
196

COMPARISON OF ARTIFICIAL ACOUSTIC EMISSION SOURCES AS
CALIBRATION SOURCES FOR TOOL WEAR MONITORING IN SINGLE-
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ABSTRACT

Two artificial acoustic emission (AE) sources, an air jet and a pulsed laser, were evaluated in reference
to their suitability as a calibration source for single-point machining and tool wear monitoring.  The air
jet source was found to have a more similar rms AE-spectrum to that obtained from machining than the
pulsed laser source.  The rms value of the AE signal (AErms) produced by the air jet source was
observed to be linearly proportional to the air pressure applied and sensitive to the torque used to
tighten the insert onto the tool holder.  When the applied torque was greater than 1.2 Nm, the AErms
remained constant.  Thus, once the tightening torque is above this threshold, the AErms value obtained
from a sensor can be converted into an air pressure value.  In this way, providing a set-up is calibrated
using the air jet source under a defined condition, results obtained from different set-ups, having been
identically calibrated, can be compared, thus facilitating a transfer and sharing of knowledge.

INTRODUCTION

Research into the use of acoustic emission (AE) for tool wear monitoring [1-10] has established that
there exists a definite relation between AE and tool wear. Attempts were made to model the AE process
in machining, but despite the fact that general trends could be predicted satisfactorily, the absolute
values of AE produced in apparently identical machining processes could still differ markedly from one
set-up to another.

The root cause of the problem is that the components that make up the AE transmission and
measurement system as well as the interfaces between the components are highly variable.  For single-
point machining, typically, the components comprise an insert, a tool-holder and a sensor whereas the
interfaces refer to those that occur between the tool insert and the tool-holder; and between the tool-
holder and the sensor.  Changes in either the components or the interfaces can produce a very different
AE response.  A striking example is the coupling between the insert and the tool-holder where, as will
be reported in this paper, an increase in the clamping torque on the insert results in a significant drop in
the root-mean-square value of the AE signal (AErms).  Consequently, AE results obtained from different
research centres are not easy to compare making knowledge transfer at best difficult, if not impossible.

To achieve transferability of results and hence knowledge, some form of AE calibration is necessary.
The process of calibration involves a measurement procedure carried out under specified conditions.  Its
objective is to establish the relationship between the value of a quantity as indicated by a measuring
instrument and the corresponding value from a reference standard.  When the result of the measurement
can be ultimately related to a stated reference, such as a national or international standard, through an
unbroken chain of comparisons all having stated uncertainties, then the measurement is said to be
traceable to the standard.
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It is important to note that the calibration of a sensor, as is conventionally done, in order to determine
the AE at the sensing element of the sensor is not of much practical value.  This is because one is often
only interested in the character of AE at its source, for example, at the cutting edge in machining.  What
is immensely more useful is the calibration of the whole AE system with the location of the AE source
known and the point of the sensor attachment decided.  Understandably, once the layout of the source
and sensor is changed, the system has to be calibrated again.

In this paper, two artificial AE sources, an air jet source and a pulsed laser source, were studied to assess
their suitability as an AE calibration source for the single-point machining process.  The effects on the
AE were investigated of the clamping torque applied to the tool insert and a calibration procedure was
suggested.

ARTIFICIAL AE SOURCES

Based on the wave shapes, artificial AE sources can be classified into three different categories [11] as:
1. Noise – produced from, for example, helium gas jet impact, fracture of silicon carbine particles,

stress corrosion cracking and phase transformation in AU-47.5% Cd;
2. Continuous waves  - generated by exciting piezoelectric, electro-magnetic and electro-static devices;
3. Impulses – arising from sparks, breakage of glass capillary, breakage of pencil lead, dropping of a

steel ball on a hard surface to produce an impact, point-contact resistive heating and laser pulse
heating.

Berlinskey [12] used two artificial sources, a dropping ball and a pulsed laser, in the study of martensitic
transformation in Fe-30Ni.  McBride [13] used a helium gas jet to calibrate the AE system for measuring
crack propagation in the vicinity of a notch.  Evans [14] tested the diffuse field theory with a conical
piezoelectric AE transmitter and sensor.

The American Society for Testing and Materials (ASTM) issued a standard guide E976-94 for
determining the reproducibility and checking for degradation of AE sensors [15].  It recommended three
artificial AE sources: an electrically driven ultrasonic sensor, a gas jet and an impulsive source produced
by breaking pencil lead.  The standard guideline E1106-86 [16] used a step point-force by breaking a
glass capillary against a very large steel block.

To qualify as an AE calibration source in tool wear monitoring, the source should possess similar
characteristics to the AE sources produced in machining, in addition to the also important characteristic
of reproducibility.   Here, similarity suggests that the comparing sources have rms AE-spectra that
closely resemble each other in appearance.

The pulsed laser has been frequently used as an artificial AE source in the past two decades [17-20] for a
number of reasons.  Firstly, the laser source is broad-band and highly reproducible because the pulse
parameters can be clearly defined and tightly controlled.  Secondly, the energy of a laser pulse is readily
quantifiable once the electrical parameters that drive the laser are known.  Thirdly, laser can be delivered
to remote locations via optical fibres.  However, a pulsed laser is not without its drawbacks: it is
expensive, requires stringent safety consideration and produces low power, hence weak AE, when, by
necessity, operated within the thermo-elastic range so as not to cause damage to the impinged surface.
In many respects, an air jet source is similar to the helium jet source.  The advantages of the air jet
source are that it is non-contact, inexpensive, relatively safe, portable and readily available in a machine
shop. The disadvantage is that the behaviour of an air jet in respect of the AE produced is affected by a
host of environmental factors such as temperature and humidity.
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SIMILARITY COEFFICIENT

An n-point rms discrete AE-spectrum can be thought of as a vector u defining a point in the n-
dimensional vector space.  By analogy with vectors in the three-dimensional space, the length squared of
u is the inner product of u with itself.  Thus, the length of u can be computed from

       (1)

This length is the same as the AErms of the signal from which the n-point discrete spectrum is derived.
The vector u can be normalised by dividing its elements by the length of the vector.  A normalised
vector, denoted by u , has a unit length.

Given two normalised vectors, u  and v , in the n-dimensional space, the included angle θ between them
is related to the inner product of u  and v  as

vu .cos =θ . (2)
If the two vectors are identical, then cosθ = 1, whereas if they are orthogonal to each other, meaning that
the projection of one vector on the other is zero, then cosθ = 0.  Since the value of cosθ suggests the
degree of similarity between the two vectors, it is named the similarity coefficient.

AE COMPARISON OF AIR JET, LASER AND MACHINING

Three sets of tests were conducted to compare the shapes of the rms AE-spectra obtained from single-
point machining, the air jet and the pulsed laser. The repeatability of rms AE-spectra from the air jet and
pulsed laser sources was also assessed.

Machining tests

Machining tests were performed with the cutting process variables changing as follows:
•  Surface cutting speeds from 80 to 150 m/min;
•  Feed rates from 0.1 to 0.4 mm/rev; and
•  Depths of cut from 0.3 to 1.0 mm.

The work-piece was made from EN24T (0.35-0.45 % carbon) and measured 63.5-mm diameter by 150
mm length.  Tool inserts of type GC 4035 DCMT 11 T3 04 UF and a tool shank of type SDJCL 1616H
11 (Sandvik Coromant) were used. Details of the insert geometry are: cutting edge length 11mm, insert
thickness 3.97mm, insert shape 55°, rake angle 0°, clearance angle 7° and nose radius 0.4 mm.

A broad band AE sensor (125 kHz – 2 MHz) was mounted at the end of the tool holder with silicone
rubber compound.  A Hewlett Packard HP 89410A Vector Signal Analyser was used to produce a 401-
line rms AE-spectrum with frequency from 0 to 1 MHz averaged over 70 consecutive spectra.

Air Jet Tests

As shown in the block diagram of Fig. 1, air from an air supply passed through an air filter, a precision regulator, a precision
pressure gauge, an on/off valve and a nozzle sequentially, emerging as an air jet. The air jet was directed normally at
the top rake surface of the insert, 3 mm from the nose tip and equally distant from the leading and
trailing edges of the insert. The insert was clamped to the tool-holder with a clamping torque of 2 Nm
and the tool holder was, in turn, held in a fixture.

u = u.u = uk
2

k =1

n

∑ .
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Fig. 1. Block diagram of the air jet equipment.

Both the stand-off distance from, and the location of the point of impact on, the rake face were
controlled by micrometers. The measuring instruments and their settings were the same as those for the
machining tests.  Two resolutions of the frequency spectrum were used, namely 401 and 3201 lines. The
schematic diagram of the AE signal propagation path is shown in Fig. 2.

Fig. 2. Schematic diagram showing the signal propagation path of AE in tool wear monitoring.

The tests were performed with two different sizes of nozzle diameters: 1.0 mm and 1.4 mm. The stand-
off distance was varied from 2 to 16 mm, in increments of 2 mm. The air jet pressure was varied
between 1 and 5 bars, in increments of 1 bar.

Pulsed Laser Test

A pulsed Nd:YAG laser system was used as the laser source.  The energy of the laser was such chosen
that it was insufficient to cause damage to the insert. The energy level of the laser was measured with a
laser power meter, which registered a value of 3 mJ when the tip of the optical fibre was 2 mm away
from the measuring matt black surface. The procedure and the set up of the measuring system were the
same as those for the air jet tests excepting the spectrum resolution, which was 3201 lines.

SIMILARITY OF ARTIFICIAL AND MACHINING AE SOURCES

All rms AE-spectra from the machining tests have similar appearance with the average spectrum as
shown in Fig. 3.

Figures 4 and 5 show the typical AE time signals of the air jet and the pulsed laser. The air jet waveform
is continuous whereas the pulsed laser is of burst type. Figures 6 and 7 show the RMS AE-spectra for
the two different artificial sources. It is evident that both the air jet and pulsed laser sources produced
sufficient frequency bandwidth, 100 kHz –500 kHz, for tool wear monitoring purposes but the energy
level of the pulsed-laser source is much lower.

Using the machining RMS AE-spectrum as the reference, its extent of similarity compared to the air-jet
source and the pulsed-laser source, expressed in terms of the similarity coefficients as defined in
Equation (2), are 0.8653 and 0.5604 respectively.  This result is to be expected as is apparent from the
rms AE-spectra of Figs. 3, 6 and 7.
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Fig. 3.  RMS AE-spectrum from machining EN24T with a GC 4035 insert.

 Fig. 4. Time domain of the air jet.                          Fig. 5. Time domain of the laser.

Fig. 6. Power spectrum of the air jet. Fig. 7. Power spectrum of the laser pulsed.
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AE AND AIR-JET PRESSURE AT DIFFERENT STAND-OFF DISTANCES

Using Equation (1), the AErms value of the AE signal was calculated.  For the air jet tests, the
relationship was established between the AErms and the air-jet pressure at a stand-off distance from 2 to
16 mm, with bore diameters at the nozzle of 1 mm and 1.4 mm.  The shapes of the rms AE-spectra at the
two bore diameters were similar but the peak magnitude was higher for the bore diameter of 1.4 mm.
On the other hand, the 1-mm diameter nozzle produced spectra that had lower variability.  Using the 1-
mm diameter nozzle, the relation between AErms and the air-jet pressure for different stand-off
distances is as shown in Fig. 8.  The variability of the AErms, defined as the ±1 standard deviation
divided by the mean, was ±2.62 %.

Fig. 8. AErms of the air-jet at pressure, 1-5bars, at stand-off distances (a) 2-8 mm, and (b) 10-16mm.

The condition at the stand-off distance of 2 mm and pressure of 2 bars was chosen to show the
variability of the measurements.  These were the lowest values amongst the set of stand-off distances
and pressures tested.

Peak amplitude on the rms AE-spectrum with 401-point resolution = ±5.05 %
Peak amplitude on the rms AE-spectrum with 3201-point resolution = ±5.84 %
AErms from the rms AE-spectrum with 401-point resolution = ±1.14 %
AErms from the rms AE-spectrum with 3201-point resolution = ±1.27 %

For the pulsed laser tests, the variability of the measurements at the stand-off distance of 2mm and laser
energy of 3 mJ are:

Peak amplitude on the rms AE-spectrum with 3201-point resolution = ±2.02%
AErms from the rms AE-spectrum with 3201-point resolution = ±1.92 %

It is observed from these results that both artificial sources have similar variability.

AE, AIR JET PRESSURE AND INSERT CLAMPING TORQUE

Air jet tests were conducted to study the effects of different sensor location and of different insert
clamping torque on the AErms.  Similar to the air-jet tests in Section 4.2, the air jet was positioned
vertically above the top rake face of the insert 2 mm inwards from both the leading and trailing edges of
the insert, at a stand-off distance of 5 mm.  Three pairs of AE sensors were mounted with the first of
each pair on the tool holder and the second on the tool post, all held in position using a silicone rubber
compound.  These were all PAC sensors and the pairs were: WD and WD with response bandwidth of
100 kHz-1 MHz, UT1000 and UT1000 with response bandwidth of 60 kHz-1 MHz, R30 (100-400 kHz)
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and R15 (50-200kHz).  The outputs of these sensors were amplified by 60dB and band-pass filtered
from 20 kHz to 1MHz.  The Hewlett Packard HP89410A Vector Signal Analyser was used to produce
an RMS AE-spectrum with 401-point resolution averaged over 70 successive spectra.  The insert was
tightened to three levels of torque, namely 0.4 Nm, 1.2 Nm and 2.0 Nm.  The air-jet pressure was varied
between 3 and 8 bars in 1-bar increments.

Results showed that the AErms were linearly proportional to the air-jet pressure applied for all levels of
clamping torque.  It was also observed that the AErms was the highest at the torque value of 0.4 Nm,
therefore suggesting that the AErms was sensitive to the torque applied. The graph for the clamping
torque of 2.0 Nm is as shown in Fig. 9.

To study the relation between clamping torque and AErms, the air-jet pressure was fixed at 5 bars whilst
the clamping torque was changed from 0.4 Nm to 3.2 Nm using an adjustable torque wrench. The
results, as in Fig. 10, show that the AErms decreases as the torque increases from 0.4 to1.2 Nm and then
remains constant from 1.2 Nm to 3.2 Nm.  The ratios of AErms between the different pairs of sensors,
one on the tool holder and the other on the tool post, were calculated for each value of clamping torque
and they are as shown in the table below:

Sensor pair Mean of ratios Standard Deviation of ratios Variability (%)
WD/WD 1.049 0.031 2.984
UT1000/UT1000 0.630 0.038 6.093
R30/R15 2.223 0.076 3.411

CONCLUSION

Compared to the pulsed laser, the air jet is more suitable as an artificial calibration source for measuring
systems used for machining study and tool wear monitoring.   This is because the air jet source has an
RMS AE- spectrum more similar to that observed in machining than the pulsed laser, is relative safe to
use, is less expensive and is more readily available in a workshop.

For a fixed stand-off distance, the AErms of the air-jet increases linearly with the air-jet pressure.  The
clamping torque applied to the insert can affect the AErms if the torque value is low; but when the
clamping torque exceeds 1.2 Nm, the AErms remains constant.  A safe clamping torque for the tool
holder used in this research is around 2 Nm beyond which there is the risk of damaging the hexagonal
head of the tightening screw.
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Fig. 10. AErms related to clamping
torque at constant pressure of 5
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In summary, a calibration procedure may be suggested as follows.  With the insert clamping torque
above 1.2 Nm, the AErms value obtained from a sensor can be converted into an air pressure value using
the calibration graphs such as Figures 8 and 9.  In this way, providing a set-up is calibrated using the air
jet source under a prescribed condition, results obtained from different set-ups that have been calibrated
in the same manner can be compared.
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