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Acoustic emission (AE) is harnessed in machine process monAE energy at fracture before the acoustic emission signal drops
toring today, predominantly using root mean squared (r.m.s.)to background noise levels [5].
AE signals to monitor tool wear and breakage. In turning, This work attempts to take the state of the art in AE
there may be a link between acoustic emission and the qualitynonitoring of cylindrical turning a step further by using the
of surfaces being turned. This is examined by correlatingacoustic emission signals to make an in-process estimation of
parameters extracted from raw acoustic emission data witithe surface quality, in terms of surface roughness of the
surface roughness (Rfor various cutting conditions. Compar- workpiece. Relating the surface condition to the monitored AE
ing measured and theoretically modelled AE proves useful inakes the traditional acoustic emission TCM system to its
the implementation of a surface quality monitor. When thislogical next step, as, tool breakage and dangerous failures
comparison is itself correlated with a similar comparison apart, tool condition is generally of interest only insofar as it
between the measured and modelled &relationship between affects the surface in production. To this end, the signal
AE and surface roughness is uncovered. analysis or feature extraction used with acoustic emission
signals is examined and improvements based on time domain
Keywords: Acoustic emission; Monitoring of machining; analysis are investigated.
Signal analysis; Surface roughness Measurements oR, and acoustic emission for a range of
cutting speeds and feeds are used as the basis for the proposed
system. For each cutting condition, the theoretiRalis calcu-
. lated using a geometric model. An existing model for acoustic
1. Introduction emission from the turning process is modified to provide an
estimate of the AE signal levels expected. This provides an
Acoustic emission is just one of a number of quantities whichequivalent standard value relating the measurements of AE and
can be monitored during machining operations in order tor, for different cutting parameters. A correlation between
provide process information to the machine operator. Othegyrface roughness and acoustic emission signal is achieved by
parameters that are sometimes used to provide such informatiqg|ating each measure®, and extracted AE parameters to the
include machine tool power consumption, torque, force and,ajues predicted by the models.
vibration. Optical, tool temperature, electrical resistance and
rad_ioa_ctivg methods have also been invgstigate_d _[1—3]. Acousti?_ Theoretical Background
emission is generated at the tool/workpiece/chip interfaces and,
hence, is directly influenced by changes in the cutting process.1 Acoustic Emission Background
making it suitable for process condition monitoring. An advan-
tage in the use of AE as a process monitor is that the frequencyhe ASTM defines acoustic emission as “the class of pheno-
range of the acoustic emission is much higher than that ofnena whereby transient elastic waves are generated by the
machine vibrations and ambient acoustic noise, and, hence, wittapid release of energy from localised sources within a material,
the use of a high-pass filter, AE data can be readily obtainedor the transient elastic waves so generated” [6]. Other terms
Acoustic emission based tool condition monitoring (TCM) for this phenomenon are stress wave emission and micro-
systems have been available for approximately 15 years, witseismic activity.
most using the analogue root mean square of the signal to Forster and Scheil published the first experiments specifically
monitor tool wear or detect breakages. The principles behindlesigned to detect AE in metal in 1936 [7]. By the late 1960s,
the operation of these systems are based on empirical studie8E was being applied in the field of non-destructive structural
which have shown acoustic emission signal power to increasstress testing, particularly of pressure vessels [8]. Amongst
with tool wear owing to increased friction effects [4]. In the other uses of acoustic emission today are crack detection in
event of catastrophic tool breakage there is a large release Hfidges and hydroelectric dams, failure detection in composite
laminates and as a monitor in metal cutting, dressing of
Correspondence and offprint requests: t€. Beggan, Mechanical grinding Wh_eels and welding processes [9_]'
Engineering, University College Dublin, Belfield, Dublin 4, Ireland. ~ The elastic waves of AE produce tiny displacements on the
E-mail: cearbhall.begga&mucd.ie surface of the transmission media, and these waves can be
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detected using specialised highly sensitive piezoelectric deviceEhe power producing plastic deformation depends on the rate
[10]. Most of these devices respond with a particular characteref deformation, the applied stress, and the volume of material
istic to excitation in the 50 kHz to 1 MHz frequency band. involved. To link this equation with the r.m.s. acoustic emis-

The bandwidth is dependent on the particular device, and som&on, it has to be assumed that the ratio of plastic work of
form of coupling medium (usually grease) is required to trans-deformation that produces acoustic emission to that which
mit the waves to the sensor. Most sensors are supplied witgenerates more dislocations is constant. The power of the AE
charge amplifiers and electronics, which output the acoustisignal, (r.m.s3, is directly equated to the power producing

emission as a voltage signal to the monitoring system. plastic deformation. The r.m.s. of a signal is defined in Eq. (2),
where AT = average time period, and(t) = signal function.
2.2 Acoustic Emission in Turnin 1 (AT
’ Virns = \/ (E f \/Z(t)dt) @)
0

There are four major mechanisms generating acoustic emission
in turning; material deformation, friction and emissions from

chip breakages (see Fig. 1) and collisions between chips a . .
the workpiece or tool. In the primary cutting zone, the bqunLan [12] developed this model further, he included a term for

deformation of the work material to form the chip, and alsothe. acoustic_emission generated in the_tertla_ry cutting zone
J(;lwmg to friction at the tool flank/workpiece interface. The

One conclusion of Kannatey—Asibu's work was that the
E.ns IS proportional to the square root of the cutting speed.

crack growth mechanisms are recognised sources of AE [11]. odel is modified to take account of the geometry of 3D

In the secondary zone, sliding friction between the chip an cutting but continues to assume that plastic flow occurs under
tool causes acoustic emission. Sliding friction in the tertiary 9 . . pia . .
lane strain. This leads to the following equation, which

zone between workpiece and tool flank adds to the acousti - S
emission from the process. Chips themselves are another sourl%:IUdeS a factor for signal noise:

of AE, chip fracture and chip—tool and chip—workipece colli- AE. = COSx ¢
sions can contribute considerably to the total acoustic emission Eims = Ca| T@pVe Czsin ¢ cosih — a) +

signal, depending on material and cutting conditions. Of the (1 + 2D)sind

AE sources listed, the emissions from material deformation C3-+C4W)] + NOiS€ 3
and those generated by friction effects at the workpiece are of 3sink, cosg — )

most importance in monitoring. where 7, = shear strength of workpiece materia), = depth of

Acoustic emission signals emitted in turning have as acut, v, = cutting speedn =rake angled = shear anglef = feed
general form, a continuous background component which igper revolution,| = chip-tool contact lengthl, = length of stick-
associated with the bulk deformation of the material and frictioning zone in secondary cutting zone, = cutting edge angle,
effects, and discrete “burst” type components which are supemw = average flank wear land,, C,, C; and C, are factors of
posed on the former. The “burst” events are generally associssignal attenuation. In the machining tests here, new tungsten
ted with chip breakage and collisions between chip andcarbide tool inserts were used which had a TiN outer coating
workpiece/tool [11]. and a chip former. It can therefore be assumed that the chip—

Kannatey-Asibu developed a model describing the AEtool contact lengthlf and the length of the sticking zoné)(
generated by plastic deformation in the primary cutting zoneremain constant for the cutting conditions used, and that the
and by friction in the secondary cutting zone based on theaverage flank wear landvj is negligible. The dependence of
assumption that the power of the acoustic emission signal cathe shear angle on the different cutting parameters is also
be related to the power which produces plastic deformatiomeglected. TheNoisg,,s term is found by measuring th&E, s
[11]. If the material is subjected to a constant stres@and level while the machine tool is running, prior to cutting.
strain ratee, which can be assumed to be the case in machining, Thus, for a given cutting geometry, the above model can
the work rate associated with plastic deformation can bebe simplified and expressed as Eq. (4).
expres;ed as Eq. (1), wheve=volume of material deformed. AE s = Cola, Vi (Co f + C;)]* + NOiSE s 4)

W=go eV @) This equation states that AE generation in turning is pro-
portional to the square root of cutting speed. Other research
suggests that AE is proportional tQ or the square of/, [13].

Direction ) This model is modified to account for such a variation in the
o Chip Breakage strain rate dependency in the primary cutting zone by introduc-
. ing a material related exponent to Eq. (5). Lan [12] used a
Workpiece Secondary Zone

similar material-dependent factor in his work, but also applied
it to a, andf by replacing the exponent dfin Eq. (3) withm.

AErms = CS(CGap \/2 f + C7apvc)% + NOisems (5)

Hence, with knowledge of the basic cutting parameters (depth
of cut, feedrate and cutting speed) the unknowns are reduced
to the constantCs, Cs, C; N ang e NOISE,s term — each of
which can be estimated empirically. This allows thé, ¢

Fig. 1. Sources of acoustic emission in turning. level to be predicted for given cutting conditions.
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2.3 Surface Generation and Measurement Table 1.Experimental cutting conditions.

In turning, the factors which influence the surface generateggragmeter Value(s) Units
include cutting parametersi( a,, f), chip/tool interaction and

dynamic machine effects. Surface roughness is obviously affecspeed ) 100, 200, 300, 350, 500 m mih
ted by feed and depth of cut, but cutting spegg @lso has Feed {) 30, 60, 100, 150, 200  um

an influence, with surface roughness generally decreasing a&Pth of cut &) 0.5 mm

V. increases (more markedly at lower speeds) [14]. The chiﬁﬂj&f”g','\“\'\/fgdlsztgi& PE 4015
removal mechanisms, and hence surface generation, are alggm'ng fluid: None

affected by chip/tool interactions, such as sticking or slipping
on the rake face. Dynamic machine effects such as vibration
and chatter vaillh also Ii(nf_luenceI the surface roughn?ss aniiPe average roughnes®j and outputs a voltage signal rep-
appearance of the workpiece. In any attempt to analyse an . . .

predict surface quality of the workpiece from acoustic emission! €S€Nting the profile of the suriace, which was then converted

it is these effects that must be determined and/or isolated. to_ﬂ']g'ttal tf(Xg n?nd s:o:sdn?n a_plirslftnalncprtn%ut?r. narrowband
The centre line average roughness of a surf&gg ié one of € les casurement equipment consisied o7 a narrowba

: 00—-400 kHz) AE Sensor (Kistler Instruments 8152A11) which
h f surf h § : .
the most common measures of surface roughness and is eas&&/as mounted on the toolholder (see Fig. 2). The design of the

obtainable using stylus profilometry. The expected surface profil . - .
in turning can be established geometrically from the kinematics S"=°" housing means that it can be mounted close to the acoustic

of the machine tool, the tool geometry (such as tool nose radiugmission source and also ensures a nominally constant coupling

and back clearance angle) and the feed. Hence, provided that gffgessure hetween to_olholder and sensor. A light coating of pet
tool and cutting information is to hand, a theoretigl surface roleum jelly was applied under the sensor to ensure good acoustic
roughness value can be predicted befc;re cutting. emission coupling. The output from the sensor was converted to

voltage, amplified and bandpass filtered (100—-1000 kHz) using a

standard module supplied with the sensor. The filtered signal

3. Experimental Work was then passed through a tuneable filter for subsequent bandpass
filtering from 100 to 400 kHz, using fourth order Butterworth

Machining tests were carried out on a Fanuc controlled Daewofilters, to further isolate the AE signal from noise. The filtered

Puma 4-3A NC turning centre. This lathe does not have a&ignal was then sampled at 5 MHz using a data acquisition card

tailstock. Tungsten carbide finishing tool inserts were used tditted to a Pentium Pro computer. The signals were recorded in

turn free machining leaded mild steel. These tool insertsl MB sections, five of which were recorded over each test

(CNMG 12 04 04 PF 4015) are coated with titanium nitride (totalling 0.5 s of data per test). All test data were processed and

over a layer of aluminium oxide. Both coatings are applied byanalysed using the MATLAB analysis and visualisation software

chemical vapour deposition over a thermal resistant substrat@ackage with some further analysis and plotting achieved with

The work material, EN1APb, was chosen for ease of machinMS Excel.

ing, allowing for generation of surfaces of varying quality

without the use of cutting fluids. The free machining nature

of this steel and the choice of tool insert enabled tool weary. Results and Discussion

to be kept to a minimum throughout the experiments. Tool

inserts were changed regularly (for each test specimen) is can be seen from Figs 3 and 4 the acoustic emission signal
order to keep tool condition as constant as possible. SEM:ontains components of continuous and burst nature. Bursts
analysis of the tool inserts after the machining tests showegre also associated with the breakdown of a built-up edge
wear was indeed negligible. Each machining specimen waggyg), but the occurrence of significant BUE at these cutting
150 mm in length, and was used for cutting of five 20 mm ¢congitions is unlikely. Figure 3 shows a low speed and low
test surfaces along the specimen at differing feedrates. Fivggq . =100 m mir%, f=30wm) AE signal which can be
speeds and five feedrates were chosen for the tests, each f_et%’scribed as a continuous signal. Figure 4(a) shows AE
to be cut at each speed. The speed and feed values whi¢Bcorded during high-speed and high-feed machining <

were used in machining were chosen around the optimal valuesgog m min?, f = 200um) and consists of burst events super-

as recommended by the tool insert manufacturers

(Ve =350 m min?, f=150wm) and were varied either side of Kistler Signal

this value with a view to producing measurable variations in Conditioning

surface finish. The cutting conditions are presented in Table 1. = , Mouh e howine

Each of the 25 tests was repeated four times. The cuttingsgs

location, for each particular set of parameters, relative to the

chuck was varied for each set of trials. This serves to reduce

the influence of workpiece geometry and associated vibration

effects on the process. Depth of ciat)(was fixed in order to

limit the amount of testing data produced (over 10 MB per test).  Precision - (<
Surface measurement of the test specimens was performed """ ***"

using a portable stylus profilometer. This calculates a centrésig. 2. Schematic of AE testing set-up (turning centre is not shown).

)| Holder RMS Signal

KH Filter

Filtered Signal
100 - 400kHz
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AE Data: f=30um, V, = 100 m/min, a, = 0.5mm; Material: ENIAPb effect of one burst into the next (Fig.B§. Blum [16] used a
) quantity called AE-mode, the most common r.m.s value in a
04 I given period, in an effort to reduce the influence of the
03 superposed burst events on the AE parameter used for
02 1 process monitoring.

Z2o 1 However, the time constant of the r.m.s. can be reduced so

= um as to allow the r.m.s. to decrease to the continuous AE level

< a1} 1 between bursts (e.gr =0.02 ms). A minimum value of this
02} ] r.m.s. is taken and the effect of the bursts on the overall r.m.s.
REL ] parameter is greatly reduced. In reality, a minimum value is
o4l not effective as it is liable to distortion by one data point
alone. To eliminate this problem, the AE value is taken as the

05 + L . . v .
ooz e Bnme’?mseg) wew won value below which 20% of theAE,,s data points lie. This
Fig. 3. Acoustic emission data: predominantly continuous acousticduantity is referred to here as#\Enmqg. The 20% value was
emission (low cutting speed and feed). chosen following examinations of sorted r.m.s. data sets with
respect to the original data. It is seen from Figs)5{nd 50)
(8)  AE Data: f=200pm,V, = 500 m/min,a, = 0.5mm; Material: EN1APb that theAE,s»0 Value increases with speed, but it does so less
ST 1 o sharply than does the mea&E,, owing to the influence of

4 the bursts on the latter. It is also noted that &At€,,s,o actually
‘ decreases with feed.

This is contrary to the model outlined previously (Egs (1),
(2) and (4)) which predicted that AE would rise with the
square root of feed. In fact, much empirical research shows
trends of AE decreasing with feed [16,17]. It may be that
increasing ductility of the workpiece at higher cutting tempera-
tures, associated with larger feeds, results in a decrease in the
work of plastic deformation and the corresponding AE. This
suggests that such variations in ductility of the workpiece must

2 4 b érimél](mségs) W 18 » also be considered if the AE model is to be improved further.
Also the AE 20 is less likely to be influenced by any larger
(b)  Zoom of (y: Raw AB, AR 20msec, and A 002 msec _chip b_reakag_e ar_1d collision burst events gssocjated with
e increasing chip thickness. Thus, the relative isolation of the
~' AE, s20 quantity from burst events, along with possible ductility
issues, result in a decreasifdds, oo With feedrate.

It can be seen from Figs&( and 5¢), that the feedrate
dominates theR, values, as expected. It is also noticeable that
the roughness values depart considerably from the theoretical
values at lower speeds owing to increased rubbing and
“spanzipfel”. From the corresponding plots for theE, 20

; parameter (Figs B and 5f)), it is seen that as witlR,, the
} — AE, 520 increases sharply from the predicted values at lower
ab |z RMS2me , ] feeds. The relationship betweekE deviations andR, devi-
ations is seen to be similar with changing feeds. The results
3 58 6 6. L
Time (msecs) above are presented as percentage deviations from the modelled
Fig. 4. Acoustic emission dataa( AE with burst events (high cutting Ra and AEnsx in Fig. 6. These plots give a clearer view of
speed and feed)b) subset of data showing slow rm.«e2.0ms) the relationship between the deviations in measui&dand
and fast r.m.s.+«(=0.02 ms). R, from their modelled values.

The AE and R, data above is in general agreement with the
posed onto a continuous signal. Each of the plots containtheory. In the task of relating surface quality A& levels or
100 000 data points. features, it was seen that the meAR,, is highly dependent

The r.m.s. AE level AE,.) is by far the most common on cutting speed, while th&, values are more influenced by
measure of acoustic emission used in the context of toofeedrate. This implies that a direct correlation &f,,, and R,
condition monitoring (TCM). In TCM systems and much pre- is difficult to achieve.
vious AE research, it is the case that mean r.m.s. values are The AE,.s, Values are less influenced by cutting speed than
generally used to quantify the r.m.s. level [15]. However, themean AE,,,, owing to the decreased effect of burst activity.
AE,s signal level can be increased by the occurrence of burstd\otably, theAE, s.o parameter is more dependent on feed than
which are believed to be predominantly due to chip fractureis the meanAE, value, and it is seen to decrease with
and impacts. Bursts will cause theE, s signal to “ride high” increasing feed. This decrease is not as obvious from the mean
if the time constant+) of the r.m.s. such as to spread the AE,, owing to acoustic emission bursts which inflate the

AE (volts)

AE (volts)

52 b4 5B 64 66 68 7
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05 05
-----Measured AE T T ---0- - - Measured AE
04 i 04 —
Modefied AE HP Modelled AE
=03 - . o3 -
2 2 L
g 2 N
<oz 3 <., .
0.1 T 0.1 - L +
g T - O -0
o ; . : . 0 . . f .
0 100 200 300 400 500 600 0 50 100 150 200 250
Cutting Speed, v, (m/min) Feed, f (um)
(c) R, vs Cutting Speed (v)) (=150 pm) () R, vs Feed (1) (v=350nvmin)
3
3
T —a— Measured Ra —g— Mearsured Ra
25 i 25 1 B
J— T smnsne Modelled Rax
2 24 /I
§1s E s //i
2 ym=——— = 3 =
1 4 1 &
0 : : : : : 0 — : : :
0 100 200 300 400 500 600 0 50 100 150 200 250

Cutting Speed, v, {m/min) Feed, f(um)
Fig.5.(a) and b) AE .0 measured and modelledc)(and @) R, actual and modelled (all data points are means of four repetitions).
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Fig. 6. Percentage deviations from measufRRdand AE,sz0 Values to modelled values.

r

meanAE, s at higher feeds. It may be that tid=, ..o decreases The above correlation can only be implemented if AR
with feedrate, despite the increasing levels of bulk deformationmodel is established for a specific turning operation, therefore
owing to the changing work rate of plastic deformation. the constants and the non-cutting signal-noise level must be
The correlation between the deviations in theoretical ancdestablished (Eq.5)Cs, Cs, C;, and n are established from
measured acoustic emission and surface roughriedssfiows empirical data, whileNoisg,.s is simply the r.m.s. value of the
some very promising trends. Comparing Figa)5éand 50) AE detection system when the machine is running, but no
with Figs 5¢€) and 5¢), it can be seen that the measured cutting is taking place. Simple geometry of the tool insert
acoustic emission level is above that which is predicted frommust also be known, along with cutting speed, feed and depth
the model, and that the surface roughness is also above thed cut in order to modeR,. The latter cutting parameters are
modelledR, value. The correlation is good at medium and high obtainable from the NC controller of the turning machine.
cutting speeds and feeds. At lower feeds, the proportionality i©nce the two theoretical curves are generated, and the relevant
somewhat stretched, owing to the nature of the two modelspoints on the curves, according to cutting conditions, estab-
Neither of the models takes into account the effectdRpand  lished, a workpiece which producéé above a given percent-
on acoustic emission of the increased friction, pitting, ploughingage of the reference model value can be assumed to have a
and squeezing that occur at lower feedrates and cutting speedsrrespondingly high surface roughness.
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Fig. 7. Schematic of proposed industrial implementation of an acoustic emission surface quality sensor.

Although this finding is significant in itself, further analysis References
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