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Statistical Analysis of Acoustic
Emission Signals Generated During
Turning of a Metal Matrix Composite

Acoustic emission technique (AET) has been used to monitor the progress of tool wear
during turning of silicon carbide (20 wt.%) dispersed Al alloy metal matrix composite.
Acoustic emission (AE) signals generated beyond a specific cutting distance increase
abruptly. Statistical analysis based on assumed £ distribution of AE energy showed that
skewness and kurtosis vary with cutting time. Comparison of these results with b-
parameter of amplitude distribution of AE hits presented in an earlier investigation has
shown that while b-parameter is useful for monitoring tool wear up to 0.4 mm, skewness
and kurtosis can better monitor the wear beyond that. Uncertainty measurement of AE
energy for different cutting distances was determined as per 1SO GUM. The combined
uncertainty for the measurement of AE energy liesin the range of 0.38 to 1.69, with higher
values for the cutting distance between 213.8 mm and 454.5 mm. Different parameters
such as skewness and kurtosis of the statistical distribution, b-parameter of amplitude
distribution and uncertainties can be used in a complimentary manner for comprehensive
evaluation of tool wear.
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Introduction

Metal matrix composites (MMCs) are extensively used
automotive and aerospace industries due to theirdensity, high
elastic modulus, wear resistance, thermal condtctand thermal
stability. These composites belong to a class déras difficult to
machine and pose challenge for improving cuttingl toaterials.
The industrial demand in this direction can be mebptimization
of tool materials, geometry and machining condgiéor improved
tool performance, consistent tool reliability digioutting operation
etc. to obtain the machined components with cosrisigfuality.

Cutting tools used in manufacturing processes aomep to
failure either by gradual wear or by fracturing. Mitoring and/or
detection of wear and sudden tool failure are irgydr for
improving reliability and promoting automation ofamufacturing
processes. Tool wear refers to the loss of matatittie cutting lips
of the tool because of physical interaction betwéentool and the
workpiece material. Wear is a progressive procless|t occurs at
an accelerated rate once blunting of the tool tgkese. Beyond
certain amount of wear, further occurrence of treamcan cause
sudden failure of the tool without any warning, uléag in
considerable damage to the workpiece and everetm#cthine tool.
The gradual wear of the cutting tool occurs in tmeays: flank wear
and crater wear. Flank wear occurs primarily asesult of the
rubbing action between the flank face of the tootl dhe newly
formed workpiece, while crater wear is associatéth the contact
between the chip and the rake face of the tool.

discontinuous chips also leads to the generatiomABf signals
(Dornfeld and Kannatey-Asibu, 1980).

Acoustic emission (AE) studies during machining gesses
have shown that the generation of AE during maadigimiepends on
the cutting speed (influencing strain rate), degtbut and feed rate
(both influencing volume of material undergoing atefiation) and
the material being machined (Kannatey-Asibu andnizbd 1981;
Lan and Dornfeld, 1986). In order to improve madatgnaccuracy,
on-line AE monitoring during diamond turning hasbhecarried out
and it has been shown that use of AET helps toeaeh20%
reduction in machining errors as compared to thatanventional
position feedback control systems (Nakao and D&n003). Use
of an array of acoustic emission sensors for figdime location of
uneven events such as pluckings, laps, and smeaae@rial
occurring during machining of AISI type 1020 stdeds been
presented (Axinte et al., 2005). Acoustic emisglaning machining
and chip formation in Ti-6Al-4V alloy has been istigated (Barry
et al.,, 2001). AET has been applied for monitortogl and/or
workpiece surface anomalies during milling of Ineb@18 (lulian
and Axinte Dragos, 2008). A bicepstrum based blsydtem
identification technique has been proposed for mestng
transmission path and sensor impulse response ofsiiyBals
generated during machining and the proposal has heefied
during turning of a single crystal (111) orientatiGu (lturrospe et
al., 2005). The unique requirements of monitorirfg poecision
manufacturing processes, and the suitability otiatio emission as
a monitoring technique at the precision scale Hasen described

Acoustic emission technique (AET) has been used fqLee et al., 2006), where use of AE sensor in tlemitoring of

monitoring different forming and machining procesg®ornfeld
and Kannatey-Asibu, 1980; Nakao Yohichi and Dohfe2003;
Axinte Dragos et al., 2005; Jayakumar et al., 200Byiring
machining, acoustic emission is generated from gijmary
deformation zone ahead of the cutting tool wheeeitfitial shearing
occurs during chip formation, (ii) secondary defation zone along
the chip-tool-rake face interface where sliding éntk deformation
occur, and (iii) tertiary deformation zone alonge ttool flank-
workpiece interface (Dornfeld and Kannatey-Asibi®80). The
formation of chips or the fracture of chips durifgymation of
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precision manufacturing processes including grigdiophemical-
mechanical planarization and ultraprecision diamaémehing has
been elaborated.

The methods to monitor tool wear can be largelyddig into
two types: direct (optical, microscope, electricdistance etc.) and
indirect (vibration, force, torque, acoustic emissietc. (Jeon-Ha
Kim et al., 2002)). The applicability of AET for mitoring tool
wear has been reviewed (Dimla, 2000; Xiaoli, 200%k based
methodology for tool wear monitoring is an areanténse research
for developing intelligent tool condition systemechuse of high
sensitivity of AE signals to tool wear and fractuségnal processing
or feature extraction and integration of AE sensoth other
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sensor(s) is an effective approach for AE-basedlligént tool
condition monitoring (Dimla, 2000; Xiaoli, 2002)o8sibility of on-
line identification of tool wear using the AE sidrmsed feedback
control system has also been shown (Nakao and Bldr#003).

Acoustic emission generated due to progressiveftaok wear
during turning was studied and it was reported #iatenergy and
event counts per cut increase significantly by easing the
magnitude of wear (Iwata and Moriwaki, 1978). Tleadibility of
using AET for the detection of breakage and chigmihcutting tool
during turning was investigated (Lan and Dornfd@84). It was
reported that the AE signals are sensitive to fiaaiture and can be
used for on-line monitoring of the impending faduof a cutting
tool. The fracture of single point insert toolingdathe influence of
the fracture area of the insert on the AE signaeegated were
investigated (Lan and Dornfeld, 1984; Kakino et 4B83). These
works, together with the studies on the wear aadttire of inserts
during machining with multi-insert milling cutter¢Diei and
Dornfeld, 1987) led to the development of a modeltbol fracture
generated AE that is dependent upon the surfaeecdtbe fracture,
the stress on the tool at fracture and propertigea material. In
another investigation (Jemielniak Krzysztof, 2008ET for tool
condition monitoring during turning of steel 45 WifTiN+TiC
coated sintered carbide has shown that the valiefferent AE
parameters are fairly low until the tool coatingwsrn out, but
beyond that, the values of the parameters increigeéicantly due
to increase in tool wear. On-line AE monitoring different
machining operations has been reported, which dedthigh speed
grinding of silicon carbide (Hwang et al., 2000)ighh speed
machining of GGG40-quality steel (Haber Rodolfoaét 2004),
friction stir welding of 6061 Al alloy (Zeng et a2006), and turning
of SiC dispersed metal matrix composite (Mukhopaghgt al.
2006). It is known from these studies that ampbtuaf the AE
signals increases with increase in the degreeabfwear. AET has
been applied to study drilling in SAE 1040 steethwdifferent
degrees of wear in the drill bit, and a relatiopshetween AE,
torque measured during the drilling process, anptateof tool wear
has been proposed (Martin et al., 2010).

Since the AE signals generated from any procesgemerally
stochastic in nature, statistical methods are o#ffgplied for their
analysis. In an earlier investigation (Gabriellet 95), AE signals
generated during tool wear tests of SAE 1045 steet statistically
analyzed using distribution moments. It was shovmat tthe
distribution parameters like skewness and kurtoksn assumeg®
distribution based on root mean square (RMS) veltafythe AE
signal are sensitive to both stick-slip transitivpom chip contact
along the tool rake face and progressive wear erfldnk face of
the tool (Gabriel et al., 1995). In another invgstion on machining
of steel bars (Jemielniak and Otman, 1998), thenvskes and

kurtosis of an assumdidistribution based on the AE RMS voltage

were reported to give better indication of catagstio tool failure
than the RMS voltage itself.

The above investigations on statistical analysi€\Bf signals
generated due to either tool wear or tool failuGalgriel et al.,
1995; Jemielniak and Otman, 1998) were done on lhteta
materials. In a recent investigation (Mukhopadhgayal., 2006)
on use of AET during turning of a SiC dispersed ahehatrix
composite, it has been shown that AE during maoigitieyond a
specific cutting distance and time increases abyupue to
progressive tool wear. The slope (b-parameterhefdumulative
amplitude distribution plot of the AE signals bearswo stage
relation with maximum flank wear; initial rapid dease up to the
flank wear value of 0.45 mm and then b-parametéireg an
almost constant value. The b-parameter is thus sengitive for
monitoring the progress in flank wear for lowertmg distances
and shows limited sensitivity for higher -cutting s@inces

146 / Vol. XXXIV, No. 2, April-June 2012

Mukhopadhyay et al.

(Mukhopadhyay et al., 2006). It can be noted th&iC dispersed
metal matrix composites, SiC particles and Al alpmssess totally
different characteristics with respect to structarel mechanical
behavior. SIiC particles have high yield strengtld amry high
elastic modulus, whereas Al alloy has low yieldesgth and good
plasticity. Under the applied force, the stressttom matrix is not
equal to that on the reinforcing particles. Thusting cutting of
the composite, when matrix material deforms plasyc SiC
particles may only deform elastically; and also bleendary of the
matrix and the particles may break between the tud the
particles causing wear on the tool flank. Thus gheation in the
case of machining of SiC dispersed metal matrix posite is
complex in comparison to that in metallic materials such
situation, statistical analysis of the AE signalsieth were earlier
applied on metallic materials (Gabriel et al., 199&mielniak and
Otman, 1998) is expected to show better sensittaithe progress
of tool wear as compared to the amplitude distidsutanalysis,
particularly for longer cutting distances. In theegent paper, the
details of this attempt made by carrying out stati analysis of
the AE signals recorded earlier (Mukhopadhyay et 2006) are
presented. The statistical analysis has been dsing an assumed
L distribution of AE energy to examine the suitagilof applying
various distribution moments to monitor the toolarne

It is also known that with every measurement, arorers
associated and the metrological concept that coscaith this
subject is uncertainty (ISO-GUM, 19p5Different uncertainty
parameters are defined in the ISO-GUM. Type A uadety is a
part of the total uncertainty which is evaluatedstandard deviation
of the mean or by any other statistical parameiéng dispersion
of the results. On the other hand, there are offeets of the
uncertainty that cannot be evaluated just fromistieal analysis,
but can be evaluated from other considerations sschquipment
setup, specifications of manufacturer, data fromtifamtes or
handbooks, etc. This kind of uncertainty accordmdSO-GUM is
defined as Type B. Both types of uncertainty arpressed as
standard deviations (ISO-GUM, 1995; Cook 1999).
uncertainties associated with AE energy measureméntthis
investigation are also determined and present#usrpaper.

Nomenclature

second

parameter of the B distribution
parameter of the B distribution
= AE energy

= skewness

= kurtosis

mean energy

standard deviation

samplesize

cutting distance

uncertainty of the mean

U.(E)= type A uncertainty of AE energy
U(R)= type B uncertainty of resolution of AE energy
U(C)= combined uncertainty

k = coveragefactor

Greek Symbols

B =betadistribution
¢ =variance

Experimental

The silicon carbide dispersed 6025 Al alloy metahtnw
composite with 20 weight percentage of silicon aebhas been
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used in the present study. The average size ositieen carbide
particulates is about 20 um. The chemical compositif the base
alloy is given in Table 1.

Table 1. Chemical composition (wt.%) of 6025 Al alloy.

Fe Cu Mn | Mg Zn Ti
02 |02 |01 |0204 |01 |02

Al
Bal.

Si
6.25-7.5

Geedi Weiler Lathe tool was used for machining. idat insert
used in this study is from K20 series. The tookeihss coded as
SPUN 120308. It has a thick layer of,8k on the top of a Ti(C,N)
layer. The total thickness of the coating is apprately 10um.
The combination of a thick wear resistance layer anough cobalt
enriched substrate give the tool insert an excetlembination of
high wear resistance and good edge security. Tbehalder is
specified as R 174.2-2020-12. The tool and the tmddler were
supplied by M/s. Sandwik Coramant.

Details of experimental arrangement for recordirfg AE
signals during tool wear tests can be found in @hdier paper
(Mukhopadhyay et al., 2006). Tests were performedGeedi
Weiler Lathe at elevated temperature. Machiningebltvated
temperature was done to enhance the machining rpeafee for
these materials. In the MMCs, the presence of oet&ment
particles leads to rapid wear of cutting tools dgrimachining.
Low cutting speeds are adopted since high wearreselts in a
high machining cost. Thus, there is a need to ecwhathe
machining performance for these materials. The ecéraent of
machining performance should lead to an increasedenial
removal rate, prolonged tool life and improved aug€ finish.
Machining at elevated temperatures is a viable @ggr to
achieve these goals. In the present investigatioa, workpiece

AE signals. The amplified and filtered signal issped to the A/D
converter where the AE signal is digitized at ratego 10 MHz. The
digitized signal is passed to the feature extractiocuitry. The high
speed feature extracted data is further processedhé signal
processor. The sensor was mounted at the end tdahbolder with
the help of silicone grease as couplant. By mogritie sensor at the
tool holder, the distance between the cutting zomk the transducer
element becomes small and the signal to noise isfimproved. A
total gain of 85 dB and a threshold of 55 dB weraintained
throughout the experiment. Figure 1 shows the saliersetup for the
turning operation alongwith that for recording #ie signals.

In order to fix the gain and threshold values, aber of trial
machining tests were carried out. Initially, AE reids generated
during free running of the machine were monitorétle proper
acoustic contact between the transducer and thkpieme material
was verified by conducting pencil lead break stsdi€hen AE
signals were monitored during rotation of the lasih¢he maximum
speed (i.e. 600 rpm) for some time with the workpiéxed on the
machine, but without any cutting of the materiaheTmaximum
noise level generated by the machine during thegtiom was noted
and the gain and threshold values were selectedpapgtely so that
no external noise was recorded during the actugler@xents.
Various parameters of the AE signal like AE enedgyd peak
amplitude distribution of AE hits (events) werearted during the
experiments and used for analyzing the results.

The reliability and reproducibility of the capturé& data was
established by conducting trial machining at 60M gpeed at room
temperature (298 K). The total energy of the AEhalggenerated
during machining for a fixed time (15 s) for threensecutive trial
runs were recorded. The coefficient of variatioati¢r of standard
deviation to average) associated with the totakg@nealues for
such trial runs was found to be consistently lotem 20%. The

was heated at 380 (623 K). The workpiece is mounted on thevalue of standard deviation for the trial runs di@sd to be 482 for

lathe. The workpiece was heated in-situ using aokable shell
type furnace with a heating capacity of 3 kW. Thenfice has a
slot for feeding the tool without removing the faoe so that the
workpiece is heated in-situ for maintaining the tesnperature at
the desired set value. The temperature of cuttiag measured by
using a K-type sheathed thermocouple. The temperatiata
logger used had a measuring range from 0 to 900f@ an
accuracy of £0.5°C and a response time of <1/Zs. diameter of
thermocouple wire used is 0.2032 mm (32 SWG). Ankdas steel
sheathed K-type probe was connected to the dagetoand was
used to measure the temperature. As the workpieots @down
with time, the turning tests were done within a imiam time to
prevent the heat loss due to convection and radiatDuring
turning, the workpiece is rotated on a spindle #meltool is fed
into it to give the required surface finish. Theeth parameters in
any turning operation are machining speed, feeg atd depth of
cut. The machining speed refers to the relativefaser speed
between tool and workpiece and is the speed at hwhie
workpiece material moves past the cutting tool. Téed rate is
the axial advance of the tool along the work focheeevolution of
the work. The depth of cut relates to the deptlviach the tool
cutting edge engages the work. In this work, thechrang
speed, feed rate and depth of cut were maintainé® an/min,
0.002 mm/rev and 0.25 mm respectively.

The turning operation was carried out for differentting length
or cutting distances viz. 5 mm, 10 mm, 20 mm, 40,86 mm,
160 mm and 400 mm using the same cutting tool. Afhats
generated during the turning operations were recbahd analyzed
using a Spartan 2000 acoustic emission system (M¥gsical
Acoustic Corporation, USA). A piezoelectric transdu(15 mm dia.)
having a resonant frequency at 150 kHz, a preaiplifith 40 dB
gain and a compatible filter (100-300 kHz) weredut® capture the
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an average total energy value of 4411. Since ttefficent of

variation is a statistical measure of the deviatbm variable from
its mean, so the higher the value of coefficientvafiation, the
higher is the variability and the lower the valtee higher is the
consistency of the data. The low value of coeffitief variation

associated with the total AE energy for machinindidates the
reproducibility of AE experiments and the reliatyilof the test set
up. Once this is established, all machining tests aarried out
subsequently using the same set up. Thus AE datared by the
transducer during the tests can be considered depilde and
reliable. It should also be noted that, in the pnésnvestigation, AE
data generated for any given experimental conditiepresents
unigue value.

Results and Discussion

The AE energy generated as a function of timea#ted in Figs.
2a and 2b, as the energy rate and total energypectgely
(Mukhopadhyay et al., 2006). In Figs. 2a-2b, the ARergy
generated for different cutting distances has be@mbined and
plotted in single plots. In Figs. 2a-2b, the cugtidistance is also
shown on the top axis. The results shown in Figs2l2 indicate that
AE is generated continuously during machining. éase in energy
rate and total energy is lower up to the time aotfig distance
corresponding to the arrow marked as ‘A’ in Figa-2b. However,
beyond ‘A’ corresponding to the cutting time of 44,7both energy
rate and total energy of the AE signal increase laigher rate. This
is attributed to a critical cutting distance andtiog time beyond
which accelerated wear of the cutting tool takemcel This is in
consistence with the earlier reports (lwata and iMaki, 1978;
Jemielniak Krzysztof, 2000) that increase in to@awincreases the
values of the AE parameters.
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Spindle Furnace

O/LOL O OF O

Workpiece

o 0 0 0O O

Cutting Tool

Tool Holder ———8 »

AE transducer

/Job
\ /Tool
Thermocouple (K Type) preamp"ﬂe
Acoustic Emission ) | 1 <
System

Filter

Figure 1. Schematic of the experimental set up for turning and AE monitoring. The position of the thermocouple is shown in the inset.

148 / Vol. XXXIV, No. 2, April-June 2012

ABCM



Statistical Analysis of Acoustic Emission Signals Generated During Turning of a Metal Matrix Composite

Cutting Distance (mm) 1
0 150 300 450 600 750 p(mn) = Jxmfl(l_ X)"dx @)
1000 T T T T T O
800 - wherem andn are parameters of th@distribution and the variable
= X represents AE energy.
S The values of the statistical parameters such aannand
g 600 variance are calculated first and then the valdiek@wvness$) and
8 kurtosis K) are calculated based on the moments of assyfhed
2 400 distribution of the measured AE signal. The mearthef random
@ variable is the first order moment and variancéhés second order
g 200 central moment of the distribution function. Whilee mean is used
g to describe the location of a distribution, theiaace specifies its
spread. The standard deviation (s(x)) is given Iy tollowing
0 equations:
0 200 400 600 800 1000 )= ( z)m 5
. X) =
Time (sec.) ¢ N @)
Cutting Distance (mm) o?=@a/n —1))(2 (x, —X)?) 3)
0 150 300 450 600 750 =
600000 — T T T T
whered? is the variancey; is the instantaneous AE energy,is the
__ °00000F mean AE energy amtlis the sample size.
s The skewness is the normalized third order centahent of the
S 400000 - A distribution function and kurtosis is the normatizéourth order
= 300000 - central moment. The values of skewness and kurtokishe 3
= distribution are given by the following equatioighitehouse, 1978):
o
& 200000
5 S=(2(n-m))/(M+n+2)).(M+n+1)/mn)? (4)
T 100000 -
P . K = (6((m-n)?(m+n+1)-mn(m+n+ 2)))/
" 5
. . . . . (mn(m+n+2)(m+n+3)) ©)

0 200 400 600 800 1000

Time (sec.) the parameters andn in the above equations can be expressed in

Figure 2. Variation of (a) AE energy and (b) total energy with time and terms of meanr( ) and variancec(z) of the distribution:
cutting distance.

— (v 2 — Y2 _ 52
It should be mentioned here that the AE energy usédg. 2 is m=(x/g*)x-X*=0?) ©)
a parameter of burst type AE signals. The acoustiission energy
is proportional to the integral of the square @& transducer output n=(1-X)/o?))X-X2-0c?2) ©)
voltage (Wadley et al., 1980). It was shown (Beati976) that
energy analysis has an advantage in detecting highwlitude The skewness of a distribution is a measure of sytmmaround

events for which AE count analysis may fail to ster the proper the mean, whereas the kurtosis indicates sharpfessak of the
relative magnitudes. On the other habgharameter is derived from dijstribution. A positive value o6 generally indicates a shift of the
amplitude distribution analysis and useful towadfigracterizing pulk of the distribution to the right of the meamd a negativé
AE generated from a material when multiple soum@soperating indicates a shift to the left. A higk value is indicative of a sharp
(Pollock, 1973). A higher value di-parameter indicates a signal djstribution peak (concentrated in a small areaj)en lowK value
having a large number of small amplitude eventseres a loweb  indicates essentially flat characteristics. Thamfdy knowing the
value specifies a signal consisting of an increaseuber of high values of mean and variance of a distribution,th&meters m and

amplitude events. n can be obtained, and the valuesSaindK can be calculated. In
the earlier investigations (Gabriel et al., 199%miklniak and
Statistical Analysisof AE Signals Otman, 1998), skewness and kurtosis values offldistribution

. L ) . . were estimated based on RMS voltage of the AE smmdused for
In the present investigation, acoustic emissionaliggenerated getection of tool wear and tool failure. In the seet investigation,

during the tool wear tests carried out earlier (Mopadhyay et al., gxewness and kurtosis of tigedistribution are calculated by using
2006) have been evaluated by applying distributimments based energy data of the AE signal. AE energy was foumdhave good

on an assumeg distribution of the AE signals. AE energy data forcorrelation with progressive wear of the tool ine trearlier
different cutting distances was considered for #mslysis. The8 jnyestigation (Mukhopadhyay et al., 2006). The skess and
functions are special mathematical functions usedtaracterizing kurtosis values are calculated according to Eqagt) Eq. (5) and
surface typology and are given by (Whitehouse, 1978 are related to the time of cutting and tool wear.
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The values of AE energy obtained from AE data filese used 0.9
as inputs for the calculation of the statisticabpaeters. While the AE

data generated for the cutting distances 5 mm, Q20 mm, 40 mm 0.8+
and 80 mm were used directly, the data files pertgito the cutting | °
distances of 160 mm and 400 mm were divided intallemfiles of £ 0.7
> . o
equal time intervals. The mean and variance adath sets were then = 1
calculated and from these values, the parametersnd n were 0.6

variance were plotted as a function of cutting timeFig. 3. The
values of coefficient of variation CV (ratio of teandard deviation to
the mean) were also calculated and plotted as etidnnof cutting
time in Fig. 4. The coefficient of variation (C\§ uised to describe the
dispersion of a variable in a way that does noeddpon the unit of 1

the variable. The higher the CV, the greater isdispersion in the 0.2 °
variable and vice versa. Figures 3-4 indicate thatvalues of both 1

Coefficient o
o
w

. .. . . 0.1 . . . . .
variance and coefficient of variation, after thestfimeasurement, T T J T T y
increase with time. Increase in variance and C¥ouground 300 s is 0 200 400 600 800 1000
lower. Beyond this, there is drastic increase gs¢hparameters with Time (sec.)
time up to around 500 s. The increase in thesaaeas with time is Figure 4. Coefficient of variation as a function of cutting time.
reduced beyond 500 s.

0- (a)
3500
] 24
3000 °
] al
2500 § |
1 °
© 2000 S -6-
2 O
1 X
.8 15004 0 g ¢
g ]
1000+
] -10
500
1 -12 T T T T T T T T T T
04 0 200 400 600 800 1000
T T T T T T T T T T T .
0 200 400 600 800 1000 Time (sec.)
Time (sec.)
Figure 3. Variance as a function of cutting time. 504 ° (b)

The values of skewness and kurtosis are shown bieTa. 01
These values are also plotted as a function of timiigs. 5a-5b.

Figure 5a indicates that, skewness initially desesawith cutting -50+

time up to around 300 s. Beyond 300 s, reductioskefvness is g

drastic up to around 500 s and beyond that, thect@h is gradual. S -1004

On the other hand, kurtosis marginally increasetouground 300s, 5

reduces drastically up to 500 s, but increasesugdbdbeyond that X 1504

(Fig. 5b). Thus, for the first 300 s cutting tintleese two parameters

vary differently to each other. Between 300 and S50Q®Ghey vary

similarly and beyond 500 s, they again vary diffithe with time. ~200+

Thus these two parameters exhibit different vametiwith cutting 1 ®

time for a continuous cutting process and can fecgfely used to -250 . — T

monitor the cutting process. 0 200 400 600 800 1000

Time (sec.)

Figure 5. Variation of (a) skewness and (b) kurtosis as a function of
cutting time.

Table 2. Values of skewness (S) and kurtosis (K) for different cutting distances (D)

D(mm) | 85 20.8 41.6 84.2 159 213.8 2685 324 454.585 715
S -144 | -0.71 | -0.98| -1.052 -1.43 -1.78 -3.36 -7.35 .338 | -9.04 | -10.99
K 4.31 | 0.9¢ 1.8¢ 2.1¢ 4.2¢ 7.0¢ 37.8¢ | -221 -177 -164 -151
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The amount of flank wear on the tool insert was sneed at the
end of each machining distance, using a tool makeitroscope.
The variation of flank wear with cutting time iscstn in Fig. 6,
which shows that flank wear increases gradually witrease in the
cutting time up to around 300 s, and beyond thahcreases even
more. The variation of flank wear with cutting timean be
explained in the following manner. Initially theolois sharp and
there is no wear land on the flank. Upon start athining, the wear
land develops rapidly because of abrasion, adheskear, etc. and
wear rate is high. Upon continuation of machinitte frictional
stresses and maximum temperature on flank go aeasmg with
time. The wear land then grows at a slower ratepaoed to the
initial rapid wear. Beyond the cutting time of anou300 s flank
wear increases again at an accelerating rate.

1.0
[ )
0.8
=
£ 06+
a
o ®
; 0.44 /
'4 /.
= °
© ®
LL
021 4
/
°
00 T T T T T T T T T T
0 200 400 600 800 1000
Time (sec.)

Figure 6. Variation of flank wear of the tool with cutting time.

The values of skewness and kurtosis obtained feows cutting
times were correlated with the values of flank westimated from
Fig. 6. The variations in skewness and kurtosié flénk wear are
shown in Figs. 7a-7b. Figure 7a indicates that skss initially
decreases with flank wear up to around 0.4 mm, teéwehich the
decrease is drastic up to around 0.5 mm wear artdefubeyond
that, the decrease is gradual. Kurtosis plotteBign 7b shows that
this parameter initially increases marginally witank wear up to
around 0.4 mm, reduces drastically beyond that mudeases
gradually again beyond around 0.5 mm flank weare Thnastic
reduction in the value of kurtosis between 0.4 nmah .5 mm flank
wear can be understood from the fact that beyoedtiting time of
around 400 s, mean and variance of AE energy iserdeastically.
Since mean and variance are used to calculatesksirtany change
in the mean and variance is also reflected in tiréokis value. In a
statistical distribution, skewness describes whettiee given
distribution is positive skewed or negative skewethpared to the
symmetrical bell-shaped normal distribution. On titker hand,
kurtosis describes whether the given distributias b central peak
that is either flatter (platykurtic), or more padt (leptokurtic) than
the standard bell-shaped normal distribution (meda). The
distribution is considered mesokurtic or normal Kor 3, flattened
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Figure 7. Variation of (a) skewness and (b) kurtosis as a function of
flank wear.

It is known that in metal matrix composites, westes place by
hard SiC particles present in the matrix resulimgcratching and
removal of small portions of the cutting tool (Let al., 1995).
Scratched grooves are found parallel to the dwastiof chip flow
and workpiece material movement. Those groovesfaraed by
abrasion between the workpiece material and thé the to
irregular shape of particulate SiC reinforcemerd ose particles
found during machining (Lin et al., 1995; Xiaopirggnd Seah,
2001). The occurrence of multiple slopes in theiatemns of
skewness and kurtosis with time can possibly bébated to the
occurrence of different wear mechanisms in the asite.
Scanning electron microscopy (SEM) results wereontep in an
earlier paper (Mohan et al., 2008). This showed ttta cutting tool
experiences abrasive wear at the flank face, dsawaihip breakage
and scooping of the SiC particles.

The statistical parameters obtained are compardd the b-
parameter of the amplitude distribution analysisspnted in the
earlier paper (Mukhopadhyay et al., 2006). Theatem of the b-
parameter with flank wear (Mukhopadhyay et al., @00ds

or platykurtic fork > 3 and less flattened than normal or leptokurti¢eproduced here (Fig. 8). Comparison of Figs. 7asxith Fig. 8

for K< 3.
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shows that, up to around 0.4 mm flank wear, whike ¢thanges in
skewness and kurtosis are marginal, b-parameteeases sharply.
The sharp decrease in the value of b-parameterimgtieasing wear
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in this region is due to the occurrence of highed éigher
amplitude hits associated with progressively higi@ount of tool
wear. But beyond the wear value of 0.4 mm, whilpabameter

Mukhopadhyay et al.

mounted after proper cleaning of the tool holded by fixing the
sensor using couplant and an adhesive tape. Alle#periments
were conducted by keeping the sensor at the saocatidn. Thus

becomes almost constant, skewness and kurtosis gehamny variation in AE signal due to variation in méag of the sensor
significantly. Thus it can be stated that b-para@mef the amplitude was removed. The coupling and the sensitivity ef $ensor before
distribution is useful for monitoring the progreestool wear up to and after the turning experiments were checkeduby sensor test,
the wear value of 0.4 mm, but beyond that, skewaeskkurtosis a built-in feature of the Spartan 2000 AE systefne Ruto sensor
show superiority over the b-parameter for reveathng progressive test capability generates a pulse that is senugfirahe rear panel
changes in tool wear. into the preamplifier of the selected channel ef At system.

In the present investigation, AE energy values iobth for
various cutting distances were used as inputs dtmutation of the
4.8 statistical parameters. The acoustic emission gnerggenerally
) assumed to be proportional to the integral of thease of the

transducer output voltage (Wadlest al., 1980). The absolute
measurement of the AE source energy depends osethstivity
and frequency response of the transducer. Uncgrtmnmachining

each cutting distance was therefore determinedhferAE energy

\ values. For each cutting distance, mean AE enesggssociated
with a standard deviation. If machining of the sdemgth or cutting
\ distance is repeated several times, a nhumber oh mMé&a energy

»
N
1

»
o
1
@

values would be obtained and these mean valuesdwbamselves
® show a small random variation. It is then posstblestimate the
standard deviation of these mean values using tilewing
equation (Veronika, 200TAEA-TECDOC-1585:

b-parameter
(

/

S
] . . . . U, (m) =1/ ((*2)s() @
0.0 0.2 0.4 0.6 0.8 1.0
Flank Wear (mm) where u_(m)is the uncertainty of the mean and provides a nreasu
Figure 8. Variation of b-parameter with flank wear. of the width of the distribution of mean values ttivaould be

expected and(x) is the standard deviation. If enough readings are
taken per mean value, then the distribution of megloes will be
roughly Gaussian, in which case the standard umiogyt

Type A and type B uncertainties associated with éxfergy ~ corresponds to a confidence probability of 68%.
measurement have been determined. Type A uncertainsually Type A uncertainty for measurements of voltage andent
more important than Type B in acoustics testing st@d-elix, towards the calculation of total uncertainty asatemi with the
2006). Uncertainties associated with calibration A sensors calibration of AE sensors was determined by Jid &etr (2009).
have been reported (Keprt Jiri and Benes Petr, 2009e They determined the type A uncertainty associatdth whe
uncertainty in calibration measurement of AE sessdry Mmeasurements of voltage and current in the maringias to that
reciprocity calibration method was reported to k&d in the described by Eq. (8). The standard uncertaintyhef mean for
frequency range between 60 kHz and 285 kHz ancdbuBdB in €ach cutting distance in the present investigatieas thus
the frequency range between 285 kHz and 1 MHz. fisén determined using Eq. (8) and are shown in TableTBe
source of uncertainty is the accuracy in the memment of uncertainty component derived in this way, by statal analysis,
amplitude of the signal analyzer (Keprt Jiri anchBe Petr, 2009). is known as type A estimate of uncertainty.(E) (IAEA-

In the present investigation’ main sources of errorthe TECDOC-1585).|t is seen from Table 3 that the uncertainty
measurement of AE signals and the associated aigrcan arise  ranges from 0.38 to 1.69 with higher values of utaiety for the
from coupling of the AE transducer to the tool hesidcalibration ~cutting distance between 213.8 mm and 454.5 mm.
and sensitivity of the transducer and the AE sysfEne sensor was

Uncertainty Measurement

Table 3. Values of type A (Uc(E)), type B (U:(R)) and combined uncertainties (U.(C)) for different cutting distances (D).

D(mm) | 8.5 20.¢ 41.€ 84.2 15¢ 213.¢ 268.f 324 454.% | 58¢ 71t

U(E) 0.379 | 0473 0.502 0.630 0.52§ 1.267 1.538 1.688 901)20.688| 0.725
U(R 0.01z | 0.00¢ 0.01¢4 0.01 0.011 | 0.01 0.011 0.01C | 0.01Z | 0.01Z | 0.01%
U(C) 0.379 | 0473 0.502 0.630 0.52§ 1.267 1.538 1.688 901)20.688| 0.725

Uncertainty of type B can arise from signal anatyakthe AE  energy as obtained from Spartan 2000 AE systermé energy
system used for recording the data and such umugrtas count. The type B uncertainty for resolution of Akergy U.(R)) is
characterized by homogeneous rectangular distabutiKeprt Jiri  found out from a/3 where 2a is the width of the rectangular
and Benes Petr, 2009). The value of type B unceytadoes not distribution (Veronika, 2007t AEA-TECDOC-1585 and equals to
change with repeated measurements and thus isetetmdned by one in the present study, and this works out tonbthe range of
statistical analysis. The rectangular distributitn preferred in  0.01 to 0.014 relative to the recorded instantaseA& energy
situations when no detailed knowledge of the distibn function is (Table 3). The rectangular distribution with stamblancertainty
available. In the case of present investigatiopet$ uncertainty 1//3 covers 58% of the data. The combined uncertglagC)) for
was determined for AE energy. The resolution ofording AE
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each cutting distance was determined using theviilig equation
(Veronika, 2007):

U.(© :[iuZ(xi)j

whereu(x) is the standard uncertainty of facter The combined
uncertainty works out to be in the range of 0.38.189 (Table 3).
The combined uncertainties plotted as a functiorflafik wear
(Fig. 9) shows that it increases gradually up touad 0.4 mm
flank wear and beyond which it increases drastjcafi to around
0.5 mm flank wear and decreases beyond that. Tbushe first
time, it is shown that, b-parameter from the peakplidude
distribution of AE signal, skewness and kurtosis $tatistical
distribution and uncertainties associated with tfeasurement of
AE signals can be used
comprehensive evaluation of tool wear.
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Figure 9. Variation of combined uncertainties (U;(C)) with flank wear.

The standard uncertainties of the distribution fioms cover a
range of 68% and 58% of the expected data for thiforan and
rectangular distributions respectively. However9%% level of
confidence is usually needed which requires thendstal
uncertainties to be expanded with an appropriaterege factor k
(Veronika, 2007). The resulting expanded uncenambbtained by
multiplying the standard uncertainty with k. Thelueof k for a
normal distribution is 1.96 and for a rectangulstrébution is 1.65.
In the case of a combined uncertainty, the expandépends on the
type of the distribution which dominates the conaliruncertainty.
In the case of present investigation, since thaesbf uncertainty
A is much higher than the uncertainty B, the corablimncertainty
given in Table 3 can be multiplied by coveragedacif 2 to cover
95% confidence level of the expected data.

Conclusion

Acoustic emission generated due to tool wear duttinging of
a silicon carbide dispersed Al alloy metal mataxnposite has been
studied. The statistical parameters, such as \@iand coefficient
of variation of the AE energy show variation wiimé of cutting.
Statistical analysis of the AE signals based onaasumedf
distribution of AE energy obtained during the wesst was carried
out. The parameters of th@ distribution namely skewness and

J. of the Braz. Soc. of Mech. Sci. & Eng.
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kurtosis are found to vary with flank wear. Thessults obtained
are compared with the b-parameter of the amplidid&ibution of

AE hits presented in an earlier investigation. T8tisws that while
b-parameter is suitable for monitoring early stém@ wear up to
0.4 mm, skewness and kurtosis show superiority dber b-

parameter for monitoring later stages of flank wédre variations
of skewness and kurtosis with time have been atgibto different
wear mechanisms in the composite, i.e., scratchimremoval of
tool material, and abrasion. Measurement of unicgéytaof AE

energy was determined as per ISO GUM. The comhimeértainty
lies in the range of 0.38 to 1.69 with higher valder the cutting
distance between 213.8 mm and 454.5 mm. It carobeleded that
b-parameter from the peak amplitude distributionAdE signal,

skewness and kurtosis for statistical distributard uncertainties
associated with the measurement of AE signals eanded in a

in a complimentary mannar f(gompllmentary manner for comprehensive evaluatidoa wear.
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