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ABSTRACT

Among the non-traditional machining methods, Abrasive waterjet machining process
shows big promise in drilling difficult-to-machine materials due to its numerous advantages
such as absence of heat affect zone and thermal distortion. Acoustic emission signal technique
is used to understand about material removal mechanisms during abrasive waterjet drilling
process. More information about the drilling process is derived through frequency
decomposition of auto regressive moving average modeling representing acoustic emission
signals.

1. INTRODUCTION

Abrasive waterjet (AW]J) cutting technique can be considered as one of the most recent
non-traditional manufacturing processes to be introduced. In this technique, the material
removal is primarily through the erosive action of abrasive particles which are accelerated by
a thin stream of high velocity waterjet and are directed through a nozzle. AWJ cutting was
first introduced as a commercial system in 1983 for cutting glass. Nowadays, this process is
being used widely for machining difficult-to-machine materials like ceramics, ceramic
composites, metal matrix composites, fiber-reinforced resin composites, titanium and its
alloys, etc., where conventional machining processes are often not technically or economically
feasible. High speed and multidirectional cutting capability, high cutting efficiency to cut
complicated shapes of even nonflat surfaces very effectively at close tolerances, easy
accomplishment of changeover of cutting patterns under computer control, etc., are a few of
the advantages offered by this process which makes it ideal for a flexible manufacturing
environment. Originally, the abrasive waterjet machining technology was applied for linear
cutting and shape cutting of these materials. However, recently this technology is used for
such machining applications as milling, turning, screw thread and drilling.

There have been few studies on understanding of mechanisms AWJ drilling process.
Hashish et al. [1] used sound measurements for the ceramic thermal barrier coating material
drilling process. It was observed that changes in the noise level while drilling is indicative of
fracturing. However, no distinction could easily be made while drilling through the layers of
the material if no fracturing occurs. The first analytical investigation into the mechanisms of
AW] drilling process was performed by Raju and Ramulu[2]. They have reported a semi-
transient numerical model for prediction of the depth of AWIJ drilling. The model was
developed to obtain an approximate mean velocity distribution in the cavity based on principle
of energy conservation. However, the experimental results were not closely machining the
model predictions especially at extremely low or high drilling depths.
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Recently acoustic emission(AE) signals have been widely used in monitoring
manufacturing processes [3-5]. In field of abrasive water jet cutting technology, Mohan et al.
[6] 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 an indication of the depth of penetration. Momber et al. [7]
used acoustic emission sensing technique for on-line monitoring of abrasive waterjet cutting
of brittle materials. AE signals measured and analyzed for different process parameters, such
as pump pressure, traverse rates, and abrasive flow rate. The results demonstrated that acoustic
emission signals were capable of revealing the different material removal mechanisms in
brittle materials. Mohan et al. [8] proved that AE signals generated in a AWJ cutting process
were related to energy absorption in the workpiece.

Stochastic modeling has been applied in AWI cutting process[9-11]. Kovacevic et al.
[9] have investigated surface texture using stochastic modeling. It can be seen that stochastic
model characterization has provided information about the nature of abrasive waterjet cutting
process. A novel method of auto regressive moving average(ARMA) model is utilized for
surface profile and dynamic force characterization[10]. More information about surface
profiles is derived through wavelength decomposition of the ARMA models. The peak of the
power spectrum density(PSD) of the ARMA models representing the dynamic workpiece
normal force signal can be considered as a potential parameter for on-line monitoring of the
surface finish.

2. STOCHASTIC MODELING PRINCIPLES

Auto regressive moving average modeling has been considered as an effective tool for
signal processing. However, there is no suitable approach for selecting an optimum interval
for ARMA characterization. Furthermore, the accuracy requirement varies from case to case.
Hence, more data is expected to be processed for more accurate results. The computational
burden prevents one from selecting extensive data. In fact, since the parameter estimation of
the ARMA model is non-linear and since the computational burden of the conventional
methods (for example, the non-linear least squares (NLS) method [12] and maximum
likelihood (ML) method [13] ) are proportional to the sample sizes, the identification of large
samples will be time consuming. Therefore, an alternative algorithm for identifying ARMA
models has been proposed [10] based on the concept of model distance.

The aim of this approach is to decrease the computational burden to accuracy ratio,
with reliable evaluation of the final modeling accuracy. The procedure for the proposed
approach consists of two steps.

(1) Auto regressive (AR) modeling - Identifying an AR model from the samples
(2) ARMA approximation - Identifying the ARMA model based on this AR model.

It has been shown that by this method [19] that the modeling accuracy to
computational burden ratio increases with sample size, whereas this ratio nearly constant for
conventional methods. Also, its computational burden is nearly independent of sample size.
This makes it possible for one to adequately utilize extra-large samples to improve the
modeling accuracy without virtual increase in computational burden. ARMA models will be
identified here using this approach. Model distance method has been proven for its capability
to handle large data sets with improved modeling accuracy [9, 10]. This approach is used for
analysis of AE data.
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2.1. MODEL DISTANCE FOR AR AND ARMA MODELING

For obtaining the dynamic characteristics of the AE data, it needs to be modeled using
stochastic modeling technique. It can be obtained the difference equation model directly from
the data by fitting using suitable ARMA(p,q) model. The ARMA (p,g) model can be
represented by the equation,

(1)
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where, Y,is the amplitude of the signal at time t, a, is the noise, a, ~ NID (0, ¢?, ), NID is
normally independently distributed, and ¢, ia variance. It may be noted that ¥, is independent
of Y,, Y., Y, ,anda, a,..a,

The power spectrum density function of the ARMA(p,q) model, which is the transform
of auto co-variance function is given [12] by the equation,
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where = -1, and 0 < f < 1/2.
The power spectrum density of the best fit ARMA model is obtained for further
analysis. The dynamic characteristics of the system can be interpreted from these plots.
The frequency decomposition of the roots of the ARMA (p,¢) model can be derived
[14] from each complex root, say, k, , is complex. It has a damped natural frequency given
by,

fy=——arccos—2—] )

where, A is the sampling length in seconds.

To distinguish between different real roots causing different concentration of
frequencies around zero, a pseudo frequency called break frequency, corresponding to half
power point is obtained for each real root. The break frequency of a real root, say x,=z, is
given by,
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It may be noted that variance decomposition (d,) of each root gives the relative power of the
root.



3. EXPERIMENTAL SETUP AND PROCEDURES

Experimental work was conducting for monitoring abrasive waterjet drilling process.
A schematic of the abrasive waterjet drilling system with acoustic emission measurement is
shown in Fig.1. It consists of a abrasive waterjet drilling system and acoustic emission
monitor system. The generated acoustic emission signals were detected and processed by
Model AET 5500 Acoustic Emission Monitoring System which consists basically of AET
5500 mainframe, graphics terminal and the accessories (sensors, pre-amplifier). When an
acoustic emission caused by an induced stress occurs in a test specimen, the sensors (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 processing. For
detecting the acoustic emission signals from the abrasive waterjet 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 ceramics of 51 mm thickness were used. Their material properties and composition
are shown in Table 1.

Acoustic emission 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. The
sampling frequency for acoustic emission signals was chosen such that the complete energy
of the signals was covered in the respective frequency range. Acoustic emission signals were
monitored during the drilling process, where the target material is subjected to erosion by
abrasive water mixture. The time domain acoustic emission signal was acquired in several
data sets over the entire drilling process. Each data set consists of 1024 data points
representing the acoustic emission signal generated at a particular instant of time. Stochastic
modeling of these time domain signals is performed through ARMA modeling technique. All
these experiments were performed several times for the same set of process parameters and
workpiece material to verify the repeatability of the results. The process parameters adopted
are given in Table 2. The results of this experimental study are given below followed by a
brief discussion.

4. RESULTS AND DISCUSSION

Even though Fast Fourier Transform (FFT) and PSD represent the power of the AE
signal, FFT is derived from the time domain data, whereas PSD is derived from the ARMA
model representing the time domain data. Area under the PSD curve can be considered as a
better representative of the power of the AE signals as it is devoid of white noise. Fig. 2 (a),
(b) and (c) show the plot of PSD area against drilling time for magnesia chromite, sintered
magnesia and bauxite respectively. It can be noted that magnesia chromite and sintered
magnesia have two separately identified linear regions. Whereas bauxite has three linear
region. The critical depths are marked in the respective figures. The critical depth is higher
for material with lower compression strength. In these materials, 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 due to the increased damping effect of the rebounded
jet. The three regions of bauxite material are discussed below in detail.

In order to better understand the material removal mechanism in the three materials,
time domain signals representing each region were plotted separately. Fig. 3 (a) and (b)
represent the time domain signal corresponding to points (a) and (c) of Fig. 2 (a) for magnesia
chromite material. It can be noted that these time domain AE signals are of continuous type
representing a material removal mechanism due to intergranular erosion. Lower Young's
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modulus and lower cold compressive strength of magnesia chromite is indicative of ductile
behavior. In such materials, presence of hard inclusions and much softer matrix contribute to
a material removal mechanism of intergranular erosion. Results of visualization studies given
later also support this observation.

Figure 4 (a) and (b) represent the time domain signal corresponding to points (a) and
(c) of Fig. 2 (b) for sintered magnesia material. Similar to magnesia chromite, these time
domain signals are also of continuous type but much denser. High Young's modulus and
relatively low cold compressive strength of this material are indicative of a highly brittle
nature. From the composition it is evident that this material is primarily a homogeneous
material. In this background, the presence of a highly dense continuous mode AE signal is
indicative of a material failure due to continuous generation of micro-crack network. The AE
signal during AWJ drilling of glass is shown in Fig. 5. It is known that material failure in
glass during impingement with AWJ is primarily due to continuous generation of micro-crack
network. The fact that both the AE signals represented by Fig. 4 (b) and Fig. 5 are of similar
type is also an indication of above material failure mode.

Figures 6 (a-e) are the time domain AE signal of bauxite material representing points
ato fin Fig. 2 (c). Figure 6 (a) representing region I of Fig. 2 (¢) is predominantly of a burst
emission type. Figure 6 (b) and (e) representing region II of Fig. 2 (c) for bauxite material
are predominantly continuous type signals. Whereas Figs. 6 (c) and (d) representing region
III of Fig. 2 (c) are predominantly burst type signal. This indicates that due to high
compressive strength material removal occurring in bauxite material is primarily transgranular
fracture type. Region II of Fig. 2 (c) consists of material removal from the soft matrix and
region III represents material removal through transgranular fracture of hard inclusion.

Frequency decomposition of the ARMA model representing the AE signals is
performed to understand more about physics of the material removal process in AWJ drilling.
Table 3, 4 and 5 show the results of the frequency decomposition of magnesia chromite,
sintered magnesia and bauxite respectively. These tables indicate the primary and secondary
roots of the ARMA model representing each data set.

From Table 3, it can be noted that all the primary roots have complex roots which
denote an exponentially decaying dynamic model. It can also be seen that the power of the
primary root reduces and that of the secondary root increases gradually until the critical depth
(point b of Fig. 2(a)) is reached. The frequency range of the primary root is 120 KHz to 160
KHz, whereas most of the secondary frequencies are observed in the range of 70 KHz to 180
KHz. The impinging jet can be considered as responsible for the primary root and the
rebounded jet can be considered as responsible for the secondary root. 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 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 roots. The frequency and power of the primary root reduces and
that of the secondary root increases gradually until the critical depth (point b of Fig. 2(b))
is reached. Beyond the critical depth the power of the secondary frequency increases further
that there is a switch between the primary and the secondary root. The primary frequency
after the critical depth can be observed in the range of 200 KHz to 330 KHz, whereas the
secondary frequency is in the range of 140 KHz and 180 KHz. This frequency range is
different from that observed in the case of magnesia chromite. Presence of negative power of
the secondary frequency and the frequency shift at higher depths indicate the increased
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damping effect of the rebounded jet.

For bauxite (Table 5) the primary frequency is observed in the range of 120 KHz to
200 KHz for all depths whereas the secondary frequency is in the range of 60 to 90 KHz until
a depth of 40 mm. Beyond 40 mm depth the secondary frequency increases gradually. This
increase in secondary frequency indicates increased damping effect at larger depths. This trend
in the bauxite material also supports the view that primary frequency is caused by the
impinging jet and 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 lack of
clear trend in the power of the roots with drilling depth.

S. CONCLUSIONS

Acoustic emission sensing technique provides critical information about the material
removal mechanisms in AWJ drilling process. Material removal in ceramic materials
exhibiting ductile behavior is primarily due to intergranular erosion indicated by sparse
continuous emission AE mode. The material removal in highly brittle materials in AWJ
drilling is primarily due to continuous propagation of micro-cracking network as indicated by
dense continuous emission AE mode. Material failure in high compressive strength materials
is caused by transgranular fracture indicated by a predominantly burst emission signal.

Stochastic modeling of acoustic emission signals provides insight into the physics of
the abrasive waterjet drilling process. For each material, the impinging jet is dominant until
a critical depth beyond which the damping effect or the rebounded jet becomes predominant.
Frequency decomposition of the ARMA model indicates that primary frequency of the AE
signal is caused by the impinging jet and secondary frequency is caused by the rebounded jet.
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Table 1. Material Properties and Composition

| Canaity| Poromty | Caid Compressve | Cod Send. Terede i Youngs |
Matarial | (germ®) I (%) | Strang (MPa) ‘ Strangth (MPa) | Modiius (MPa) Composrtion (%)
\ i
Magpesi| .‘ ; : ARCs8, Fors 14, SO0,
Chromn | 28 | 1520 | 0.8 350 | T3OER G040, CaC1 3, Syt
i i
Sirtaced ‘ i ' . ALCyO.1, F8,0,-02, SiCr
| 300 | 1520 0.0 | 4.2 | 8000 s Mge-57, Cas-2.1
‘ i i ALOy-81, Fey0y-1.7, SiOr
Beuxite | 2.89 | 15.00 126.00 ] 19.00 | 59,000.00 12, Ca0+Mg0-0.4, TiCr
‘ | | } 32, K O+Na,O-18
Table 2. Process Parameters
Paramseter Value
Aprasive Material Gamet
Aprasive Mesn Size 30
Abrasive Faricle Shace. Ancuiar {randoen)
AWJ Ontica Materiai Sacohire
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 90’
Material Thickness 51 mm
Pumo Pressure 206 Mpa
Abrasive Flow Rate 5.75 g/s :
Stand-off Distance 5 mm
Magnesia Chromtte,
Materials Sintersd Magnesia,
Bauxite
, X-'r-Z Pasitioning A
'Water System
¢ I —>-
Scoster Pump Air Centret Air Control
& Siter [_— Sox Lne -~
-
ON/CFF
Valve Purge Air
Lina
v Air
High Pressure o
Intensifier Water Inlet :
Pump Hopper
Sapgphire Onfica
Assembly
AE Menitering
System Mixing Chamber
PC/AT =
7O C ot AWJ Nozzle
onve AE Sensor ~ Workpieca

Pra-Ampiifiar

Catcher Tank

Abrasive
Faed Line

¢ Abrasiva Metering

Vaive

Figure 1. Experimental Setup
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Table 3. Frequency Decomposition- Magnesia Chromite Table 4. Frequency Decomposition-Sintered Magnesia

g f
Time | Depth Root Discreta Frequancy | Power ; Time l Depth ‘ Roat Oiscrete Frequency | Power
{sec) (mm) (1)Primary {MHz) (%) 1 tsec) " {mm) | (!)Pnmary ] (MH2z) (%)
(2) Secondary | Real [maginary | | } {2)Secondary Real [maginary
0385 | 957 1 035204 | 206172 013385 | 3010 208 | 1268 | 1 01964 | =0 3471 01951 96 36
2 07901 | =0.3851 09722 | 1990 [ 2 -0.8960 | =0 0000 0.0175 363
170 | 1737 ! 03026 | =06693 01475 | T8s2 313 | 1776 ] 1 04597 | =005358 01505 6382
2 08119 | 203846 0070 | 2133 | M 01917 1 =01000 02629 36.18
255 | 2373 1 04938 | =0676¢ 01497 | sS04 521 | 2595 1 05308 | =05781 01443 50 14
2 038142 | =0.4418 00791 | 4386 ] 2 -0.4020 | =03915 0.3449 4050
340 | 2892 1 07539 | =0.5087 00945 | 51.50 626 | 2923 1 203757 | 205416 0.3465 56.96
: 04556 | =07412 0.1623 | 1850 | 2 0.4978 | =0.6374 0.1445 3320
510 | 36.59 1 05276 | 206447 01308 | 9912 | 730 | 3207 1 01251 | 205525 02801 5220
2 -0.5842 | =03528 04155 | 083 | 2 05282 | =05829 01452 | 4132
680 | 41.70 1 0.4950 | =0.7663 0.1587 | 654 335 | 34.52 1 40,2247 | =0.6645 0.3162 71.76
2 08020 | =04740 0.1132 | 345 2 0.5082 | %0.7706 0.1572 2824
765 | 43.57 1 0.5619 | =0.7144 0.1439 | 98.72 10.43 | 3848 i -0.0032 | =0.658S 0.2508 79.14
2 -0.3328 | =0.0000 0.1751 1.28 2 0.5018 | 20.7746 0.1585 2086
8.50 | 45.10 1 0534 £0.7354 0.1501 | 94.08 11.48 | 4007 1 -0.0565 | =06017 0.2649 68 74
2 -00610 | =0.0000 0.4451 | 592 2 04792 | 20.7386 0.1584 3126
9.35 | 1634 1 06109 | =05783 0.1206 | 126.78 1252 | 4144 1 -0.3335 | =05255 03400 5936
2 02760 | =0.6249 0.1838 | -26.78 2 0.4521 | =0.6564 0.1540 30.58
1020 | 4736 1 0.4986 | =0.7606 0.1577 | 94.76 13.57 ] 42.62 i -0.1083 | =0.7330 0.2725 79 52
2 -0.2204 | £0.0000 02407 | 5.24 2 04940 | =0.7341 0.1557 2048
11.50 | 48.20 1 05534 | =0.5856 0.1294 | 15588 1461 | 4364 1 -0.0358 | =0.6530 0.2587 82.46
2 0.1761 £0.3849 0.1817 -55.88 2 0.4925 =0.7129 0.1538 17.54
1565 | 44.53 1 00194 | 206826 0.2455 80.28
2 0.4861 | 0.7400 0.1575 19.72
16.70 | 45.30 1 -0.1878 | 206277 0.2963 7632
2 05120 | 207282 0.1525 23.68
17.74 | 45.96 1 01477 0.2879 74.68
2 04924 0.1487 2532
I s [ 553 | { 00788 | o22se | 13308
i 2 -0.3230 | a17es -33.08
1983 | 473 | 01571 02013 [REREI
: 2 -).5404 00979 | -1516 |
2037 | 4748 ! ! 03187 03227 )
| 2 04388 0.1655
21911 4732 1 00977 02"29 |
| 2 0.4703 01502 ‘
2400 | 4842 1 .0.2974 | )
| 2 04816 | [
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Table 5. Frequency Decomposition- Bauxite

| Time | Depth Root Discrere ! Freguency | Power i
(sec) (mm) (DPnmary ¥ (NMHZ) (%)
(2)Secondary | Real | Imagmary |
. 1
103 | 299 i 04644 | =0 3844 01431 85 56
bl 07675 | =013333 70818 3444
| zos | s3 l 04775 | =z08162 LRESI l 731
2 17705 =0 2049 9970 M
3.09 | 847 ! 04606 | =0.3756 01426 | 7068
2 07719 | 204130 00782 I 932
412 1095 1 04991 | =03986 01394 10234 |
2 0.7374 | =0.3698 00739 234
5.13 15.37 1 04826 | =0.6277 01457 8863 |
2 0.7719 | =0.3797 00728 1132
721 17.74 1 0.5565 | =0.6708 0.1398 w000 |
824 | 1975 1 03865 | +0.6041 0.1594 S118
2 0.7576 | =0.4815 0.0901 4882
103 | 23.44 1 0.5055 | %0.6944 0.1498 100.0
1339 ] 2825 1 0.4575 | £0.5339 01372 64.04
2 07743 | =0.4059 00768 35.94
14.42 | 29.68 i 04435 | =0.5859 01467 70.40
2 0.7930 | =04672 00847 40.82
15.45 | 31.03 1 0.4535 | =0.5736 0.1435 70.50
2 0.7597 | =0.4141 00786 29.50
16.48 | 32.30 l 05130 | =0.6684 0.1458 100.0
17.51 | 3351 1 04821 | =0.6156 0.1442 84.26
2 07829 | =0.3420 00656 1574
18.54 | 34.65 1 05050 | =0.5841 0.1365 10£.96
2 0.7755 | =0.3128 00610 -1.96
206 | 3674 1 05616 | =0.5752 01269 11354
2 0.7584 | =013097 00617 1134
[ 2555 5947 1 035 06655 @ 01729 | 8350
: 2 97815 | =0427 09797 | 380
2472 3028 1 03386 | =06909 | o108 | 9985 |
: 06597 | =00000 ' 20662 03
2575 | 41.0% 1 03638 | =03306 E 01724 59122
2 06032 | =03339 | 01224 4073 |
26.78 | 41.77 t 02311 | =06399 ! 0.1986 51.78
bl D643 | =037 1 0 (160 3822
2781 | 42.46 | 06418 | 208285 | 01233 | 7634
b 0071 | =0 78S ‘ 22343 | 2346
]
2884 | 33.01 1 06641 | =08171 l 01192 7523
2 0.1280 | =0 3314 02151 2078
2987 | 4372 1 06235 | =0.6025 ( 0.1216 $3.64
2 02835 | =06610 | 01855 16.36
5090 | 3429 1 05870 | =04541 | 01336 103 36
2 00366 | =04307 | 02409 336
3195 | 4484 I 0.6095 | =068336 01306 84.92
2 01285 | =07152 02217 15.08
3296 | 4535 1 05763 | =0.6561 0.1353 84.0
2 00817 | =0.6838 02312 16.0
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