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ABSTRACT

ARTICLE INFO

It is well established that the electrical resistance generated at the contact
interface between dissimilar metals is strongly correlated with the actual
contact area. By leveraging this phenomenon in cutting operations, we have
successfully achieved in-process identification of flank wear width during
machining. The method has shown particularly favourable performance un-
der finishing conditions involving interrupted cutting, where tool monitoring
is generally considered challenging. However, cutting operations employ a
wide range of tool geometries, cutting parameters, and machining configura-
tions, and it remains unclear whether the proposed approach is universally
applicable across these variations. To address this issue, the present study
focuses on turning, a process in which the tool-workpiece contact time is
relatively long, and investigates the applicability of the method to diverse
cutting geometries. Specifically, we examine how differences in tool geometry
and the chip-rake-face contact area influence the electrical contact resistance
between the tool and the workpiece. The results indicate that, for unused
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tools, variations in nose radius do not affect the electrical contact resistance
measured at the tool-workpiece interface. In contrast, the contact between
the flowing chip and the rake face is strongly dependent on rake angle. Con-
sequently, for tools with negative rake angles, chip-rake-face interaction was
found to have a pronounced influence on the electrical contact resistance at
the tool-workpiece interface.
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the Creative Commons Attribution 4.0 International
Licence (CC BY 4.0). Any further distribution of this work
must maintain attribution to the author(s) and the title of
the work, journal citation and DOI.

1. Introduction

Employment in Japan's manufacturing sector has shown a declining trend in recent years. Ac-
cording statistical data from 2002 onward, the number of people employed in the manufacturing
industry has decreased from 12.02 million in 2002 to 10.55 million in 2023, a decline of approx-
imately 1.5 million. In particular, the number of young workers aged 34 and under has shown a
significant decline. Since 2002, the number of young employees has decreased by 1.25 million. In
contrast, the number of elderly workers aged 65 and over has been increasing. While there were
580,000 elderly workers in 2002, this number rose to 880,000 by 2023 [1-3].

Statistical data published by the Small and Medium Enterprise Agency of Japan indicate that
the labour shortages in small and medium-sized manufacturing enterprises have become in-
creasingly severe since 2013. As a result, elderly workers, who are supposed to serve as mentors
for younger employees by transferring their technical skills, are unable to step away from front-
line operations. This situation has led to significant difficulties in fostering the next generation of
skilled workers. Evidence from a survey by the Ministry of Health, Labour and Welfare of Japan
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[4] further substantiates this issue, with 61.8 % of responding companies indicating a lack of
personnel capable of instructing young-er workers. These findings statistically validate the pre-
viously anecdotal sense of a growing shortage of skilled labour in Japan. This challenge is equally
evident in the field of machining, particularly in cutting processes [5-9].

In contrast, many contemporary consumer products rely on molds for mass production. Mold
fabrication is generally carried out using machining centres, with machining times ranging from
several hours to several days, depending on the intricacy of the design. At present, monitoring of
cutting conditions during machining is predominantly conducted through human judgment. Nev-
ertheless, continuous human supervision throughout prolonged machining processes is im-
possible due to labour hour constraints and the ongoing shortage of human resources. In particu-
lar, during the finishing cutting process, due to cutting conditions such as high spindle speeds, ex-
tremely small feed rates, and minimal depths of cut, it is almost impossible for operators to detect
abnormal sounds or vibrations emanating from the machine during cutting. Therefore, the imple-
mentation of automatic condition monitoring technology during cutting operations is essential.

To date, we have conducted studies on the identification of optimal cutting tool change timing
during intermittent cutting processes. We have achieved in-process tool wear detection during the
cutting process by measuring the changes in tool-workpiece contact electrical resistance as an
indicator of tool wear [10-12]. This detection signal is in excellent agreement with Holm’s con-tact
theory, which addresses the contact electrical resistance between dissimilar metals [13, 14]. By
applying Holm’s contact theory, we derived an identification formula for the flank wear width of
the tool, enabling its estimation from the tool-workpiece contact electrical resistance with a cer-
tain degree of accuracy [15]. Furthermore, by revising the measurement sequence of the tool-
workpiece contact electrical resistance, we were able to detect tools with a minimum diameter of
6.0 mm at a cutting speed of 100 m/min [16].

Various experimental techniques have been proposed for detecting tool wear, including con-
ventional monitoring approaches such as cutting-force measurement, machine-vibration monitor-
ing, monitoring of AC spindle-motor slip, and motor-current monitoring, among others. These
methods generally exhibit higher sensitivity under heavy cutting conditions. In contrast, the pre-
sent method becomes more sensitive in regions where the tool-workpiece contact area is small.
Accordingly, it is particularly well suited for determining the tool-replacement timing under finish-
ing conditions with small depths of cut, where the flank-wear width remains relatively small [10].
These experiments were conducted using uncoated carbide cutting edges under dry cutting condi-
tions, with results based on a single tool geometry. In practical cutting processes, a wide range of
conditions are applied, including various tool types, coating types, and the use of cutting fluids
(such as water-soluble or oil-based fluids).

As the next step in our investigation, we need to examine whether the tool-workpiece contact
electrical resistance measurement can be accurately performed under these various machining
conditions, whether the measurement accuracy is affected, and whether it maintains a con-
sistent relationship with the flank wear width of the tool, as observed in previous studies. In the
previous experiments, as mentioned earlier, testing was conducted under intermittent cutting
conditions using a milling machine. In intermittent cutting, the contact time between the cutting
edge and the workpiece is shortened. As a result, we have been struggling with the reduction in
measurement time due to the slow response speed of the detection waveform.

Therefore, in this experiment, to focus solely on the effects of tool geometry, a lathe, which op-
erates under continuous cutting conditions, was used. This eliminates the need to consider the
short measurement time. For the reasons mentioned above, an investigation was conducted to
examine how the difference in tool nose radius affects the tool-workpiece contact electrical re-
sistance during outer diameter turning. Additionally, an investigation was also conducted to exam-
ine how the presence or absence of a chip breaker, i.e., the difference in tool-chip contact length,
affects the tool-workpiece contact electrical resistance, and the results are presented here.
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2. Measurement principle and experimental setup

The measurement of tool-workpiece contact electrical resistance is performed using the DC
two-terminal method. Fig. 1 shows the measurement principle. Ry, is the tool-workpiece electri-
cal contact resistance, while R, is the specific resistance of the measurement circuit. F;is the
tool-workpiece thermoelectromotive force (E.M.F.) caused by the contact between the tool and
the workpiece.

The current generator produces a constant current of 4 A using a 12 V DC switching power
supply and a resistance of 3 Q. The electrical resistance values of R;, and R, are on the order of
several milliohms; therefore, they have no effect on the variation in the constant-current value. A
current of 4 A can be turned ON and OFF using the analogue switch SW1, which is composed of
three power MOSFETSs and has arbitrary timing. During cutting, that is, when the tool and work-
piece are in contact, a closed-loop circuit is formed and a constant current / of 4 A is applied. The
voltage drop is measured at this time, and by applying Ohm’s law, the contact electrical re-
sistance between the tool and the workpiece is obtained.

The voltage drop value varies depending on the contact area between the tool and the work-
piece. Specifically, as the flank wear width increases, the contact area between the tool and the
workpiece also expands, resulting in a decrease in the contact electrical resistance in accordance
with Holm’s contact theory. On the other hand, since the tool and the workpiece are typically
made of different metals, a thermoelectromotive force E; (E.M.F.) is generated due to the cutting
heat. The voltage drop waveform measured at this time includes the tool-workpiece E.M.F. From
the voltage drop waveform obtained during the tool-workpiece contact electrical resistance
measurement, the steady-state value of the tool-workpiece E.M.F. is subtracted in order to ob-
tain the true tool-workpiece contact electrical resistance value R;. However, since the meas-
urement principle is based on the DC two-terminal method, the measured electrical resistance
value includes the resistance of the wiring R;.
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30

R

v

Fig. 1 Equivalent circuit of measurement system

Fig. 2 shows an example of the waveform obtained during previous intermittent cutting ex-
periments and the corresponding signal-processing sequence. When the tool and the workpiece
come into contact, the tool-workpiece E.M.F. waveform first rises. Based on previous experi-
ments, the tool-workpiece E.M.F. reaches a steady state within approximately 1.5 to 2.0 ms.
Thus, the waveform is sampled for 1 ms, beginning 3 ms after the onset of the E.M.F., and the
average voltage is stored as the steady E.M.F. After that, a constant current of 4 A is applied to
the closed-loop circuit. Although the waveform initially exhibits a large overshoot, it reaches a
steady value after approximately 2.0 ms. The steady-state voltage drop is then subtracted in real
time by the previously stored steady-state E.M.F., allowing for the in-process measurement of
the tool-workpiece contact electrical resistance.

In this experiment, to investigate how the cutting edge geometry affects the tool-workpiece
contact electrical resistance, an experimental setup based on this principle was incorporated
into a lathe for continuous cutting, where the contact time between the tool and the workpiece is
longer. Fig. 3 shows the block diagram of this setup. By grounding the lathe body, the system is
connected in such a way that the influence of external noise is minimized. When the spindle
stops, all metal components, including the tool and the workpiece, are in contact, and therefore
the tool and the workpiece are at the same potential.
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Fig. 2 Measured waveforms and timing of signal process in intermittent cutting

It has been reported that, during rotation, a lubricant film is formed at the contact points be-
tween the inner race, rolling elements, cage, and outer race of the bearing. As a result, an electri-
cal resistance exists between the inner and outer races [17]. This electrical resistance has a val-
ue significantly larger than the tool-workpiece contact electrical resistance. Therefore, during
spindle rotation, the workpiece can be considered almost isolated from the ground potential.
This is also evident from the waveforms obtained later, where the tool-workpiece E.M.F. is gen-
erated during cutting.

The electrical connection to the rotating workpiece is made through the chuck and the spindle
sleeve and is connected to a rotary contact mounted at the end of the spindle sleeve. In past exper-
iments, we examined the differences in output waveforms obtained using three types of rotating
contacts: a commercially available liquid-metal contact that uses mercury, a custom-built liquid-
metal contact employing a gallium alloy, and a commercially available slip ring that uses solid met-
als as the contact material. The results showed that when a commercial slip ring is used, a thermo-
electric E.M.F. is generated due to the frictional heat produced during rotation, because the metals
used for the contacts are dissimilar. In addition, a typical slip ring presses a brush against the rotor
using spring force; however, this mechanism cannot completely eliminate variations in contact
force caused by eccentricity of the rotating shaft. Consequently, the E.M.F. output from the slip ring
appears as a wavy waveform synchronized with the rotational speed.
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Fig. 3 Block diagram of experimental setup
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On the other hand, it was found that the output waveforms obtained using the commercial mer-
cury-based liquid rotary contact and the custom-built gallium-alloy liquid-metal contact exhibited
no significant differences [16]. However, because mercury is a metal that can pose risks to human
health, its use requires sufficient caution. Therefore, in the present study, a liquid-metal rotary
contact utilizing a gallium alloy (Gallium 68.5 %, Indium 21.5 %, Tin 10.0 %) was selected. As a
result, it can be used without issue up to the maximum spindle speed of 2000 min™" in the lathe
used for the experiment.

A constant current of 4 A is applied to the closed loop by turning on a switch made of a
MOSFET after sufficient time has passed following the contact between the tool and the work-
piece and the generation of the E.M.F. The voltage drop waveform observed after turning on
both the E.M.F. and the constant current is amplified 200 times by a DC amplifier and then rec-
orded in the data recorder along with the control signals.

3. Experiment method and experimental conditions

A total of five cutting tools with distinct cutting-edge geometries were prepared for the experi-
ments. Four of these tools featured negative rake angles and consisted of uncoated carbide
throw-away inserts without chip breakers but with different nose radii (0.4, 0.8, and 1.2 mm), as
well as a 0.4-mm-nose-radius insert equipped with a chip breaker.

Many of the cutting tools used in actual machining environments are coated with various mate-
rials on their cutting edges to extend tool life. The authors have previously conducted tool-wear
experiments using coated end mills to examine how different coating materials influence the tool-
workpiece electrical contact resistance [18]. The results showed that the type of coating material
has a substantial effect on the E.M.F. generated at the tool-workpiece interface. Depending on the
combination of coating material and workpiece material, both the magnitude and the polarity of
the generated voltage vary. In contrast, it was also confirmed that the influence of tool coatings on
the tool-workpiece electrical contact resistance is very small. This result is consistent with reports
in the literature indicating that, when the applied normal load exceeds 10 N and the thickness of
the thin film deposited on the substrate is less than 10 um, the electrical resistivity of the film does
not affect the electrical contact resistance [19]. In the present study, in order to investigate the
effect of tool geometry on the electrical contact resistance between the tool and the workpiece,
uncoated inserts were selected for all cutting edges used in the experiments.

The fifth tool employed a positive rake angle and a 0.4-mm-nose-radius insert without a chip
breaker. Cutting experiments were conducted using all of these tools. All inserts were equilateral
triangular types with a corner angle of 60 °, manufactured by Tungaloy. The carbide grade was
TH10 (Tungaloy designation), and none of the inserts had surface coatings.

The tool holders used in all experiments had an approach angle of 91 °, with rake angles of -5 °
for the negative-rake configurations and +5 ° for the positive-rake configuration. It is standard
practice to mount inserts with a breaker piece placed on the cutting edge when using a tool holder
with a positive rake angle. However, in the present experiments, it was necessary to eliminate the
influence of measurement variations caused by contact between the insert and the breaker piece.
Therefore, the insert was fixed to the holder without using a breaker piece.

The cutting speed V was set to 80, 100, and 150 m/min for each cutting edge. For each cutting
speed, the depth of cut t was varied from 0.1 mm to 1.2 mm, and cutting experiments were con-
ducted. The workpiece used was chromium-molybdenum steel with a diameter of 50 mm (JIS:
SCM420, ASTM: AISI 4130, ISO: 25CrMo4). Before each cutting operation, the outer diameter of the
workpiece was measured, and the spindle speed was set to ensure that the outer diameter of the
workpiece achieved the cutting speed corresponding to each setting.

The feed rate per spindle revolution f was kept constant at 0.1 mm/rev for all conditions, and
the cutting was performed under dry cutting conditions without the use of cutting fluids. The ex-
perimental conditions used in this experiment are summarized in Table 1.
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Table 1 Experimental setup

Insert #1 Insert #2 Insert #3 Insert #4 Insert #5
Nose radius 0.4 mm 0.8 mm 1.2 mm 0.4 mm 0.4 mm
P
Chip breaker shape - _ 5 -
T o)
Insert dimension 60 ° equilateral triangle

Insert photos

Insert manufacture Tungaloy

Insert material Cemented carbide (Tungaloy model number TH10)

Insert coating -

5° ]
o "‘-I 7@ ]

- = A

- f‘ 9
5° 91°
Tool holder shape 8
p
I
For Insert #1 to #4 [20] For Insert #5 only [20]
Rake angle -5° +5°
Cutting edge angle 91° 91°

Cutting speed V 80 m/min, 100 m/min, 150 m/min

50 mm in diameter Chrome-molybdenum steel
(JIS: SCM420, ASTM: AIS1 4130, 150: 25CrMo4)

Work material

Depth of cut t 0.1,0.2,0.3,0.4, 0.5, 0.6,0.7, 0.8, 1.0, 1.2 mm
Feed rate f 0.1 mm/rev
Cutting lubricant (Dry cutting)

4. Experimental results

Fig. 4 shows an example of the output waveform obtained in this experiment. This waveform
was obtained with a cutting speed V = 100m/min, a depth of cut t = 0.5mm, and Tool insert #1.
The memory recorder used in this experiment was set to a sampling interval of 10 ps, allowing it
to record waveforms for 20 seconds.

Fig. 4 first shows the waveform recorded during the idle rotation of the spindle. The spiky
noise observed at this time is considered to be caused by the E.M.F. generated by instantaneous
metal contact, such as that occurring in the spindle bearing. However, it is clear from both the
subsequent E.M.F. waveform and the voltage drop waveform that this spiky noise does not affect
the measured waveforms.

Subsequently, when the tool and the workpiece make contact, the tool-workpiece E.M.F. rises
(the enlarged section: Fig. 4a). The workpiece used in this experiment was directly cut from a
long bar of material using a saw, and thus the material's end face is not perpendicular to the
spindle rotation axis. As a result, the waveform at the beginning of cutting resembles that of in-
termittent cutting.

Subsequently, at arbitrary timing, a constant current of 4 A is passed through the closed-loop
circuit formed by the contact between the tool and the workpiece. At this point, the waveform
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initially experiences a large overshoot but quickly reaches a steady-state value (the enlarged
section: Fig. 4b). The steady-state value at this point corresponds to the voltage drop waveform
due to the tool-workpiece contact electrical resistance. However, as mentioned earlier, this
waveform also includes the tool-workpiece E.M.F. Thus, by subtracting the average value of the
tool-workpiece E.M.F. from this waveform, the true voltage drop waveform can be obtained.

In this experiment, the average E.M.F. is taken as the arithmetic mean of the E.M.F. during the
one second before applying the constant current. After that, the value of the voltage drop caused
by the contact electrical resistance was determined by subtracting the average value of the
E.M.F. waveform from the arithmetic mean of the voltage drop waveform measured during one
second after applying the constant current. After dividing this value by 200, the true tool-
workpiece contact electrical resistance was calculated using Ohm's law.

Since the measurement uses the DC two-terminal method, the wiring resistance is included in
the measured value. However, as long as the same machine is used, this wiring resistance re-
mains constant and does not need to be considered when measuring changes in contact electri-
cal resistance. When the constant current is turned off after a certain period, the waveform first
undershoots and then returns to the steady-state value of the tool-workpiece E.M.F. (the en-
larged section: Fig. 4c).
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Fig. 4 Measurement waveform and enlarged view of each timing

5. Discussion
5.1 Effect of cutting speed

Fig. 5 shows the relationship between the depth of cut and the variation in tool-workpiece elec-
trical contact resistance for each cutting edge. Each graph overlays the measurement results
obtained at three different cutting speeds for the corresponding cutting edge. Among these
graphs, for the negative-rake-angle inserts without a chip breaker (Insert #1, #2, and #3), it can
be observed that the measured values at a cutting speed of V' = 150 m/min tend to be slightly
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lower. Electrical resistivity varies with temperature and generally increases as temperature ris-
es. Since cutting temperature typically increases with cutting speed, a higher cutting speed
would normally be expected to result in higher electrical resistivity. Focusing on the results at
cutting speeds of V =80 m/min and 100 m/min, Insert #1 and #2 exhibit larger resistance val-
ues at V = 80 m/min than at I/ = 100 m/min, whereas Insert #3 shows the opposite trend. Fur-
thermore, for Insert #4 and #5, no clear differences in electrical contact resistance due to cutting
speed are observed. From these observations, it can be concluded that the cutting speed does
not significantly influence the electrical contact resistance between the tool and the workpiece.
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Fig. 5 Relationship between depth of cut and tool-workpiece contact resistance for each cutting edge geometry
5.2 Effect of nose radius

Next, the tool-workpiece electrical contact resistance obtained at each cutting speed was com-
pared with respect to differences in nose radius. Fig. 6 shows the variation in electrical contact
resistance for Insert #1, #2, and #3 at each cutting speed.
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Fig. 6 Relationship between depth of cut and tool-workpiece contact resistance for each nose radius
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From this figure, it can be seen that the difference in nose radius at the cutting edge does not
affect the tool tool-workpiece workpiece electrical contact resistance. Geometrically, the size of
the nose radius influences the contact area between the tool rake face and the workpiece only
during the very first revolution, when the cutting edge initially engages with the material.
Thereafter, the tool-workpiece contact area S becomes f x t deter-mined solely by the feed rate f
and the depth of cut ¢, regardless of the nose radius. The present experimental results are con-
sidered to clearly reflect this behaviour.

5.3 Effect of chip—tool contact due to differences in rake angle

Finally, the influence of the tool rake angle on the tool-workpiece electrical contact resistance is
examined. As shown in Table 1, Insert #1, #2, and #3 have a negative rake angle of -5 °. Although
Insert #4 uses the same tool holder as Insert #1 to #3 and therefore has an overall negative rake
angle, the cutting edge is equipped with a chip breaker with a 30 ° slope. Consequently, as long as
the feed per revolution f (mm/rev) does notexceed the width of this chip breaker, the effective rake
angle becomes +25 °. Insert #5 does not have a chip breaker, but the tool holder provides a posi-
tive rake angle of +5 °.
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Fig. 7 Relationship between depth of cut and tool-workpiece contact resistance for each rake angle
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: Tool-Workpiece contact area

Fig. 8 Conceptual diagram of the contact area between the tool and the chip depending on the rake angle
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Fig. 7 shows the relationship between the depth of cut and electrical contact resistance at each
cutting speed for Insert #1, #4, and #5, all of which have the same nose radius. At all cutting
speeds, a clear difference between positive and negative rake angles is observed. As illustrated
conceptually in Fig. 8, when the rake angle is positive, the generated chip curls and is discharged
with minimal contact with the rake face. In contrast, when the rake angle is negative, the chip is
forced to remain in contact with the rake face over a certain distance, even while curling. This be-
haviour is also supported by FEM analyses reported in the literature [21, 22], which demonstrate
the differences in chip flow associated with variations in rake angle.

6. Conclusion

In order to achieve in-process identification of cutting tool life, the variation in tool-workpiece
electrical contact resistance, which serves as a highly effective detection signal, was investigated
with respect to differences in cutting-edge geometry. The results revealed that neither cutting
speed nor nose radius has a significant effect on the electrical contact resistance between the
tool and the workpiece. On the other hand, a substantial difference in measured electrical con-
tact resistance was observed between positive and negative rake angles.

In turning operations, most commercially available throw-away holders for external machin-
ing are designed with negative rake angles. However, the use of inserts without chip breakers, as
employed in this experiment, is rarely applied in general machining due to considerations of
chip evacuation. Therefore, when using inserts with chip breakers, it is not necessary to account
for a reduction in electrical contact resistance caused by chip contact with the rake face.

The machining scenario targeted in this study is the determination of the appropriate tool re-
placement timing during long-duration machining of molds, performed on machining centres. In
intermittent machining, particularly in end-mill operations, the rake angle is always positive;
therefore, the influence of chip contact on the rake face in this method does not need to be con-
sidered.

On the other hand, as mentioned earlier, cutting conditions in cutting processes are highly di-
verse. Therefore, it will be necessary to continue examining whether the proposed method can
accommodate a wider range of conditions, such as the presence or absence of cutting fluids, the
influence of different tool-coating materials on the tool-workpiece electrical contact resistance,
and variations in workpiece material.
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