewpoint of the change in the inclination of the
tool wear curve and the finished surface (that is, the product quality), the
cutting time can be divided into three segments in this experiment: from 0 to 6
min was the initial wear region, from 6 to 17 min was the initial stage of the
steady wear region, and the remainder was the steady wear region. Each stage
is labelled in Figures 3 and Figure 4 [21, 22].

Initial g0 dy-State wear Late stage of
wear Steady-State wear
3 40
4
— 1 30
g @ Maximum height R, g
N
= 31 » Glossiness Gg(85.4) ]
= 2
3 12 &
P 2
E o
z 2 2
E -
= 10
1
0 - - - - - - - 0
0 5 10 15 20 25 30 35 40

Cutting time [min]

Figure 4: Relation between maximum height roughness Rz and
glossiness Gs(85°) over the range of cutting time.

Next, FEM analysis was performed to clarify the source of the AE
signal during tool wear. AdvantEdge FEM Ver. 7.0 (Third Wave System CO.,
Ltd.) software was used as the analysis solver. In this analysis, a two-
dimensional cutting model was created as a plane strain problem, and the
analysis results of strain rate were obtained [23]. The tool model follows Table
1. The cutting conditions consisted of a cutting speed of 200 m/min, a feed rate
of 0.05 mm/rev, and a cutting depth of 0.1 mm. Table 2 shows the analysis
conditions and the physical property values determined. In addition, the
database in the analysis package was used for physical property values relating
to the tool and the work material. Since the analysis element is re-meshing in
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the workpiece being analyzed, it was automatically divided with the minimum
mesh size set to 0.0071 mm.

Table 2: Material properties and simulation conditions

Tensile strength [MPa] 1027
Yield strength [MPa] 612
Hardness [HB] 305
Maximum number of nodes 24 000
. . Tool 0.1
Maximum element size [mm] Work material 01
. . Tool 0.01
Minimum element size [mm] Work material 0.0071

Experimental Results and Discussion

Table 3 presents representative types of AE signals that were frequently
detected during different phases of the experiment, along with images taken
by the high-speed camera. The symbols (a), (b), and (c) in the table correspond
to the points as labelled in Figure 5.

Figure 5 shows the relationship between cutting time and AE count.
Here, the AE count is the number of signals that exceeded the amplitude
threshold value of 0.3 mV, which was assumed to be the stable AE signal level
during cutting. From the results in Table 3 and Figure 5, it can be seen that the
amplitude of the AE signal and the AE count tended to increase as the tool
wear progressed. In the initial wear area, due to the effect of the tip former, the
chips are ejected toward the cutting direction side, though they are chips with
a small curl radius and a flow type as shown in part (a) of the table. As a result,
the amplitude and the number of counts is stages of the steady wear area, the
chip curl radius gradually increased as shown in part (b) of the table, and the
frequency with which the chips interfered with the shank also increased. As a
result, although the amplitude of the AE waveform became larger than that in
the initial wear region, it is considered that the number of counts was partly
reduced because the chips were appropriately divided, and a large fluctuation
was not seen overall. Furthermore, as the effect of the tip former diminished
in the latter part of the steady wear region, the curl radius became larger, as
shown in part (c) of the table. As a result, the number of counts is considered
to increase because the chips were less likely to be divided and the frequency
of observing the chips becoming entangled with the tool increased [24]. Here,
the sources of AE signals in turning reported by Xiaoli Li [25] are the
continuous signals of AE is associated with shearing in the primary zone and
wear on the tool face and flank, and the burst signal or excess signal of AE is
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the result from either tool fracture or chip breakage. Consistent with the report.
Therefore, it is considered that the amplitude of the AE signal and the AE count
can be effective indicators for diagnosing the state of chip discharge, that is,
the abnormal state during cutting, such as chip entanglement in the tool.

Figure 6 shows the relationship between the main cutting force and the
AE average value during the cutting time. Here, the AE average value was
derived from the envelope waveform. The signal evaluation was performed at
a position 2 mm from the tool’s initial cutting position, which has high data
reproducibility. From the results, it can be seen that both the main cutting force
and the AE average value decreased in the early stage of the steady wear region
and tended to increase in the initial wear region and the latter stage of the
steady wear region. This is because, especially in the initial stage of the steady
wear area, the effective rake angle changed as the tool wear progressed,
resulting in a larger shear angle, that is, an optimum shear angle can be
obtained. As a result, the main component force and the AE average value
tended to decrease. The correlation coefficient between the two is 0.88,
indicating a strong positive correlation. Generally, one of the evaluation
methods for tool wear is the evaluation of the dynamic component of cutting
resistance [26, 27]. Therefore, it is considered that the AE average value, which
shows a tendency similar to the cutting resistance, can be an effective
parameter for performing the in-process measurement.

Table 3: AE waveform and cutting image for each wear area

Symbols in the

Figure 5 @) (b) (©)
Wear state Initial wear Steady-State wear Late-stage of
(Cutting time) (1min) (17min) Steady-Stqte wear
(36min)

e Lource - amanimend | il

Cutting state
(High-speed
camera 2000fps)
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Figure 5: Relation between AE count and cutting time.
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Figure 6: Relation between main cutting force and AE average value over the
range of cutting time.

Figure 7 shows the relationship between boundary wear and AE

effective value versus cutting time. The AE effective value was derived from
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the envelope waveform and was used to evaluate the AE average value. In this
analysis, the AE effective value is used as one of the AE parameters indicating
the signal magnitude, similar to the AE average value. On the other hand, since
the AE effective value is calculated using the root mean square of the
waveform, the two values were both used in the present study to indicate
statistical data variability. From the results, it can be seen that the AE effective
value greatly increased in the initial wear region, had a slightly decreasing
tendency in the initial stage of the steady wear region, and again tended to
increase in the latter period of the steady wear region. This is due to the
changes in the cutting angle and the state of chip evacuation due to the changes
in shear angle with the progress of tool wear. In the latter part of the steady
wear region, it is probable that the flank wear, especially that of the boundary
of the front flank and the corner radius, have greatly progressed because the
cutting finish surface in Figure 4 is inferior. Therefore, it is conceivable that a
large compressive force or a shear force acts between the flank and the chip to
increase the AE effective value in the latter part of the steady wear region. In
other words, as a result of its size predominantly expanding from the tip of the
cutting edge to the plastic region below the flank, the work-affected layer on
the finished surface appears to have had an effect [28]. Since the AE effective
value has a strong positive correlation with the main cutting force (correlation
coefficient 0.89), this value can be a useful index in terms of product quality.
Iwamoto et al. [29] have been reported that the area of flank wear land is
associated with static and dynamic components of cutting force, and the area
of rake wear land can be associated with the AE effective value. The
experimental results are consistent with this report.

Figure 8 shows the FEM analysis results of modelling the strain rates
over a 2-D plain centered on the cutting tool. Model results for 0, 15, and 30
min of machining are given in the figure. The cutting distance was set to 10
mm, which is a sufficient distance to reach the steady machining state. The
analytical results qualitatively agree with those obtained by the experiment,
confirming that the principal component force increases with the progress of
tool wear. From the strain rate distributions shown in Figure 8, the strain rate
accompanying the progress of tool wear appears strongly in the vicinity of the
tooltip (Figure 8(a)). On the other hand, Figure 8(b) shows that the contact
length between the flank and the work material becomes longer over time so
that the range expands to the plastic region below the flank and the secondary
plastic region. Figure 8(c) suggests that the distribution range of each strain
rate further expands, and the magnitude becomes stronger over 30 min of
processing. Therefore, it was found that the AE source is the main shear region
in the early stage of tool wear. Furthermore, it was found that as the tool wear
progressed, it expanded to the secondary plastic region and the plastic region
below the flank, and the size became dominant [30].
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Figure 7: Relation between AE effective value and boundary wear in cutting
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Figure 8: Distribution of strain rate.

Figure 9 shows an example of the results of FFT analysis from the AE
signal. In Figure 9(a), the cutting time is | min, and in Figure 9(b), the cutting
time is 36 min. Both figures are shown focusing on the frequency band 500-
1000 kHz.

157



Keiichi Ninomiya*, Shun Yoshida, Kenji Okita, Toshihiko Koga, Shuzo Oshima

Figure 10 shows images of the tip of the tool edge and of chips taken
with a digital microscope at a cutting time of 36 min. Figure 10(a) shows an
image of the rake face at the tip of the tool edge (photograph magnification is
500 x), and Figure 10(b) shows an image of chips on the tool rake face side
(magnification 1000 x).

From the results in Figure 9, the amplitude of the frequency spectrum
increased as the tool wear progressed. This occurs for two reasons: a) as seen
in Figure 10, transfer marks due to the flow of chips can be observed between
the tool and the chips due to the progress of tool wear; and b) from the result
of FEM analysis, the AE source changes from the main shear zone to the
secondary plasticity zone. Since friction and wear extend to the next plastic
region and the plastic region below the flank, the influence of chip friction and
wear on the rake face predominantly changes in this frequency band [11]. This
is consistent with the findings reported by Takuma et al. [31] that the frequency
range and wear conditions corresponding to the wear phenomenon can be
grasped by wavelet analysis. Therefore, monitoring the frequency band above
500 kHz appears to be effective for understanding the transition of tool wear
while performing the in-process measurement.

0.5 0.5
> 04 > 04k
g, 0.4 E 0.4
E 03f E 03f
& ]
Q Q
2021 202F
3 = =] |
g 0.1 2 0.1
s =i
0500 600 700 800 900 1000 0500 600 700 800 900 1000
AE frequency [kHz] AE frequency [kHz]
(a) Cutting time Imin (b) Cutting time 36min

Figure 9: AE waveform FFT analysis result. (Frequency 500~1000 kHz).
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X 1000

(a) Insert cutting edge rake face (b) Chip rake face side

Figure 10: Insert cutting edge and chip image (cutting time 36 min).

Conclusions

In this study, a tool wear experiment was conducted to support the
development of in-process measurement applied to turning operations. In the
experiment, we collected basic data using an AE sensor, a cutting
dynamometer, and a high-speed camera. From the experimental results, the
following findings were obtained regarding the possibility of in-process
measurement of tool wear using the AE method.

Firstly, the magnitude of the amplitude of the AE original waveform
and the AE count is effective for monitoring the state of chip evacuation during
tool wear, that is, detecting abnormal conditions such as chip entanglement in
the tool.

Secondly, the AE mean value and the main component force have a
strong positive correlation, as do the AE effective value and the boundary
wear. Therefore, it was found that the AE average value and AE effective value
can be effective parameters to monitor the state of the cut surface, that is, the
product quality, when performing the in-process measurement.

Lastly, from the results of FEM analysis and FFT analysis, the
frequency spectrum due to the progress of tool wear shows that the influence
of friction and wear due to the flow of chips on the rake face between the tool
and the chips changes its behaviour in the frequency band around 500 kHz.
Therefore, it was found that monitoring the frequency band above 500 kHz is
effective for characterizing the transition of tool wear.

Therefore, it was suggested that a detailed analysis of the AE waveform
pattern and parameter over each frequency band may be effective for in-
process measurement.
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