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1. Introduction

Abrasive waterjet machining technique can be

considered as one of the most recent non-tradi-
tional manufacturing processes to be introduced.
In this machining technique, the abrasive such as
garnet, aluminum oxide (ALO,), or silicon carbide
(SiC) is accelerated by high velocity waterjet and
directed through an abrasive waterjet nozzle at
the target material to be machined. Abrasive
waterjet machining was first introduced as a com-

mercial technique in 1983 for cutting glass.
Absence of heat-affected zone and thermal distor-
tion, and ability to cut difficult-to-machine mate-
rials have made abrasive waterjet a versatile tool
for cutting applications. Originally, the abrasive
waterjet machining technology was applied for
linear cutting and shape cutting of materials such
as glass, titanium, super-alloy, metal-matrix
composites and advanced ceramics. However,
recently this technology is used for such machin-
ing applications as milling, turning and drilling.
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Drilling difficult-to-machine materials presents
significant challenges to conventional techniques.
Drilling such materials with solid drill bits is
often not possible due to large difference in the
nature of material properties and their unpre-
dictable response to the drill bit action. In order
to expand the possible applications of these mate-
rials, machining methods must be developed to
allow for successful fabrication of component

d"* ceramics

parts. Recently, it was demonstrate
and metal matrix composites can be effectively
machined by non-traditional methods such as
lasers, electrodischarge machining (EDM), Elec-
trochemical machining (ECM), and abrasive water-
jet machining. EDM is used for fragile tungsten
parts. A practical material remove rate (MRR) for
EDM ranges from 20 to 200 mm’ /hour . This
relative low volume removal rate translates into
an excessively high machining cost for the drilling
operation. ECM has also been used for these
materials. However, ECM is an extremely slow
process with poor dimensional stability. Addition-
al, the hazardous wastes generated in the process
are harmful. The use of lasers results in undesir-
able surface characteristics, considerable heating
of the workpiece and need for additional process-
ing, which significantly increases the cost of
machining. Among the various non-traditional
machining techniques, it appears that AWJ
drilling shows big promise in machining these
materials.

The increasing need to conduct an in-depth
study into the mechanisms involved in AWJ
drilling process is necessitated by the unique
capability of AWJ to machine the previously men-
tioned exotic materials with least material distor-
tion/failure. Even though several investigations
have been conducted to explore the mechanisms
involved in AWJ cutting process, the differences
in the physical phenomena involved in these two
processes warrant a separate study of the AWJ
drilling process. The results of this investigation
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will also aid a better understanding and control of
the AWJ drilling process.

In the AWJ drilling process, a combination of
parameters, such as stand-off-distance, abrasive
flow rate, pump pressure, abrasive material and
grain size, back flow of water, jet impact angle,
drilling time, etc., determines the process effec—
tiveness. Of these parameters, the back flow of
the rebounded jet from the bottom of blind holes
causes turbulence inside the drilled hole, reduces
the particle velocity and interferes with the
drilling process. The cross—section of the hole
drilled with AWJ indicating the impinging jet and
the rebounded jet is shown in Fig.1. Fig. 2 shows
general scheme of drilling concept. Holes drilled
with stationary jet and stationary workpiece are
characterized by small diameters and larger h/d
ratio (h-depth, d-diameter). This process is con-
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Fig. 1 Typical Cross-Section of a Drilled Hole

Nozzle Nozzle

ase )

Workpiece

Workpiece

Workpiece

Case 1 Case 2 Case 3
Fig. 2 General Scheme of AW] Drilling Concept.
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ventionally called “piercing”. However, the cases
2, and 3 mentioned above are characterized by
large diameters and relatively smaller h/d ratios.
Drilling a rotating workpiece with a stationary jet
or a stationary workpiece with a rotary jet are
conventionally called “drilling”. In this study the
primary focus is on AWJ drilling of stationary
workpiece with stationary jet (case 1) and hence
the term "AWJ drilling” implies “drilling station-
ary workpiece with stationary jets”. A brief
description of the investigations already per-
formed in this field is given below.

Hashish® investigated AWJ drilling of glass and
laminated composites and found that low pres-
sures (about 30 to 40 MPa) should be used in
glass piercing for good results. High pressure
piercing resulted in fracture or cracking due to
the shock loading of water or hole hydrodynamic
pressurization. AWJ rock drill has been developed
by Savanick and Krawza™ and Hashish™ for
drilling quartzite with compressive strength as
high as 503 MPa. The investigators suggested
that the rotary dual (or multiple) drill is the most
promising technique because high-efficiency jets
can be used at optimum mixing conditions. Hole
quality and hole size control through pressure
ramping in precision drilling of ceramic coated
components was attempted by Hashish and
Whalen™ using an open-loop approach. Raju and
Ramulu® have reported a semi-empirical tran-
sient numerical model for prediction of the depth
of AWJ drilling. However, the experimental
results were not closely matching the model pre-
dictions especially at extremely low or high
drilling depths.

To produce a small diameter hole with con-
trolled depth is a basic problem of the AWJ
drilling operation. The methods used to detect the
drilling depth of AWJ could be categorized into
two groups, namely direct and indirect. Direct
methods provide a measurement of the drilling
depth by interrupting the drilling process. Obvi-
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ously, this method is not suitable for on-line con-
trol of the uniformity of drilling depth. Indirect
methods could be based on the measurement of
some parameters that are correlated to the depth
of AWJ drilling, such as the average workpiece
normal force or acoustic emission .

Acoustic emission has been widely used in mon-
itoring manufacturing processes"*'?. Liu et al."”
found that AE-RMS signal is a good candidate to
monitor the actual depth of cut in precision
machining operations such as single point dia-
mond turning.

They also reported that other information from
the zero crossing rate and kurtosis of AE signal
could be related to changes in the cutting mecha-
nism in micro-machining. Work has been done in
sensing tool wear in milling and grinding process-
es using AE signals"*'¥. Pandit et al. ™proposed
possible use of data dependent system analysis in
correlating the AE modes with different cutting
conditions, such as depth of cut, grinding wheel
grade, cutting speed, or workpiece. AE technique
was also used for in-process control of laser
drilling"® through depth regulation and beam
break-through control. In the field of abrasive
water jet cutting technology, Mohan et al."® have
applied AE technique for monitoring of depth of
cut in grey cast iron. They found that the power
spectrum density of the auto regressive moving
average model, representing the time domain AE
signals, gave a good indication of the depth of
penetration.

Above literature review indicates that there has
been one attempt® at developing a control scheme
for open-loop control of depth in AWJ drilling
process. However, even though there is a need for
closed-loop monitoring and controlling of AWJ
drilling process, its feasibility has not been estab-
lished till date. The current research work is
aimed at understanding the underlying principles
and mechanisms involved in AWJ drilling process
and develops a suitable technique for on-line
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monitoring of AWJ drilling depth using AE sens-
ing technique.

2. Experimental Setup and Procedure

The experimental setup consists of an AWJ sys-
tem, AE sensor, pre-amplifier, A/D convertor, AE
monitoring system, PC with suitable software and
workpieces. The AWJ system used for performing
the experiment consists of a high pressure inten-
sifier pump, AWJ cutting head, abrasive metering
and delivery system, abrasive hopper with garnet
as abrasive, catcher tank and X-Y-Z positioning
system controlled by a CNC controller. A
schematic of the experimental setup is shown in
Fig. 3. The generated AE signals were detected
and processed by Model AET 5500 Acoustic Emis-
sion Monitoring System which consists basically
of AET 5500 mainframe (signal processing unit),
graphics terminal (interface, data storage and
display) and the accessories (sensors, pre-ampli-
fier). When acoustic emission caused by an
induced stress occurs in a test specimen, the sen-
sors (resonant frequency 2 MHz) convert this
acoustic wave into a voltage signal which is
amplified by the pre-amplifier and sent to the
mainframe (16-bit microprocessor) for post pro-
cessing. For detecting the AE signals from the

X-Y-Z Positioning
System

Water z

High Pressure
Water Infet

AWJ Nozzie
|~ Workpiece

Fig. 3 Experimental Setup

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 thick-
ness were used for this investigation. The work-
piece material properties are shown in Table 1.
Different holes were drilled on the workpiece
materials for the same process parameters. AE
signals were acquired at a sampling frequency of
1 MHz (at 5.0 gain) with progressive drilling
time. Signals were monitored during three stages
of the drilling process namely pure water
impingement stage, drilling stage, where the tar-
get material is subjected to erosion by abrasive
waterjet mixture, and dwelling stage which is
after full penetration of the target material. The
time domain AE signal was acquired in several

data sets over the entire drilling process. Each

Table 1. Material Properties

Density | Porosity | Cold Compressive | Cold Bending Young’s
{g/em?} (%) Strength Tensile Streagth | Modulus
(MPa) (MPs) {MPa)
Magnesia | 326 152 30 35 13,000
Chromite
Sintered 3.00 152 40 14 85,000
Magnesia
Bauxite 2.89 15.0 126 19 $9,000
Table 2. Process Parameters
Constant Parameters

Abrasive material :Garnet

Abrasive mesh size :80

Abrasive particle shape :Angular(random)

AWT orifice material : Sapphire

AW]J orifice diameter : 0.457 mm

Mixing nozzle diameter :1.27 mm

Mixing nozzle length : 88.9 mm

Method of feed : Suction

Condition of abrasive :dry

Angle of jet : 90 degree

Variable Parameters

Material . Magnesia chromite,
Sintered magnesia, Bauxite

Material thickness : 51 mm

Waterjet pressure : 206 MPa

Abrasive flow rate : 5.75 g/s

Stand-off-distance : 5 mm
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data set consists of 1024 data points representing
the AE signal generated at a particular instant of
time. Several holes of different depths were also
drilled and the time taken was noted to deter-
mine the material removal rate and penetration
rate. All these experiments were performed sever-
al times for the same set of process parameters
and workpiece materials to verify the repeatabili-
ty of the results. The process parameters are
given in Table 2.

3. Results and Discussion

Acoustic emission, also called stress wave emis-
sions, are produced by microscopic deformations
occurring in materials as they are stressed. It
contains part of the elastic energy released during
deformation. Acoustic emission is associated with
dislocation movements, crack growth, deforma-
tions of inclusions and with other mechanisms.
These are sources which are related to the
machined materials. Other type of sources depend
on the fluid dynamics of the AWJ such as turbu-
lence, vortex and cavitation. The characteristic of
the AE signal generated during the machining
process depend on the source of generation and
the material properties.

Acoustic emission signals can be classified into
continuous and burst type. Continuous type
acoustic emission signals are associated with
plastic deformation in ductile materials, and ero-

18 while burst

sion process in brittle materials
type signals are observed in unsteady processes
such as crack growth in the material®” and trans-

U8 However, it must be

granular spalling fracture
noted that at any instant of time, there could be
more than one source generating the AE signal
and hence the general characteristics of the signal
is determined by the dominant source. Informa-
tion about dominant source can be obtained
through several means such as identification of

the type of AE signal.

The major features contained in the raw AE sig-
nal are energy, spectrum distribution, and ampli-
tude distribution. The first one can be represent-
ed by the RMS voltage, the second is reflected in
the zero crossing rate, and the last will be reflect-
ed in the kurtosis which represents the sharpness
of the AE signal. Features of the AE signals such
as peak amplitude, rise time, event counts, event
duration etc, can also be used to represent the AE
signal.

It has been found by Mochan et al." that AE
signal energy represented by area enclosed by
power spectrum density curve is capable of pro-
viding a quantified measure of the energy dissi-
pated in the workpiece during AWJ cutting.
Hence it is reasonable to expect that AE-RMS
which is again a measure of AE signal energy can
provide an indication of the depth of penetration
in AWJ drilling process. AE-RMS is given by,

1 _
AEpys = _Z()’i‘)’)z @
n e
=15
y n Yi

Where, n is the number of data points, and y; is
the amplitude of the AE signal. .

Typical time domain AE signal and the corre-
sponding Fast Fourier Transform(FFT) for differ-
ent stages of the drilling process and for materials
of different mechanical properties are shown in
Fig. 4 and 5, respectively. The signal represent-
ing partial penetration condition is indicated by
"drilling” stage and full penetration condition is
indicated by "dwelling” stage. It can be seen that
respective amplitudes for pure water impingement
stage is about three to four times higher than
drilling condition. It is also interesting to note
that amplitude of magnesia chromite in pure
water stage is lower than those of sintered mag-
nesia and bauxite. When pure waterjet impinges
on the workpiece, part of the energy is used for
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penetration if the material properties allow it to
happen, and part of the energy is lost in the
damping phenomena due to factors like turbu-
lence, cavitation, etc. Deeper the penetration,
higher the effect of damping is and higher the
energy dissipated. For the above materials, the
pure waterjet penetrates less and hence less ener-
gy is dissipated in the material removal as well as
in damping. As a result, the entire energy of the
impinging jet is transmitted to the sensor through
the workpiece. This could be the reason for higher
amplitude of AE signal for pure waterjet condi-
tions. As noted above, less energy is dissipated in
the material removal process when impinged by
pure waterjet in the case of bauxite due to lower
penetration. This is the reason for the presence of
relatively higher amplitude AE signal in bauxite.
AE signal during drilling stage is generated pri-
marily by phenomena related to target material
such as erosion, crack generations, crack propa-
gation, turbulence, etc. The AE signal in bauxite
material is of burst type indicating material
removal mode due to transgranular fracture,
which is observed in comparatively high strength
materials(See Fig.4). Visual observation of the
kerf wall of AWJ cutting of this material supports
the view that in both drilling as well as AWJ cut-
ting the material removal takes place simultane-
ously in the hard inclusions as well as the matrix
with equal significance. While other materials
show continuous type signal which indicates
material removal mechanism caused by intergran-
ular erosion(See Fig.4). This result may suggest
that the mechanisms involved in drilling are prin-
cipally at steady state. However, it is not easy to
predict the response due to non-homogeneous
nature of material. It is observed from corre-
sponding FFT graph that for magnesia chromite
and bauxite, frequency is concentrated between
70 KHz and 170 KHz during drilling stage. How-
ever, frequency in sintered magnesia is spread
between 100 KHz and 500 KHz. Weak AE signal
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is detected after penetration (dwelling stage) due
to AWJ impact on the hole wall surface. It may
also be noted that dwelling time is an important
factor which affects the hole geometry and hole
quality.

Material removal rate was measured for each
ceramic material with progressive drilling time
and is indicated in Fig. 6. It can be noted that
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
continuously removes the workpiece material from
the drilled hole and is displaced by jet back
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Fig. 6 Material Removal Rate for Different Ceramic Materials
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flow(See Fig.1). The newly exposed workpiece
material in the hole is subjected to fresh AWJ
mixture impingement. As a result, the local ener-
gy of the impinging jet is almost the same
throughout the drilling depth. This is the reason
for near constant material removal rate with pro-
gressive drilling time. As the compressive
strength of the material increases the material
removal rate reduces due to higher resistance of
the target material. It is interesting to compare
the material removal rate of above materials with
the penetration rate during AWJ drilling process.
Fig. 7 gives a plot of penetration rate for each
material with progressive drilling time. Similar to
material removal rate, penetration rate is also
lower for material with higher compressive
strength. However, with increase in time, the
penetration rate drops down quadratically. The
trends shown by Fig. 6 and 7 indicate that with
progressive time, the AWJ mixture removes more
material from the walls of hole than from the bot-
tom, producing a diverging hole. This also sup-
ports the view that the back flow of the jet has
sufficient potential energy to remove material in
above ceramics.

Fig. 8 shows the plots of the drilling depth vs.
drilling time for different materials. The drilling
depth has an exponential relationship with the
drilling time as given by,

h=h_(1-e") 2)

Where, h_,, is theoretically maximum possible
drilling depth, and ‘a’ is time constant. It may be
noted that h_, depends on the process parame-
ters, mechanical properties of the material and
material removal mechanism. The time constant
‘a’ depends on compressive strength of ceramic
materials. Higher the compressive strength is,
lower the time constant becomes. Drilling depth
exhibits initially a linear trend as drilling time
increases and then shows non-linear trend which
indicates less efficient material removal. Similar
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results were obtained by Hashish® and Raju and

Ramulu

9]

for other materials.

A plot of AE-RMS against drilling time is given
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in Fig. 9. AE-RMS decreases as the drilling time
increases. Small diameter hole drilling has damp-
ing effects on the generated AE signal due to the
presence of turbulence and back flow of water.
Damping effects increase in deeper holes due to
more abrasive water debris collected in cavity.
This could be the reason for the decrease of
amplitude of the AE signal for higher drilling
depth. In addition, RMS values vary linearly for
relatively soft materials and linear regression fit-
ted very well (R=0.95 and 0.93, respectively). A
second order polynomial regression was used for
bauxite ceramic which has relatively higher com-
pressive strength (126 MPa). Compared to mag-
nesia chromite, bauxite has more variance in AE-
RMS. This could be due to the presence of more
hard inclusions. This trend in AE-RMS for all the
three materials with progressive time indicates
that AE-RMS can be effectively used for monitor-
ing drilling depth.

4. Conclusions

Acoustic emission sensing technique provides
critical information about the material removal
mechanism in AWJ drilling process. Material fail-
ure in bauxite with high compressive strength is
caused by transgranular fracture indicated by a
predominantly burst emission signal.

AE signal amplitude is about three to four times
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higher in the case of pure water impingement
stage compared to drilling stage. 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 analyzed materials
causing hole divergence. Decrease in penetration
rate and increase in damping effect caused by jet
turbulence are responsible for reduction in AE
signal amplitude with progressive drilling time.

Material removal rate during AWJ drilling of
ceramic materials decreases with increase in the
material compressive strength. Higher energy dis-
sipation during material removal process of high
compressive strength materials causes higher AE-
RMS.

AE-RMS is a useful indicator of depth of AWJ
drilling and hence can be used as a potential
parameters for on-line monitoring of drilling
depth.
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