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This article discusses the material removal process in bauxite refractory ceramics cut by abrasive water
jets. Several parameters of the process were changed during the experiments. The experiments were
monitored online by the acoustic emission (AE) technique. It was found that AE signals are able to sense
the material removal process as well as the machining performances very reliably. Unsteady material re-
moval mode consisting of matrix removal and intergranular fracture was very well represented in the AE
signals by an unsteady time dependent signal type characterized by burst emissions and a frequency do-
main signal associated with a twin-peak shape. The particular characteristics of the signal depend on the
energy involved in the process.

Keywords abrasive water test, acoustic emission analysis, relationships between the AE signals acquired during the cut-
bauxite, frequency analysis, refractory ting and the depth of cut and the energy dissipated in the speci-
men. They also found that the AE technique is a useful tool for
. AWJ material removal process monitoring and control of met-
1. Introduction als. Momber et al. (Ref 6) investigated the behavior of concrete
exposed to hydroabrasive erosion using the AE technique.
The development of high quality refractory materials by the They showed that AE is a suitable method for online analysis of
ceramic industry has brought up latent problems associatecthe erosion resistance of this type of material. They also found
with the machinability of the bricks being manufactured. To that AE signal parameters could be linked to mechanical prop-
produce bricks of complex shape, advanced pressing methodsgrties of brittle precracked materials if they undergo an identi-
such as hot isostatic pressing, have been introduced. Howevegal erosion mechanism. However, the investigation was
this has led to high production costs, and the refractory bricksperformed on the macroscopic level, and the AE signals have
produced are very expensive. not been linked to the microscopic material removal range.
Abrasive water jet (AWJ) machining could be one possible  The objective of this article is to demonstrate the capability
technology for manufacturing high quality refractory bricks of of AE for online sensing material removal processes occurring
special shapes and formats because it has a proven capabilit9n the microscopic level. If this capability is established, a ma-
for cutting, drilling, and milling difficult-to-machine materials, jor step will have been made toward the online monitoring of
such as ceramics, heat sensitive materials, composites, angfficiency and quality of the AWJ machining of refractory ce-
glass (Ref 1). There have been only a few investigations on the@mics and other difficult-to-machine materials.
machinability of refractory ceramics by AWJs. Momber et al.
(Ref 2) machined several types of refractory ceramics by AWJ . .
and estimated volume removal capacity and specific energy of2- PrOpe_rt|es and Structure of the InveSt'gatEd
the process as well as quality features, such as kerf geometry Material
and wall roughness. Through scanning electron microscopy
(SEM), they identified a complex mixed-mode material re-  Commercial bauxite refractory ceramic bricks, commonly
moval mechanism. Most recently, Kovacevic et al. (Ref 3) per- used as lining materials in the steel industry, were investigated
formed piercing experiments on glass and refractory ceramicsin this study. Table 1 lists the mechanical properties of the ma-
Although they could show that acoustic emission (AE) is capa- terial. Table 2 gives the chemical compositions. From the point
ble of sensing the piercing process reliably, no attempt wasof view of phase composition, the material mainly contains co-
made to monitor the failure mechanisms involved in the pierc- rundum (50 to 70%) and mullite (25 to 35%). It has a medium
ing process directly by AE. Young’s modulus and a relatively high compressive strength.
Systematic investigations into AE signals generated during Generally the temperature resistance is low.
AWJ machining were performed by Mohan et al. (Ref 4, 5) fol- ) ) )
lowed by Momber et al. (Ref 6). Using advanced signal proc- 1able 1 ~Mechanical properties of the test material
essing techniques, these authors detected functional
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Prior to the cutting experiments, the structure of several erse rate, were varied, and linear cuts were generated in the
samples was examined by x-ray spectroscopy and SEM. Thespecimens.
chemical analysis identified the major mineral phaseses The generated AE signals were detected and processed by a
rundum, mullite, tialite, and titanium oxide. The SEM image in model AET 5500 acoustic emission monitoring system (Bab-
Fig. 1 shows two large corundum grains (5 mm in length) that cock and Wilcox, sold by OnLine Digital Technologies, Inc.,
are sharply separated from the matrix by interfaces (grainCarmicheael, CA), which consisted of an AET 5500 mainframe
boundaries are arrowed). (signal processing unit), a graphics terminal (interface, data

The matrix consists of corundum, mullite, and tialite. A Storage, and display), and the accessories (sensors, preamplifi-
close view on the matrix of the lower grain is given in Fig. 2, €'S; etc.). When an acoustic emission caused by an induced

showing corundum grains (dark gray), and mullite (light gray). stress occurred ip a test specimen, the' sensors (resonant fre-
The very white reflecting areas are occupied by titanium oxide. 4U€NCy 2 MHz), fixed on top of the specimens, converted this
The large corundum grains acting as inclusions consist of indi- 2cOUStic emission wave into a voltage signal, which was ampli-

vidual crystals, bonded by tialite and titanium oxide. The struc- fied by the preamplifier and sent to the ma}mframe (16 bit mi-
ture is porous, croprocessor) for post processing. The distance between cut

and sensor, which was fixed on the samples with a water resis-
tant epoxy adhesive, was between 5 and 90 mm. The raw signal
from the AE-monitoring system was acquired at a 1 MHz sam-
pling frequency (with a gain of 1.0 and 5.0, respectively) using
. . L a suitable personal computer based data acquisition system for
The experimental setup consisted of an AWJ machining SyS-gpectrum analysis. Each data set consisted of 1024 discrete

tem, an AE sensor, a preamplifier, an A/D (analog to digital) {ime domain points. Five data sets of the fast fourier transform
converter, an AE monitoring system, and a PC/AT (personal
. P
i‘-'ﬂ' +

computer/advanced technology) with suitable software. The & |
AWJ system used for conducting the experiment consists of a ; =
high-pressure intensifier pump, an AWJ machining head, an ! E 5 J.;‘ll 4
abrasive metering and delivery system, an abrasive hoppe @ r i 1
with garnet as abrasive, a catcher tank, and an X-Y-Z position-g
ing system controlled by a computer numerical control (CNC) &

controller. Figure 3 shows a schematic of the experimental zﬁ
setup. The AWJ parameters, namely pump pressure and tra

3. Experimental Setup

gy
':
Table 2 Chemical composition of the test material )

Material Percent
AlLO; 81.0
Fe0; 1.7
SiO, 12.0
CaO + MgO 0.4
Tio, 3.2
K20 + NaO 06 Fig. 2 Scanning electron microscopy image of the matrix mate-
rial. 200x
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Fig. 1 Scanning electron microscopy image of the general ) )
bauxite structure. Note the sharply appearing interfaces. 20 Fig. 3 Experimental setup
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(FFT) of the time domain signals acquired under the same ex- Figure 6 presents a close view of a corundum grain cut by AWJ

perimental conditions were averaged, and the representativanachining. A striking feature is that the corundum crystals are un-

signal was obtained for analysis. broken. Obviously they are separated from the surrounding tialite
After cutting, parts of the specimens were embedded in matrix by intergranular fracture in the interface region.

resin and examined by optical microscopes with magnifica-

tions between 35 and 14@s well as by SEM. Table 3 Abrasive water jet cutting conditions
4. Experimental Results and Discussion Conditions Values
4.1 Material Removal Process Observations Fixed parameters

Figure 4 illustrates the structure after AWJ cutting at 100 23;22:& rs?fée”a' ﬁgrg%t
MPa. Two inclusion grains can be distingqished in the middle Abrasive particle shape Ang'mar
of the figure (marked by arrows), containing several mineral Orifice material Sapphire
phases (mullite, tialite) illustrated by the accumulation of dark Orifice diameter, mm 0.457
spots. These grains have been cut by the AWJ. In contrast, '[h(rf:OCUS length, mm 89.0

. . . ocus diameter, mm 1.27
grain on the extreme right, consisting of aimost pure corundum, g, o distance. mm 6.0
is undamaged. Here, only the matrix material has been removedmethod of feed Suction
Similar phenomena can be noticed in the left section, where theAbrasive condition Dry
large corundum inclusion is partly exposed but not cut. Abrasive flow rate, g/s 7.41

Jetimpact angle 90°

Figure 5 provides further evidence. Here, an exposed corun-"""
dum grain is shown as well as evidence that the surroundingVariable parameters
matrix material is removed by the abrasive water jet. The co-
rundum grain is still rounded, which suggests that it was prob-
ably pulled out by the action of the flowing water in the kerf
after the matrix was removed.

Pump pressure, MPa 100, 150, 200
Traverse rate, mm/s 0.5,1.0

Fig. 4 Optical microscope image of the bauxite structure cut Fig. 5 Optical microscope image of corundum grains attacked
by abrasive water jet (AWJ). 85 by abrasive water jet (AWJ). 85

Fig. 6 Scanning electron microscopy image of a corundum Fig. 7 Scanning electron microscopy image of transcrystalline
grain broken by abrasive water jet (AWJ). 500 cut bauxite (scale: 100n)
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The situation is different for the material cut at a higher the acoustic emission signals exhibit several burst emissions.
pump pressure level. Figure 7, which is a SEM image from the This type of emission usually corresponds to events of sudden
upper part of the cut, shows, for example, that the grain bound-energy release, such as spalling fracture. Probably the burst
ary at the corundum grains remains intact after the abrasiveemissions are expressions of inclusion grain fracture. This
water jet attack. The failure runs completely through both the process can generate high energy stress waves, which are de-
grains and the matrix. tected by the acoustic emission technique.

Two major conclusions can be drawn from this investiga-  Nevertheless, in Fig. 8(a), for a pump pressure of 100 MPa,
tion. First, the machining of bauxite by AWJ is an unsteady ma- jst two major burst emissions can be noticed, with a maximum
terial removal process, covering matrix removal, interfacial 5mpjitude of+8 V and a duration of approximately 0.05 ms.
failure, and inclusion fracture by crystal separation. Second, if the corresponding frequency domain signal is widely spread
a certain. pump pressure (or a certain Iocal'strgss value) is eXp it shows a peak at approximately 130 kHz (Fig. 8b). A differ-
ceeded, inclusion failure by crystal fracture in single-phase CO- ant situation can be found as the pump level is doubled. Figure

f“”d””_‘ 'nC|.US'.On a_ttrlbut_es to the mqtena! rgmovgl. As th_e 9(a), containing time domain signals acquired at a presspre of
acoustic emission signal is capable of identifying microscopic _ 200 MPa, shows an increased amount of burst emissions, ap-

changes in the energy dissipation process (Ref 5), both feature%roximately seven. The maximum amplitude of the emissions

houl I nline AE m remen ring the: L
shou d be detectable by online easurements during t e|si12 V, and the average duration increases up to 0.08 ms. Even
cutting process. I . .

more pronounced are the modifications in the frequency domain
. o ] ] signal (Fig. 9b). Here a second peak, located at a frequency of ap-
4.2 Acoustic Emission Measurements during Cutting proximately 250 kHz, can clearly be distinguished.
The unsteady material removal process is reflected by the The same effect was observed as the traverse rate was de-
structure of the time domain acoustic emission signals acquiredcreased during cutting. Figure 10 illustrates this, showing the

during cutting at different pressures. As shown in Fig. 8 and 9, frequency domain signals. For the high traverse rate, signals

p=100 MPa, va=1.0 mm/s, m=7.41 g/ | a [—— =200 uPa, va=1.0 mm/s, m=7.41g/s |
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Fig. 8 Acoustic emission signals, acquirecpat 100 MPa Fig. 9 Acoustic emission signals, acquirecpat 200 MPa
(gain: 5). (a) Time domain. (b) Frequency domain (gain: 5). (a) Time domain. (b) Frequency domain
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corundum grains; whereas, the basic signal can be linked to ma-
trix removal as well as to the interfacial pullout of the plain co-
rundum grains. As the jet energy increased, the plain corundum
inclusions were also broken. Additionally, transcrystalline
fracture may occur in the multiphase corundum. Both events
add an additional failure mode to the removal process, which is
expressed by the increased number of burst emissions in the
time domain signal as well as in the second peak in the fre-
guency domain signal. Interestingly, the second peak appears
at higher frequencies. A probable reason could be the much
smaller dimensions, and thus the larger number of the corun-
dum crystals compared to the inclusion grains.

[-—' p=200 WP, ro= i mm/n, 2= 19.08 ¢/3

Amplitudein V

b

0

5. Conclusions

Frequency in kHz The results of the study can be summarized as follows:

e Abrasive water jets can generally be used to efficiently ma-
chine bauxite refractory ceramics.

The material removal process is a mixture between trans-
granular fracture and interfacial grain pullout. The amount
of both modes on the general material removal process de-
pends on the energy delivered by the abrasive water jet.
The preliminary attempt to control the material failure
process on the microscopic level by the AE technique de-
livers most promising results. Acoustic emission signals
are very sensitive to changes in material removal modes.

| ——— p=200 KP. 0.3 /2. = 19.08 /3«

Amplitude in V
P
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Pump pressurq, and traverse rate, are correlated with
the abrasive water jet kinetic energy, by Ref 1:

Frequency in kHz

Fig. 10 Frequency domain AE signals, acquired at different
traverse rates (gain: 1). (a) 1.0 mm/s. (b) 0.5 mm/s
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