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Acoustic emission sensing as a tool for understanding
the mechanisms of abrasive water jet drilling of
difficult-to-machine materials
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Abstract: For drilling difficult-to-machine materials, abrasive water jet (AWJ) drilling provides several
advantages not offered by other machining methods, such as the capability to achieve higher depth–diameter
ratios, the absence of a heat-affected zone, and no thermal distortion. An acoustic emission (AE) sensing
technique is used to study the material removal mechanisms involved in the AWJ drilling process. The fea-
sibility of using r.m.s. acoustic emission (AERMS) to monitor the AWJ drilling depth on-line is also inves-
tigated. Stochastic modelling of the time domain AE signal provides more insight into the physics of the
process.
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NOTATION

a time constant
at random noise (white noise)
di variance decomposition
f normalized frequency
fb break frequency
fd damped natural frequency
gi Green’s function
h drilling depth
hmax theoretically maximum possible drilling depth
p,q order of ARMA model
p(f) power spectrum density function
t time
x Re(li)
y Im(li)
yt amplitude of AE signal
z real root of ARMA model

g0 auto-covariance function
d sampling length
v1; . . . ; vq moving average coefficients
li characteristic roots of ARMA model
j2

a variance of white noise
f1,. . .;fp auto-regressive coefficients

1 INTRODUCTION

Since its introduction in 1983 as a commercial system for
cutting glass, abrasive water jet (AWJ) machining has
been used increasingly as a versatile tool for contour cut-
ting, milling and drilling applications. For cutting diffi-
cult-to-machine materials AWJ offers the two unique
advantages of no heat-affected zone and no thermal distor-
tion. Hence, materials such as glass, titanium, super-alloys,
metal–matrix composites and ceramics are frequently cut
with AWJ. Even though there have been several investiga-
tions in the area of AWJ cutting (1), only a few studies
(2–6) have addressed the AWJ drilling process. Therefore,
there remains a need to study the AWJ drilling process in
order to understand better the mechanisms involved.

Drilling difficult-to-machine materials with solid drill bits
is often not possible owing to the non-homogeneous nature
of the materials and their unpredictable response to the drill
bit action. Although lasers are often used for drilling these
materials, the use of lasers results in undesirable surface
characteristics, considerable heating of the work piece and
the need for additional processing (7), which significantly
increase the cost of machining. Lasers and solid drill bits
can only produce holes having relatively small depth–
diameter ratios. Among the various machining techniques,
AWJ drilling, which can provide large depth–diameter
ratios, has shown promise for machining these materials
owing to the advantages mentioned above.

Critical process parameters that influence an AWJ
drilling operation are stand-off distance, pump pressure,
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abrasive flowrate, abrasive material and grain size, the back
flow of water, jet impact angle and drilling time. Control of
hole geometry and hole quality can be achieved by varying
stand-off distance, abrasive flowrate, abrasive material and
abrasive size, whereas drilling depth can be controlled by
varying pump pressure, jet impact angle and drilling time.
Apart from these parameters, drilling performance in terms
of material removal rate or penetration rate is influenced by
the material properties and back flow of the jet from the bot-
tom of the hole. The back flow of the rebounded jet causes
turbulence inside the drilled hole, reduces the particle velo-
city and interferes with the drilling process.

Hashish (2) investigated AWJ drilling of glass and lami-
nated composites and found that low pressures (about 30–
40 MPa) should be used for glass piercing. High-pressure
piercing resulted in fracture or cracking owing to the shock
loading of water or hole hydrodynamic pressurization. An
AWJ rock drill has been developed by Savanick and Krawza
(3) and Hashish (4) for drilling quartzite with compressive
strengths as high as 503 MPa. The investigators suggested
that rotary dual (or multiple) drilling is the most promising
technique as it is capable of generating high-efficiency jets
at optimum mixing conditions. Using an open-loop
approach, Hashish and Whalen (5) attempted to control
hole quality and hole size through pressure ramping in pre-
cision drilling of ceramic coated components. However, a
closed-loop control system with an automatic in-process
hole size sensor is still needed. Raju and Ramulu (6) have
reported a semi-empirical transient numerical model for
predicting the depth of AWJ drilling, but the experimental
results did not closely match the model predictions, espe-
cially for extremely low or high drilling depths.

Depth monitoring in opaque materials during AWJ dril-
ling of small diameter holes is very difficult to perform
without interruptions. Without suitable monitoring meth-
ods, it is not possible to efficiently control the drilling pro-
cess. From a process efficiency point of view, interrupting
the drilling process to monitor the depth is not a feasible
approach. Hence, there is an increasing need to develop a
suitable indirect monitoring technique for the hole depth
in an AWJ drilling operation. In the field of abrasive water
jet cutting technology, Mohanet al. (8) have applied acous-
tic emission (AE) techniques for monitoring depth of cut in
grey cast iron. They found that the power spectrum density
of the autoregressive moving average (ARMA) model
representing the time domain AE signals gave a good indi-
cation of the depth of penetration. Thus AE sensing could be
considered as a promising technique for depth monitoring in
the AWJ drilling process also.

Recently, AE sensing has been widely used for monitor-
ing manufacturing processes (9–11). Liu and Dornfeld (9)
used AERMS as an indicator of depth of cut in precision
machining operations such as single point diamond turning.
AERMS was a good source of information to predict the cut-
ting mechanisms in micromachining (9). Tool wear in
milling operations (12) and grinding wheel wear (13) have
also been monitored using AE signals. Pandit and Stacey

(13) proposed using data dependent system analysis for cor-
relating the AE modes with different cutting conditions such
as depth of cut, grinding wheel grade, cutting speed or type
of work piece material. The AE technique has also been
used for in-process control of laser drilling (14) through
depth regulation and beam breakthrough control. AE mea-
surements of brittle materials (15) during AWJ cutting
have shown that a link exists between the modes of the
AE signal and the material removal mechanisms.

The investigations discussed above suggest that AE might
be a promising tool for sensing manufacturing processes and
understanding the underlying mechanisms involved. The lit-
erature survey also indicates that there has been little work
done towards understanding the mechanisms involved in the
AWJ drilling process. Moreover, a suitable strategy needs to
be developed to monitor on-line the depth of drilling in opa-
que materials. The current investigation is aimed at deter-
mining the feasibility of using the AE sensing technique
as a tool for monitoring AWJ drilling of ceramic materials.
Stochastic modelling of the time domain AE signal provides
relevant and useful information about material removal
mechanisms in the drilling process. This paper investigates
the AWJ drilling of a stationary workpiece with a stationary
jet.

2 EXPERIMENTAL SET-UP AND PROCEDURE

The experimental set-up consists of an AWJ system, AE
sensor, signal processor and workpieces. The AWJ system
used for performing the experiments consists of a high-
pressure intensifier pump, AWJ cutting head, abrasive
metering and delivery system, abrasive hopper with garnet
as abrasive, catcher tank andX–Y–Zpositioning system
controlled by a CNC (computer numerical controller). A
schematic diagram of the experimental set-up is shown in
Fig. 1a. Figure 1b shows the cross-section of a hole drilled
with AWJ, indicating the impinging jet and the rebounded
jet. The generated AE signals were detected and processed
by a Model AET 5500 acoustic emission monitoring system
which consists basically of an AET 5500 mainframe (signal
processing unit with amplifier), graphics terminal (interface,
data storage and display) and the accessories (sensors and
pre-amplifier). When acoustic emission caused by an
induced stress occurs in a test specimen, the sensors (reso-
nant frequency 2 MHz) convert this AE wave into a voltage
signal which is amplified by the pre-amplifier and is sent to
the amplifier in the mainframe (16-bit microprocessor) for
post-processing. For detecting the AE signals from the
AWJ drilling process, a sensor was fixed on the side wall
of the workpieces with a water-resistant epoxy gum. Three
types of non-homogeneous refractory ceramics, namely
magnesia chromite, sintered magnesia and bauxite of
51 mm thickness, were used for this investigation. The
workpiece material properties and their compositions are
given in Table 1. A pencil-lead break test was performed
for each trial to ensure proper connection and attachment
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of the sensor. Holes of different depths were drilled in the
workpiece using the same set of process parameters, given
in Table 2.

AE signals were acquired at a sampling frequency of

1 MHz (at a pre-amplifier gain of 100.0 and amplifier gain
of 5.0) with progressive drilling time. Signals were moni-
tored during three stages of the drilling process, namely
the pure water impingement stage, the drilling stage, where
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Fig. 1 (a) Experimental set-up; (b) typical cross-section of a drilled hole

Table 1 Workpiece material properties

Density Porosity Cold compressive Cold bend, tensile Young’s
Material (g/cm3) (%) strength (MPa) strength (MPa) modulus (MPa) Composition (%)

Magnesia 3.26 15.20 30.00 3.50 13 000.00 Al2O3-6, Fe2O3-14, SiO2-0.5,
chromite MgO-60, CaO-1.3, Cr2O3-18

Sintered 3.00 15.20 40.00 14.00 85 000.00 Al2O3-0.1, Fe2O3-0.2, SiO2-
magnesia 0.5, MgO-97, CaO-2.1

Bauxite 2.89 15.00 126.00 19.00 59 000.00 Al2O3-81, Fe2O3-1.7, SiO2-
12, CaOþ MgO-0.4, TiO2-
3.2, K2O þ Na2O-1.8
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the target material is subjected to erosion by abrasive water
jet mixture, and the dwell stage, which occurs after full
penetration of the target material. The time domain AE sig-
nal was acquired in several data sets over the entire drilling
process. Each data set consisted of 1024 data points repre-
senting the AE signal generated at a particular instant of
time. The fast Fourier transform (FFT) of the time domain
signal was calculated and the average of five FFT readings
of signals belonging to the same process stage were deter-
mined for further analysis. Stochastic modelling of the
time domain signals was performed through the ARMA
modelling technique. Several holes of different depths
were also drilled and the time taken was noted in order to
determine the material removal rate and the penetration
rate. Each drilled hole was filled with fine abrasive particles.
The volume occupied by the abrasive particles is multiplied
by the density of the workpiece material to determine the
weight of the material removed, which when divided by
the drilling time yielded the material removal rate. The
penetration rate is determined from the ratio of the depth
of the drilled hole and the time taken. All these experiments
were performed five times using the same set of process
parameters and workpiece material to verify the repeatabil-
ity of the results.

3 RESULTS AND DISCUSSION

Initial investigations were conducted to evaluate the drilling
performance by monitoring the depth of penetration, pene-
tration rate and material removal rate. The results of this
investigation are presented below, beginning with a brief
discussion of the characteristics of the AE signal. Discus-
sion on the strategy of monitoring drilling depth through
the AE sensing technique is presented in Section 3.3. This
is followed by Section 3.4 in which the results of the time
series modelling technique and the information they provide
about the physics of the process are briefly discussed.

3.1 Acoustic emission sensing

Acoustic emission, also called stress wave emission, is pro-
duced by microscopic deformations occurring in materials
as they are stressed. It contains part of the elastic energy
released during deformation. Acoustic emission is asso-
ciated with dislocation movements, crack growth, deforma-
tion of inclusions and with other mechanisms. These sources
are clearly present in AWJ machining. Other AE sources
arise from the fluid dynamics of the AWJ process such as
turbulence and cavitation. The characteristics of the AE sig-
nal generated during the machining process depend on the
source of generation and the material properties. Acoustic
emission signals generally can be classified into continuous
and burst type. Continuous-type AE signals are associated
with plastic deformation in ductile materials and erosion
processes in brittle materials (15), while burst-type signals
are observed in unsteady processes such as cracking in
materials (16), transgranular spalling fracture (15) and cavi-
tation. However, it must be noted that at any instant of time
there could be more than one source generating the AE sig-
nal and hence the general characteristics of the signal are
determined by the dominant source. Information about the
dominant source can be obtained through several means
such as identification of the type of AE signal and frequency
decomposition of the ARMA model representing the time
domain signal.

The most frequently used AE signal parameters for inves-
tigations are peak amplitude, rise time, event counts and
event duration. These parameters have been used for moni-
toring tool wear and tool breakage, fracture mechanisms and
process condition monitoring. Other features contained in
the raw AE signal are energy, spectrum distribution and
amplitude distribution. The first one can be represented by
the r.m.s. voltage, the second one is reflected in the zero
crossing rate and the last one will be reflected in the skew-
ness and kurtosis of the AE signal.

Typical time domain AE signals and their corresponding
FFTs for different stages of the drilling process and for
materials of different mechanical properties are shown in
Figs 2 and 3 respectively. It can be seen that the amplitude
for the pure water impingement stage is about three to four
times higher than for the drilling stage. It should also be
noted that the amplitude corresponding to magnesia chro-
mite in the pure water stage is lower than those of sintered
magnesia and bauxite. When a pure water jet impinges on
the workpiece, part of the energy is used for penetration
(if the material properties allow it to happen) and part of
the energy is lost in the fluid damping phenomena owing
to factors such as turbulence and cavitation. As penetration
depth increases, the effect of damping and the amount of
energy dissipated also increase. For all the three materials
investigated, the pure water jet penetrates less and hence
less energy is dissipated in the material removal as well as
in damping. As a result, almost the entire energy of the
impinging jet is transmitted to the sensor through the work-
piece in the form of vibrations. This could be the reason for
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Table 2 Process parameters

Parameter Value

Abrasive material Garnet
Abrasive mesh size 80
Abrasive particle shape Angular (random)
AWJ orifice material Sapphire
AWJ orifice diameter 0.46 mm
Mixing nozzle diameter 1.27 mm
Mixing nozzle length 88.9 mm
Method of feed Suction
Condition of abrasive Dry
Angle of jet 908
Material thickness 51 mm
Pump pressure 206 MPa
Abrasive flowrate 5.75 g/s
Stand-off distance 5 mm
Materials Magnesia chromite,

sintered magnesia,
bauxite
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the higher amplitude of the AE signal for pure water jet con-
ditions. As noted above, for the case of bauxite, less energy
is dissipated during the material removal process when the
workpiece is impinged on by a pure water jet owing to the
lower penetration. This is the reason for the relatively higher
amplitude of the AE signal for bauxite.

The AE signal during the drilling stage is generated pre-
dominantly by phenomena related to the target material
such as erosion, crack generation, crack propagation and
turbulence. The AE signal in bauxite is primarily of the

burst type, indicating a material removal mode due to
trans-granular fracture, which is usually observed in com-
paratively high strength materials. Visual observation of
the kerf wall of AWJ cutting of this material discussed in
Section 3.4 supports this observation. The other materials
show continuous-type signals which indicate a material
removal mechanism caused by intergranular erosion or
microcracking. It is not easy to predict the AE response
owing to the non-homogeneous nature of the material, i.e.
the presence of hard inclusions in a softer matrix. These
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aspects are discussed in detail in Section 3.4. It is observed
from FFT graphs (Fig. 3) that for magnesia chromite and
bauxite, the frequencies are concentrated between 70 and
170 kHz during the drilling stage. An AE signal with the fre-
quency response concentrated in a narrow frequency range
(in the case of bauxite) supports the previous observation
that material removal occurs owing to transgranular frac-
ture. However, frequencies in sintered magnesia are spread
between 100 and 500 kHz which could be owing to material
removal caused by an unsteady process such as continuous
generation of a microcrack network. A continuous emission
time domain AE signal with narrow frequency response
observed in the case of magnesia chromite is indicative of

material removal due to intergranular erosion. In all cases,
a weak AE signal is detected after penetration (dwell stage)
owing to AWJ impact on the hole wall surface. It may also
be noted that dwell time is an important factor that affects
the hole geometry and hole quality.

The results of the drilling performance evaluation studies
are given in the next section followed by a brief discussion.

3.2 Drilling performance

Material removal rate, defined as the mass of material
removed per unit time, was measured for each ceramic
material with progressive drilling time and is indicated in
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Fig. 4. It can be noted that the material removal rate does not
change much with drilling time. As the drilling is performed
by a stationary jet on a stationary workpiece, the jet continu-
ously removes the workpiece material from the drilled hole
and the removed material is displaced by jet back flow (see
Fig. 1b). The newly exposed workpiece material in the hole
is subjected to fresh AWJ mixture impingement. As a result,
the local energy of the impinging jet is almost the same
throughout the drilling depth. This could be the reason for
the near constant material removal rate with progressive
drilling time. As the compressive strength of the material
increases, the material removal rate reduces as a result of
the higher resistance of the target material. It is interesting
to compare the material removal rate of the materials under
study with the penetration rate during the AWJ drilling pro-
cess. Figure 5 gives a plot of penetration rate for each mate-
rial with progressive drilling time. Similar to the material
removal rate, the penetration rate is also lower for materials
with higher compressive strength. However, as time
increases, the penetration rate reduces, as indicated by the
respective quadratic equations. This could be due to the
effect of the back flow of the jet which reduces the particle
velocity and interferes with the impact process. The trends
shown by Figs 4 and 5 suggest that, with progressive
time, the AWJ mixture removes more material from the
walls of the hole and less from the hole bottom, producing
a diverging hole. This also supports the view that the back
flow of the jet has sufficient kinetic energy to remove mate-
rial in the above ceramics.

Investigations conducted by Hashish (2) on drilling of
glass and lucite indicated that the penetration rate decreases
significantly as depth increases. The semi-empirical transi-
ent numerical model suggested by Raju and Ramulu (6)
for prediction of drilling depth was verified experimentally
using transparent polycarbonate material, but the results did

not show close conformance especially at low or high drilling
depths. An attempt is made in the current investigation to
determine a suitable empirical relationship between drilling
depth and drilling time. Figure 6 shows the plots of the dril-
ling depth versus drilling time for different materials. The
trend exhibited by the data points was fitted better by an
exponential relationship given by

h ¼ hmax½1 ¹ expð¹atÞÿ ð1Þ

where,hmax is the theoretically maximum possible drilling
depth anda is the time constant. It may be noted thathmax

depends on the process parameters, mechanical properties
of the material and material removal mechanisms. The
time constanta depends on the compressive strength of
ceramic materials. The higher the compressive strength,
the lower the time constant becomes. The above exponential
relationship is indicative of less efficient material penetra-
tion at larger depths. This is primarily due to the damping
effect of the jet back flow. Similar results obtained by Hash-
ish (2) and Raju and Ramulu (6) for other materials indicate
that the above trend is primarily a feature of the AWJ
drilling process.

3.3 Monitoring drilling depth

A plot of AERMS against drilling time is given in Fig. 7.
AERMS decreases as the drilling time increases. Small dia-
meter hole drilling has damping effects on the generated
AE signal due to the presence of turbulence caused by the
back flow of water. Damping effects increase in deeper
holes because more abrasives, water and debris collect in
the cavity. This could be the reason for the decrease in
amplitude of the AE signal for higher drilling depths. Com-
pared to magnesia chromite, bauxite has more variance in
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Fig. 5 Penetration rate for different ceramic materials
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AERMS. This could be due to the presence of more hard
inclusions. This trend in AERMS for all the three materials
with progressive time indicates that AERMS can be effec-
tively used for monitoring drilling depth.

Figure 8 shows plots of AERMS values against drilling
depth for the three materials. Generally, the AERMS reduces
with increase in drilling depth. This trend can be attributed
to two causes, i.e. the non-linear trend of drilling depth with
drilling time and the damping effect on the AE signal caused
by AWJ debris present in the small diameter hole. The data
of AERMS during the drilling stage were fitted using linear
regression. An excellent fit to the data was achieved with
R values of 0.98, 0.89 and 0.93 respectively. Higher var-
iance in AERMS readings was observed for bauxite ceramic
material which could be due to the presence of hard inclu-
sions as noted earlier. It is interesting to note that the slope
of the line relating AERMS and drilling depth is relatively

low for sintered magnesia compared to the other two mate-
rials. This needs further investigation. AERMS is observed to
be higher for materials of higher compressive strength for
the same drilling time, which is due to more energy dissipa-
tion during the material removal process. The above trend in
AERMS with drilling depth indicates that acoustic emission
is a promising tool for on-line monitoring of AWJ drilling
depth.

3.4 ARMA modelling

The raw signal from the AE monitoring system was
acquired separately using a suitable PC based data acquisi-
tion system at a sampling frequency of 1 MHz for stochastic
modelling and spectrum analysis. The time domain signal
consisting of 1024 observations was analyzed using the
ARMA modelling technique. The ARMA(p,q) model can
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be represented by the equation

Yt ¹ f1Yt¹1¹f2Yt¹2 ¹ … ¹ fpYt¹p

¼ at ¹ v1at¹1 ¹ v2at¹2 ¹ … ¹ vqat¹q ð2Þ

whereYt is the amplitude of the signal at timet, at is the
white noise andat , NID (0, j2

a). The orders of the best-
fit ARMA models determined using the model distance
approach (17) ranged from ARMA (6,5) to ARMA (2,1).

The power spectrum density (PSD) function of the
ARMA( p,q) model, which is the transform of the auto
covariance function, is given (18) by the equation

pðf Þ¼2j2
a

j1 ¹ v1e¹i2pf ¹ v2e¹i4pf ¹ … ¹ vqe¹i2pqf j2

g0j1 ¹ f1e¹i2pf ¹ f2e¹i4pf ¹ … ¹ fpe¹i2ppf j2

ð3Þ

where

0 < f <
1
2
; g0 ¼

Xp

i¼1

di ; di ¼
Xp

j¼1

gigj

1 ¹ lilj

The l values are the characteristic roots of the ARMA
model andgi is given by

gi ¼
ðl

p¹1
i ¹ v1l

p¹2
i ¹ … ¹ vqÞ

ðli ¹ l1Þðli ¹ l2Þ
…ðli ¹ li¹1Þðli ¹ liþ1Þ

…ðli ¹ lpÞ

ð4Þ

It may be noted that variance decomposition(di) of each
root gives the relative power of the root. The power spec-
trum density of the best-fit ARMA model was obtained
for further analysis.

The frequency decomposition of the roots of the
ARMA( p,q) model can be derived (19) from each complex
root, for instancel1;2 ¼ x 6 iy. It has a damped natural fre-
quency given by

fd ¼
1

2pd
arc cos

x√
ðx2 þ y2Þ

� �
ð5Þ

whered is the sampling length in seconds.

To distinguish between different real roots which contri-
bute separately to the concentration of frequencies around
zero, a pseudo frequency called the break frequency, corre-
sponding to the half power point, was obtained for each real
root. The break frequency of a real root, for examplel3 ¼ z,
is given by

fb ¼
¹ ln jzj

2pd
ð6Þ

Even though FFT and PSD represent the power of the AE
signal, the FFT was derived from the time domain data
whereas the PSD was derived from the ARMA model repre-
senting the time domain data. The area under the PSD curve
can be considered as a better representative of the power of
the AE signal as it is devoid of white noise. Figures 9, 10
and 11 show the plots of PSD area against drilling time
for magnesia chromite, sintered magnesia and bauxite
respectively. It can be seen that magnesia chromite and sin-
tered magnesia have two separately identified linear regions,
whereas bauxite has three linear regions. Regions I and II of
Figs 9, 10 and 11 match very closely with the trend of pene-
tration rate. As with region I, the penetration rate has a steep
decreasing initial trend until a particular depth, namely the
critical depth, is reached, followed by a shallow trend corre-
sponding to region II. This indicates that the area under the
PSD curve is capable of providing information about the
penetration process. The critical depths are marked in the
respective figures. It may be noted that the instant at which
the AE behaviour changes (indicated by the critical depth)
occurs approximately after 22 per cent of the drilling time
for all three materials. The critical depth is higher for
materials with a lower compressive strength. In these mate-
rials, until the critical depth is reached the damping effect
of the rebounded jet is not significant. However, after the
critical depth, the trend becomes more shallow owing to
the increased damping effect of the rebounded jet. The
mechanisms related to the critical depth needs further
investigation.

The three regions of bauxite material are discussed next
in detail. In order to better understand the material removal
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mechanisms in the three materials, time domain signals
representing each region have been plotted separately and
are embedded in Figs 9, 10 and 11. It can be noted from
Fig. 9 that the time domain AE signals corresponding to
magnesia chromite material are of continuous type repre-
senting a material removal mechanism due to intergranular
erosion or microcracking. In magnesia chromite, which is
characterized by a lower Young’s modulus and lower cold
compressive strength, the presence of hard inclusions in a
much softer matrix contribute to a material removal
mechanism of intergranular erosion.

Similar to magnesia chromite, time domain signals of sin-
tered magnesia shown in Fig. 10 are also of continuous type,
but of much higher frequency. The high Young’s modulus
and relatively low cold compressive strength are indicative
of the highly brittle nature of this material. From the compo-
sition it is evident that this material is primarily a homoge-
neous material. In this context, the presence of a highly
dense continuous mode AE signal is indicative of a material
failure due to continuous generation of a microcrack net-
work similar to that occurring in glass.

The time domain AE signals for the bauxite material
representing points a to f are embedded in Fig. 11. The

time domain signal corresponding to point a representing
region I of Fig. 11 is predominantly of a burst emission
type. Points c and f representing region II of Fig. 11 for
bauxite material are also burst-type signals but with higher
density. Points d and e, representing region III of Fig. 11, are
predominantly burst-type signals similar to point a. This
indicates that, owing to its high compressive strength, the
material removal occurring in the bauxite material is
primarily of the transgranular fracture type. Region II of
Fig. 11 consists of material removal from the soft matrix
and region III represents material removal through transgra-
nular fracture of hard inclusions.

Frequency decomposition of the ARMA model represent-
ing the AE signals was performed to gain a better under-
standing of the physics of the material removal process in
AWJ drilling. Tables 3, 4 and 5 show the results of the fre-
quency decomposition of magnesia chromite, sintered mag-
nesia and bauxite respectively. The tables indicate the
primary and secondary roots of the ARMA models repre-
senting each data set.

From Table 3 it can be seen that all the primary roots are
complex which denote an exponentially decaying dynamic
model. It can also be seen that the power of the primary
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root reduces and that of the secondary root increases gradu-
ally until the critical depth (point b of Fig. 9) is reached. The
frequency range of the primary root is 120–160 kHz,
whereas most of the secondary frequencies are observed
to be in the range of 70–180 kHz. The impinging jet can
be considered to be responsible for the primary root and
the rebounded jet can be considered to be responsible for
the secondary root since the impinging jet has higher power
than the rebounded jet. The above trend indicates that with
progressive depth of drilling, the effect of the impinging jet
reduces and that of the rebounded jet increases. Beyond
the critical depth, the presence of the rebounded jet in the
narrow hole creates turbulence and hence affects the
penetration process. The damping effect of the rebounded
jet is also indicated by the negative power of the secondary
root at larger depths and the presence of negative real
roots.

In the case of sintered magnesia (Table 4) all the primary
roots and almost all the secondary roots are complex. The
frequency and power of the primary root reduce and those
of the secondary root increase gradually until the critical
depth (point b of Fig. 10) is reached. Beyond the critical
depth the power of the secondary frequency increases

further, such that there is a switch between the primary
and the secondary root. The primary frequency after the cri-
tical depth are observed to be in the range of 200–330 kHz,
whereas the secondary frequency is in the range of 140–180
kHz. This frequency range is different from that observed in
the case of magnesia chromite. The presence of the negative
power of the secondary frequency and the frequency shift at
higher depths indicate the increased damping effect of the
rebounded jet.

For bauxite (Table 5) the primary frequency is observed
to be in the range of 120–200 kHz for all depths, whereas
the secondary frequency is in the range of 60–90 kHz until
a depth of 40 mm is reached. Beyond a 40 mm depth the sec-
ondary frequency increases gradually. This increase in the
secondary frequency indicates an increased damping effect
at larger depths. This trend in the bauxite material also sup-
ports the view that the primary frequency is caused by the
impinging jet and the secondary frequency is caused by
the rebounded jet. However, the presence of a failure
mode due to transgranular fracture produces a combination
of weak and strong signals from the soft matrix and hard
inclusions respectively. This is responsible for the lack of
a clear trend in the power of the roots with drilling depth.
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4 CONCLUSIONS

The acoustic emission sensing technique provides critical
information about the material removal mechanisms in
the AWJ drilling process. Material removal in ceramic
materials characterized by hard inclusions in a much softer
matrix is primarily due to intergranular erosion indicated by
sparse continuous AE. The material removal in highly brit-
tle materials in AWJ drilling is primarily due to continuous
propagation of a microcracking network as indicated by
dense continuous AE. Material failure in high compressive
strength materials is caused by transgranular fracture indi-
cated by a predominantly burst emission signal.

AE signal amplitude is about three to four times higher
during the pure water jet impingement stage than during
drilling. Material removal rate and penetration rate studies
indicate that the back flow of the jet has sufficient kinetic
energy to remove material from the walls of the drilled

hole in the case of the materials under study causing hole
divergence. Both material removal rate and penetration
rate decrease with an increase in material compressive
strength. Decrease in penetration rate and increase in damp-
ing effect caused by jet turbulence are responsible for the
reduction in the AE signal amplitude with progressive dril-
ling time.

AERMS is a promising tool for on-line monitoring of the
depth of AWJ drilling. Stochastic modelling of AE signals
has provided an insight into the physics of the AWJ drilling
process. The area under the PSD curve exhibits the same trend
as the penetration rate. For each material, the impinging jet is
the dominant AE source until a critical depth beyond which
the damping effect of the rebounded jet becomes significant.
Frequency decomposition of the ARMA models suggests
that the primary frequency of the AE signal is caused by
the impinging jet and the secondary frequency is caused
by the rebounded jet.
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Fig. 11 Area under PSD curve versus drilling time (bauxite)
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