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2 Institute of Physical and Chemical Research (RIKEN), 2-1 Hirosawa, Wako, Saitama 351-0198, Japan 

Abstract: In drilling small holes with diameters of 1 mm or less, minute clogging and twining of 
chips or adhesion of the workpiece material can become factors in causing breakages of the drill bit; 
moreover, it can be difficult to identify the machining state. Acoustic emission (AE) sensing is a 
nondestructive inspection technique that measures the elastic-stress waves that are generated when 
a material is deformed and fractured. AE sensing permits highly sensitive measurements to be made 
without changing the rigidity of the experimental system, unlike force sensing of cutting resistance, 
etc. In the present study, attempts were made to identify the machining state and tool wear, and to 
predict abnormalities in small-diameter drilling by using the change in the frequency of AE signal 
waveforms arising from deformation and fracture. It was shown that it is possible to predict the 
breakage of the drill bit by detecting high-frequency AE signals at about 1 MHz, caused by adhesion 
of workpiece material. In addition, a correlation map of the AE frequency spectrum for identifying 
the machining state in a drilling operation is suggested. 

Keywords: acoustic emissions; sensing; in situ measurement; monitoring; drilling; cutting; 
tribology; adhesion; tool wear; frequency analysis 

 

1. Introduction 

On the basis of the Industry 4.0 (Industrie 4.0) initiative, launched by the German government in 
2011 [1], the Japanese government is currently promoting the science and technology policy Society 

5.0 (a fifth society following the hunting, agricultural, industrial, and information societies) [2]. In 
addition, digital transformation (DX) is being promoted as a means of improving business processes; 
transforming products, services, and business models; and changing the organization, culture, and 
climate of corporations to establish a competitive advantage [3,4]. To realise Society 5.0 and promote 
DX, many types of information (big data) will need to be acquired from physical (reality) space 
through the use of sensors or the Internet of Things (IoT: the idea of automatic recognition, automatic 
control, remote measurement and operation, etc., by means of Internet communications, etc., with 
various objects being equipped with communication functions) [5]. Also, artificial intelligence (AI) is 
essential for analysing big data and feeding back high-added value information to real space [6]. In 
this context, sensing technology plays an important role in acquiring information from real space and 
in establishing a basis for evaluation and decision-making. 

In the fields of manufacturing and processing, there is an urgent need to realise intelligent 
machine tools and smart factories; this requires highly sensitive and accurate sensing technology. In 
addition, as machine systems and elemental parts become miniaturized, the demand for monitoring 
of machining status in ultraprecision machining and micromachine tools is increasing year by year. 
The miniaturization of machine tools and products results in extremely small workpieces and 
machining dimensions, making it difficult to identify and evaluate the machining state by using 
conventional methods, such as measurements of cutting forces or vibrations. 
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The establishment of a technology for understanding and identifying the state of a machining 
operation is considered to be key to the development of ultraprecision and microfabrication 
technologies and, thereby, providing a breakthrough towards the IoT and DX in machine tools. 
Consequently, acoustic emission (AE) sensing, a technique that is highly sensitive to deformation and 
fracture phenomena, and which can acquire data containing a great deal of information on these 
phenomena, can be used for in situ measurements of machining conditions. AE sensing is a 
technology that uses AE transducers to measure the elastic-stress waves generated by the release of 
previously stored strain energy during material deformation and fracture in the form of AE signals 
[7] that can be analysed and characterized for evaluation and diagnosis. 

Numerous studies have been conducted in which AE sensing was used to monitor conditions 
during various machining operations, such as turning [8–11], milling [12–15], reaming [16], honing 
[17,18], grinding [19–23], or polishing [24–26]. Several AE sensing studies have also been reported for 
drilling [27–29]; for example, Gómez and Ferrari described correlations between various AE 
parameters and thrust force and tool wear [30,31], whereas Patra reported the usefulness of an 
artificial-neural-network model based on wavelet-packet features for evaluating flank wear [32]. 
Furthermore, for the evaluation of flank wear of small-diameter drill bits, deep-feature-distribution 
modelling (a method for image-level anomaly detection and anomaly segmentation in time-series 
signal analysis) has been proposed by Nakano, et al. [33]. In addition to these reports, studies on AE 
sensing by using AI, machine learning, or deep learning are also being actively conducted [34–37]. 
Consequently, AE sensing studies are becoming increasingly complex. 

The continuous AE waves generated by the interaction between a tool and a workpiece during 
machining contain a variety of AE sources and can be highly complex [8]. To avoid the need to use 
advanced analysis methods, it is important to link machining phenomena to various features of the 
corresponding AE signals. Previous studies [38,39] have demonstrated the possibility of identifying 
tribological phenomena (friction and wear phenomena) from the features of AE signal. Therefore, 
this study examined the use of AE sensing for in situ measurements of the machining state in small-
diameter drilling. In drilling holes with diameters of 1 mm or less, minute clogging and twining of 
chips or the adhesion of the workpiece material can become the factors in initiating breakage of the 
drill bit. The identification of the buried and invisible machining state is likely to be a difficult 
problem. Here, we report our findings from attempts to measure the machining state in small-
diameter drilling in situ, to permit the identification of the progress of tool wear and to predict tool 
breakage by monitoring changes in the frequency of AE signal waveforms caused by deformation 
and fracture modes. For the first time, it was shown that the state of adhesion of the workpiece 
material and micro-chipping of the cutting edge during the machining of small-diameter drill bits are 
both linked to the AE signal frequency, and a correlation map was constructed to guide in-situ 
measurements using AE sensing. 

2. Materials and Methods 

Figure 1 shows the appearance of the experimental setup with a small automatic drilling 
machine that was used in this study. Most of the studies were conducted by using uncoated high-
speed steel drill bits with a diameter of 1.0 mm, although some experiments were also performed by 
using similar drill bits with a titanium nitride (TiN) coating. The workpiece was a block of aluminium 
alloy (A6063) measuring 10 × 10 × 25 mm. The experiments were performed by drilling holes to a 
depth of 9 mm at 2.5 mm intervals in this workpiece. The step cutting time was set to 0.5 s, and the 
step return time was set to 0.7 s. Three rows with nine holes per row were drilled in each workpiece. 
All the experiments were performed by wet cutting with a mineral-oil-based lubricant applied to the 
surface of the workpiece. The experimental conditions are listed in Table 1. 

A wideband-type AE sensor (AE-900M-WB: NF Corp., Yokohama, Japan) was used to monitor 
changes in the AE signal, amplitude, and frequency spectrum with changes in the machining state. 
As shown in Figure 1, the AE sensor was installed at the centre of the underside of the workpiece by 
using a jig. Because of the depth of the drilling process, the AE sensor could be placed on the 
underside of the workpiece to provide uniform measurements of the AE waves generated and 
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propagated when each hole was drilled. The workpiece was mechanically fixed to the jig along with 
the AE sensor, which was then clamped with a vice. The output signal from the AE sensor was 
amplified by a preamplifier (AE-912: NF Corp., Yokohama, Japan) and then subjected to high-pass 
filtration at 50 kHz by using a discriminator (AE9922: NF Corp.) to suppress the influence of 
background noise signals. The resulting signal was then amplified again by a main amplifier in the 
discriminator. In this study, the AE mean value (corresponding to the change in AE signal amplitude) 
and the AE signal waveforms were recorded by using a data logger and a high-speed waveform 
digitizer, respectively. The AE signal waveforms were subjected to a fast Fourier transform to identify 
changes in the frequency spectrum of the AE signal waveforms. 

 

Figure 1. Experimental setup and the AE measurement system mounted on a small automatic drilling 
machine. 

Table 1. Summary of the experimental conditions. 

AE sensor (frequency band) Wideband-type (0.5–4.0 MHz) 
AE amplification factor 50 dB 

AE band-pass filter 
High-pass filter: 50 kHz 
Low-pass filter: through 

Tool material High-speed steel (SD), uncoated/TiN coated 
Workpiece material Aluminium alloy (A6063) 
Rotation speed 6500 rpm 
Cutting speed 18.8 m/min 
Feed rate 162 mm/min 
Feed 0.025 mm/rev 

Atmosphere 
Wet cutting (mineral-oil-based lubricant) at room 
temperature in the open air 

3. Results and Discussion 

3.1. AE Signal Changes and Machining State in Uncoated Drill Bits 

Figure 2 shows typical changes in the AE mean value with the number of holes drilled in a 
machining experiment using an uncoated drill bit. Although the spindle rotation and feed motion 
started between 0 and 1.5 s after the start of AE signal measurement, their noise signals had no 
influence. From 1.5 s onwards, the AE mean value increased slightly due to the generation of AE 
waves by contact and friction resulting from the biting of the drill bit. In Figure 2, the AE waves 
showed similar changes up to the 40th drilling, after which the AE mean value increased until, finally, 
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the drill bit broke during the 55th drilling. Therefore, the mean AE value remained at a similar level 
after the start of drilling up to a certain point, and then tended to increase in the latter half of the 
experiment. At the 54th drilling, just before the drill bit broke, the AE mean value increased 
significantly at about 4 s into the drilling. Normally, the AE mean value increases slowly as drilling 
progresses. This is considered to be an effect of the increase in the contact area between the tool and 
the workpiece and the decrease in the distance between the cutting point and the AE sensor. In the 
case where the drill bit broke, the AE mean value increased steeply immediately after the start of 
drilling. A slight change due to contact of a drill bit was observed just before the sharp rise, which 
indicated that the breakage occurred in the early stages of biting of the drill bit. 

 

Figure 2. Typical changes in the AE mean value detected during drilling until breakage of the 
uncoated drill bit. 

Figure 3 shows the result of a frequency analysis of the AE signal waveforms detected at the 
corresponding number of drilling cycles. In addition to the increase in the AE signal intensity, the 
intensity of the frequency peak at about 1 MHz (red arrows) increased as the number of drilling cycles 
increased. In particular, it should be noted that this high-frequency component was detected from 
the 40th hole drilled onwards, whereas no difference in the AE mean value was observed in this 
region. As AE signal waveforms with a high-frequency component are often detected before 
breakage of the drill bit, it is considered that it might be possible to predict the breakage of the drill 
bit by using this high-frequency component. The fluctuation in the AE signal amplitude and the 
increase in the level in the period from 2 s to 4 s in Figure 2 can be attributed to an instability in the 
machining state due to adhesion between the cutting edge of the bit and the surfaces of the workpiece 
[39,40]. 

Figure 4 shows the results of microscopic observations of the cutting edge of an unused drill bit 
and the broken drill bit after the 55th drilling. A comparison of these micrographs shows that micro-
chipping occurred on the bit’s cutting edge, and a wide area of adhesion of the work material was 
observed on the bit’s rake face. We believe that chipping of the cutting edge reduced sharpness and 
caused adhesion of the workpiece material; this adhesion then caused abnormalities during 
machining, resulting in breakage. Adhesive friction marks were also observed on the chipped surface 
of the bit. 
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Figure 3. Typical changes in the frequency spectrum of the AE signal waveform detected during 
drilling until breakage of the uncoated drill bit. 

 

Figure 4. Micrographs of the cutting edge of the uncoated drill bit before use (left) and after the 55th 
drilling (right). 

Next, we will consider the frequency spectrum of the AE signal waveforms. Previous 
fundamental studies [38,39] have shown that a peak appears in the high-frequency region (around 1 
MHz) of the frequency spectrum of the AE signal waveforms when adhesion occurs. Also, because 
the amplitude of the burst-type AE signal that is detected on adhesion increases with increasing 
adhesion [41], the influence of adhesion appears to have been stronger at the 50th drilling than at the 
40th drilling (Figure 3). Furthermore, from the 50th drilling onwards, frequency peaks also occurred 
in the middle-frequency range (between 0.15 and 0.4 MHz). This is similar to the features of the 
frequency spectra of AE signals detected during crack formation in fatigue wear [42], and is also 
characteristic of the frequency spectrum of the AE signal waveform observed when a coating peels 
off from a rolling bearing [43]. Therefore, the changes in the frequency spectrum are considered to 
capture the generation of micro-chipping (loss of sharpness of the drill bit) and peeling phenomenon 
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during chip ejection accompanying the adhesion of chips to the rake face of the bit (which accelerates 
tool wear). 

3.2. AE Signal Changes and Machining State of Coated Drills 

Figure 5 shows the results of a frequency analysis of the AE signal waveforms for various 
numbers of drilling cycles in a machining experiment using a TiN-coated bit. No feature was 
observed in the high-frequency component above 0.5 MHz up to the fifth drilling, but a frequency 
peak near 1 MHz (red arrows) was detected in the sixth and seventh drillings. In addition, frequency 
peaks in the middle-frequency range (between 0.15 and 0.4 MHz), caused by micro-chipping, 
increased in intensity at the sixth drilling. In this experiment, the drill bit suddenly broke at the 
seventh drilling; this was attributed to adhesion that had developed during the sixth and seventh 
drillings, as mentioned in Section 3.1. The features of the frequency spectrum of the AE signal 
waveforms showed a similar trend regardless of the presence or absence of a coating on the small-
diameter drill bit. 

Figure 6 shows the results of microscopic observations of the cutting edges of the unused drill 
bit and the broken bit after the seventh drilling. From this comparison, adhesion of the workpiece 
material to the rake face of the bit can be clearly seen. Compared with the micrograph in Figure 4, 
local thick adhesion can be seen, and this adhesion is likely to have been the cause of the coated drill 
bit breaking at an earlier stage than the uncoated bit. 

 

Figure 5. Typical changes in the frequency spectrum of the AE signal waveform detected during 
drilling until breakage of the TiN-coated drill bit. 

 

Figure 6. Micrographs of the cutting edge of the TiN-coated drill bit before use (left) and after the 7th 
drilling (right). 
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3.3. Detailed Surface Analysis of Drill Bits by Scanning Electron Microscopy–Energy Dispersive X-Ray 

Spectroscopy 

To examine the state of damage of the drill bit and the adhesion state of the work material in 
detail, a scanning electron microscopy–energy dispersive X-ray spectroscopy (SEM-EDS) analysis 
was performed. Figure 7 shows the SEM images and the corresponding EDS elemental mapping 
images for the uncoated drill bit, and Figure 8 shows the corresponding images for the TiN-coated 
drill bit: these are the drill bits that broke at the 55th and the 7th drilling, respectively, corresponding 
to Figures 4 and 6. Figure 9 shows a comparison of the EDS spectra for (a) the uncoated drill bit and 
(b) the TiN-coated drill bit after breakage, corresponding to Figures 7 and 8. 

In the case of the uncoated drill bit, as shown in Figure 9a, a component of aluminium in the 
workpiece material was detected in addition to the component originally present in the high-speed 
steel. The EDS elemental mapping image of the aluminium component in Figure 8 shows thick 
nonuniform adhesion of the work material on the cutting edge and rake face of the drill bit. In the 
case of the TiN-coated drill bit, Figure 9b shows that, in addition to titanium and nitrogen, which 
were the main components of the TiN coating, and the components of the base material (high-speed 
steel), an aluminium component was detected, but in a smaller amount than that in Figure 9a. Also, 
From the EDS elemental mapping image of the aluminium component in Figure 8, it can be seen that 
aluminium adhered to the rake face of the drill bit in a light and uniform manner. Therefore, as 
described above, it was confirmed that the difference in the frictional properties of the drill bit with 
and without a coating affected the degree of adhesion of the workpiece material [44,45]. The 
difference in the degree of adhesion is evidenced in the intensity of the high-frequency component of 
the AE signal at about 1 MHz, caused by adhesion, as seen by comparing Figures 3 and 5. 

Furthermore, in the SEM images in Figures 7 and 8, micro-chipping can be clearly observed on 
the cutting edge. In the micro-chipped areas in the TiN-coated drill bit, the EDS elemental mapping 
images in Figure 8 show that the titanium and nitrogen components of the coating have disappeared, 
and iron, the main component of the base material, can be seen. Also, the micro-chipped area in the 
uncoated drill bit is more contiguous than that in the TiN-coated drill bit. The difference in the degree 
of micro-chipping is evidenced in the intensity of the middle-frequency component between 0.15 and 
0.4 MHz of the AE signal, caused by crack formation, as seen by a comparison of Figures 3 and 5. 

As described above, a detailed surface analysis of the drill bits by SEM-EDS provided evidence 
of the relationship between the state of damage of the drill bits and AE frequency. This suggests that 
it should be possible to measure the state of damage of drill bits, i.e., the machining state, in situ by 
measurements of the AE frequency. 

 
Figure 7. SEM image (left) and EDS elemental mapping images (right) for the uncoated drill bit after 
the 55th drilling. 
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Figure 8. SEM image (left) and EDS elemental mapping images (right) for the TiN-coated drill bit after 
the 7th drilling. 

 

Figure 9. EDS spectra for (a) the uncoated drill bit and (b) the TiN-coated drill bit after breakage. 
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3.4. Correlation Map Based on AE Frequency for In Situ Measurements of the Machining State in Small-

Diameter Drilling 

Based on the results of this experiment, the following features of the AE signal frequency 
spectrum are considered to be useful in identifying an abnormal machining state of small-diameter 
drill bits. 

• Below 0.5 MHz: caused by cutting phenomena (increases due to the occurrence of ploughing 
and tearing of the machined surfaces). 

• Between 0.15 and 0.4 MHz: caused by the generation of micro-chipping (decline in the sharpness 
of the drill bit) and peeling phenomenon during chip ejection accompanying the adhesion of 
chips to the bit’s rake face (accelerating tool wear). 

• Around 1 MHz: caused by adhesion of workpiece material to the drill bit (can be used to predict 
the breakage of drill bits). 

Because of the vast volume of AE data that is generated, feature extraction of the detected signals 
is necessary for realizing highly accurate AE sensing and for developing IoT system with AE sensors. 
Therefore, a correlation map between the AE frequency components and the wear modes has been 
devised by organizing the results of a frequency analysis of the AE signal waveforms [38], and a 
version of this correlation map is currently being upgraded [42]. Finally, based on the upgraded 
correlation map and the results of observations of the machined surface of the workpiece and the 
cutting edge of the drill bit, a correlation map that organizes the characteristics of the AE signal 
frequency spectrum in small-diameter drilling was derived, as shown in Figure 10. The vertical axis 
shows an outline of the magnitude relationship, because it depends on the detection sensitivity of the 
AE sensor and the AE measuring conditions, etc. This correlation map can be used to determine the 
machining state in situ in small-diameter drilling, such as the occurrence of adhesion, which is the 
starting point of drill bit breakage, as well as ploughing or tearing of the machined surface. 

Methods for suppressing the adhesion of work material and avoiding tool breakage include 
supplying (high-pressure jetting or cooling [46,47]) lubricant and applying ultrasonic vibration 
[47,48] or driven rotation [49]. Although these methods can certainly suppress the progress of 
adhesion, the loss of sharpness of the cutting edge will eventually cause adhesion, resulting in tool 
breakage. In the case of small-diameter drills, breakage during machining must be avoided at all costs, 
because if breakage occurs during machining, the broken part could remain inside the workpiece. 
Therefore, the detection of AE signals with a high frequency of about 1 MHz, caused by adhesion, is 
important, as demonstrated by this study. Although the experiments in this study were conducted 
for a limited range of machining conditions, materials, and tools, we believe that the findings should 
apply to a range of different conditions, materials, and tools. As shown in Section 3.3, different 
combinations of materials (with or without a coating) result in different degrees of adhesion. Because 
there is a correlation between the amount of adhesion and the amplitude of the AE signal [41], the 
state of adhesion can be determined by AE sensing, even if different combinations of materials are 
used. Note, however, that as the diameter of the drill bit increases, the intensity of AE signals related 
to cutting phenomena (i.e., chip generation and ejection) also increases, possibly resulting in masking 
of the AE signals related to adhesion, which have a relatively high attenuation. 

The frequency spectrum of the AE signal waveform shown in the AE sensing experiment during 
drilling recorded by Klocke, et al. [27] is similar to that shown in Figure 3, although their materials 
and cutting conditions were different. Considering their results in relation to the correlation map in 
Figure 10, it can be interpreted that medium- and high-frequency components increase as the load on 
the drill bit increases, which indicates that ploughing and tearing of the machined surface and 
adhesion are occurring. Even in ultraprecision turning using a diamond cutting tool, the correlation 
map shown in Figure 10 can be applied during stable cutting and nonstable cutting (when the 
workpiece material adheres to the cutting edge) [50]. 

The AE signal intensity basically represents the magnitude of deformation and fracture 
phenomena. It is known that the behaviour of the AE signal changes during the chip-formation 
process. Specifically, the amplitude and fluctuations in the AE signal increase more for shear-type 
chips than for flow-type chips [51,52]. Furthermore, because there is a negative correlation between 
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the shear angle and the AE mean value [8,52], we believe that the decrease in the cutting performance 
of a tool can be evaluated from the increase in the frequency components below 0.5 MHz caused by 
cutting phenomena. 

Although there are various sensing technologies, such as sound, vibration, force, motor current, 
or temperature, it is difficult to identify the cause of changes in measured values. Furthermore, 
frequency analysis of AE signal waveforms, which contain large amounts of information related to 
deformation and fracture phenomena, can be used to identify and discriminate the cause of the 
phenomena, which can be useful for problem solving and material development. This correlation 
map in Figure 10 will be useful for in situ measurements of various phenomena and for the 
construction of analysis and evaluation algorithms. Further verification will be carried out in the 
future through experiments using different tools and workpiece materials, and under different 
cutting and lubrication conditions. 

 

Figure 10. Correlation map of AE frequency components for identifying the machining state in small-
diameter drilling. 

4. Conclusions 

In this study, the relationship between AE signals and the machining state in small-diameter 
drilling was examined with the aim of applying AE sensing to in situ measurements of the machining 
state during drilling and the prediction of the breakage of drill bits. The results obtained were as 
follows. 

1. The amplitude of the AE signal tended to increase as the small-diameter drill bit approached 
breakage. 

2. AE signals with a high-frequency component of around 1 MHz were detected when adhesion of 
a workpiece material (which causes breakage) occurred at the cutting edge of the small-diameter 
drill bit. 

3. Features of the frequency spectrum of AE signal waveforms (AE frequency components) 
showed a similar trend regardless of the presence or absence of a coating on the small-diameter 
drill bit. 

4. By measuring changes in the AE signal amplitude and the AE frequency components, the state 
of sharpness of small-diameter drill bits can be evaluated with a high degree of accuracy. 
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