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Abstract Single-point turning is a fabrication process that is
fundamental to manufacturing, comprising a significant por-
tion of value-added operations. Vibration at the tool/workpiece
interface affects surface finish, residual stress, and chemical
reactivity of machined components. This phenomenon also
affects tool life and therefore production cost. The study and
measurement of this phenomenon has traditionally been done
using a transducer in contact with the cutting tool or is in line
with the cutting tool/tool holder assembly. While this setup has
been acceptable for laboratory studies, implementation on ac-
tual production platforms has not been widespread, with open
loop machine tool parameter control still being the norm. The
goal of this study involves the use of a noncontact transducer
(microphone) to gauge detectability and measurability of ma-
chine tool vibration attributable to the single-point turning pro-
cess performed on a manual lathe situated in a shop floor
environment. Such measures as characterization of the fre-
quency content transmitted and the sound pressure level mea-
sured while machining a group of materials of interest are
quantified and discussed. The results of the work show that
the acoustic energy attributable to single-point turning is de-
tectable using the noncontacting sensor, producing energy
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mostly in the ultrasonic (f'> 20 kHz) range. Individual mate-
rials of interest (M42 tool steel, tungsten tantalum alloy, alu-
minum 6061, and Nitronic 33 stainless steel) are shown to emit
distinct frequency signatures when excited using identical pro-
cess parameters. Potential sources of ultrasonic acoustic emis-
sion are postulated and discussed, along with control of the
turning process using the acoustic signal as an input and se-
lected process parameter changes as the output.
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Turning

1 Introduction
1.1 Background

Single-point turning is a fabrication process that is fundamental
to manufacturing, comprising a significant portion of value-
added operations [1]. Material removal rates in turning opera-
tions are limited by the onset of instability at the tool/workpiece
interface, commonly termed “chatter” [2]. This phenomenon
has been exhaustively studied, with both analytical and empir-
ical relationships in place to predict the onset of this condition
[3—7]. Prudent manufacturers set process parameters to assidu-
ously avoid having the chatter phenomenon affect the quality of
their work product while maximizing cutting tool life. Use of
analytical or empirical relationships in a closed loop control
system relies on the implementation of a sensor system capable
of monitoring this phenomenon in real time and providing feed-
back to some sort of control device or interface with a program-
mable machine tool [8, 9].

Sensor systems normally used to measure and study this
phenomenon include an instrumented platform for holding the
cutting tool and accelerometers measuring vibration in three
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orthogonal axes. This instrumentation is expensive, especially
if it is designed to operate in the harsh environment of flowing
cutting fluid. The additional hardware in this system also in-
troduces stiffness and damping behavior not accounted for in
the design of the machine tool. Previous work with a milling
process has also shown that the use of a microphone for mea-
surements of this type is feasible in a laboratory setting, at low
frequencies [10, 11].

Acoustic emissions from machining processes are attribut-
able to the behavior of the material being processed and the
parameters that define that process [12]. Acoustically emitted
waves can be detected as elastic stress waves propagating
from the deformation zone of a material undergoing machine
processes [13]. Acoustically emitted signals from the defor-
mation zones are detected in the form of either continuous
emissions or discrete bursts. The shearing process emits a
continuous signal that originates from the shearing zone.
Discrete bursts occur upon chip separation of deformed mate-
rial from the workpiece. The acoustic energy has been attrib-
uted to the following source mechanisms:

1. Primary deformation zone (shear zone)

2. Secondary deformation zone (tool-chip interface)

3. Tertiary zone (rubbing and friction between the tool flank
and newly machined surface)

4. Chip breaking and entanglement

5. Tool degradation and fracture [13]

The primary deformation shear zone is the largest source of
detectable acoustic vibrations, contributing up to 75% of
expended emission energies [13]. These sources have been
identified using a contacting sensor system.

Mechanisms for emissions have been refined in [14] and
are given as [3]:

1. Plastic deformation during the cutting process in the
workpiece

Plastic deformation in the chip

Frictional contact between the tool flank face and workpiece
Frictional contact between the tool rake face and the chip
Collisions between the chip and the cutting tool

Chip fracture

Tool fracture

Nk WD

These mechanisms were also identified using a contacting
sensor in line with the cutting tool.

Machining hard metals has proven to produce acoustically
emitted energies of up to two orders of magnitude greater than
those of softer metals [15]. The unique deformation tendencies
and chip structures for harder metals result from dislocation
motion, twinning, inclusion fracture, decohesion, crack initia-
tion, crack propagation, phase transformational attributes, and
frictional components, as detailed in [15]. Hard metals exhibit
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increased levels of resistance to permanent deformation when
subjected to applied load. The unique attributes of hard metal
deformation are shown in Fig. 1. Experiments described in
[15] proved correlation in agreement with the formation of
saw-toothed chip geometries, common deformation tendencies
to turning of hard metals, and an increased magnitude of sig-
nals emitted from the deformation zones.

Modes of tool wear, rake angle, undeformed chip thickness,
and feed rate also affect the amount of elastic strain energy
released that may be measured as transmitted acoustic energy.
Tool wear occurs as a result of abrasive, chemical, adhesive,
thermal, and mechanical conditions induced in the deformation
zones. Differing types of tool wear dictate the manner in which a
material deforms as it is being machined, subsequently increas-
ing or decreasing the magnitude of released acoustical energy
from the deformation zones. The primary types of tool wear
include flank, crater, built-up edge, notch, plastic, thermal, and
edge chipping wear. The frictional interface between the cutting
edge and the material being machined changes with respect to
the type and level of tool wear observed. Discerning the contri-
butions of tool wear and material deformation elastic stress
waves as acoustically emitted energy is discussed in [16].

Setting a tool’s rake angle outside of the manufacturer’s
recommended working envelope has been proven to result in
accelerated tool wear. The rake angle drives the contact area
between the cutting edge and material being machined, yielding
higher or lower main cutting forces applied at the deformation
zone [17]. Saini and Park [13] confirmed that the described rake
angle relationship and its effect on deforming material morphol-
ogy is related to elevated acoustic emission events.

The undeformed chip thickness is equal to the depth at
which the tool is cutting into the workpiece. As the tool’s
cutting edge increasingly penetrates the workpiece, a greater
area of the tool induces deformation on the workpiece. With
an increasing area of deformation, greater frictional and pen-
etrative force is applied resulting in the release of elastic stress
waves from the deformation zones. The undeformed chip
thickness morphological tendencies are driven by the rate at
which the tool penetrates the workpiece. The penetrating ve-
locity of the cutting edge in relation to the rotating work for
lathe turning is called the feed rate. Increasing or decreasing
the feed rate affects the temperatures at the cutting edge inter-
face. These phenomena were experimentally explored in [15].
It is important to note that most work done in this field has
concentrated on energy methods concerned with characteriza-
tion of time domain signals through integration rather than
concentration on the frequency content of the emissions de-
tected. Basic frequency domain behavior was discussed in
[15], but no analytical or empirical model was postulated.

The frequency content of acoustic emissions was discussed
in [18], with a frequency range from DC to 1 MHz evaluated.
This work showed that the turning process produces ultrasonic
emissions, with most energy emitted below 50 kHz. This work
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Fig. 1 Orthogonal cutting test
performed by one of the authors
(Nelson), showing energy
released through saw-toothed
chip deformation

Saw-toothed chip formation / deformation

Direction of motion

Tool's cutting edge

—

used a contacting sensor rather than a microphone for data
acquisition. The authors comment on the effect of the structure
of the machine tool and its possible effect on the bandwidth of
the acquired signal.

Chip formation and material removal associated with the
single-point turning process offers many potential acoustic
sources for exploitation for machining process control or ma-
terial identification purposes. This work uses a noncontacting
sensor to characterize the acoustical emissions of four mate-
rials selected as machining surrogates for a strategic material,
undergoing single-point turning, in order to establish proof of
concept and to justify further study.

2 Experimental studies
2.1 Experimental setup overview

This work was conducted in a working machine shop environ-
ment located on a university campus. The turning operations
that formed the basis of the work were performed on a manual
lathe with fixed drive gear ratios. This machine tool was
manufactured in 1946 by Monarch lathes and is shown in Fig. 2.

The acoustic measurements were gathered with measure-
ment microphones placed as shown in Fig. 3. The placement
of these sensors was established based on the expected fre-
quency content of the signals to be measured and the associ-
ated attenuation of this frequency band by transmission
through the atmosphere [19].

2.2 Machine tool details

This study used a manual lathe for performing the turning
work used as the measured phenomenon. This machine tool
has a 305-mm (12 in.) diameter chuck and a 368-mm
(14.5 in.) swing and measures 762 mm (30 in.) between cen-
ters. The operation measured was single-point outer diameter
turning of solid cylindrical billets of select materials that were
of interest to the sponsor of the research. The machine tool has
a spindle drive with fixed gear ratios. Data were gathered
using input excitation at 58, 98, 158, and 319 rpm, which were
presets for the machine tool. These machining speeds were
dictated by the sponsor of the research. While these cutting
speeds are lower than one would expect in most production

Fig. 2 Manual lathe used in generating acoustic measurements

@ Springer



3910

Int J Adv Manuf Technol (2017) 93:3907-3920

Fig. 3 Microphone placement for data acquisition

operations, they are appropriate for the materials being proc-
essed in this work. See [20] for exploration of this phenome-
non at lower cutting velocities. Equation (1) is used to convert
these spindle speeds to excitation frequencies for the mechan-
ical system:

2mn
,— 1
60 ) ( )

where w is the circular frequency in radians/second, and 7 is
the spindle speed in revolutions/minute. Equation (2) is used
to convert values to linear frequency:

w

where f'is the linear frequency in Hertz. These transformations
yield input excitation frequencies of 1, 1.6, 2.6, and 5.3 Hz,
respectively.

2.3 Cutting tool and cutting tool holder

The turning operation was conducted using a Kennametal
MVINR-203D outside diameter right-hand tool holder, fitted
with replaceable cutting inserts. The cutting tool inserts used
were Kennametal ANSI VNMS 332 (ISO VNMS 160408)
K68 and ANSI VNMS 332 (ISO VNMS 160408) KC730
carbide metal cutting inserts. These cutting inserts are identi-
cal in geometry [21].

The difference between the two cutting tool inserts used is
the application of a titanium nitride (TiN) coating to the
KC730 grade inserts, which is recommended by the cutting
tool manufacturer when processing certain materials. These
inserts were rotated or replaced for every cutting operation
measurement in order to present a new edge to the workpiece
for each data set. This step mitigated observed variability in
the processes due to cutting tool wear. Prior to commencing a
turning pass, the tool was placed in proximity to the work

@ Springer

using a shim, with the operator removing backlash in the turn-
ing feed mechanism. Once the cutting tool was fully engaged,
noise measurement data were acquired.

2.4 Acoustic measurement equipment

Acoustic measurements were obtained using a Briiel &
Kjaer type 4939 free-field microphone, held in a rigid
stand. The microphone signal was processed using a
Briiel & Kjaer NEXUS type 2690 two-channel condition-
ing amplifier. The free-field microphone was chosen based
on the assumption that the source of the measured signal
would be known and that a reverberant field would not be
present in the space where the experiment would be con-
ducted. A small form factor was also chosen to minimize
the effect the microphone may have on the measured sound
field. The microphone sensitivity is given as 4.2 mV/Pa and
the microphone/preamplifier combined sensitivity is
4.09 mV/Pa [22]. This microphone/preamplifier combina-
tion was selected to accommodate the anticipated frequen-
cy range of interest for the experiment.

The analog output from the amplifier was digitized using
hardware set to sample the signal at 200 kHz. These data were
imported into commercially available data acquisition software
for recording. Data samples were collected for a minimum of
30 s (six million samples) for each measurement condition.
Data collection was initiated after the machining process had
reached steady state (i.e., full cutting tool engagement) to ex-
clude any transient behavior from the measurements.

2.5 Experimental design

This work was applied to four materials of interest. The ma-
terials used are shown in Table 1. Material samples were
inspected using a portable X-ray fluorescence (XRF) device
and verified to be within specification [23].

The measurements made in this study varied using three
basic parameters associated with single-point turning opera-
tions: depth of cut, spindle speed, and cutting tool feed rate.
The ranges of these varying parameters were suited to the
processing of the selected materials. Experimental study ma-
terials along with process parameter settings are shown in
Table 2. Cutting velocity was obtained using the spindle fixed
gear relationships along with the diameter of the workpiece at
the time the experimental cutting operation was performed,
using Eq. (3):

V== (3)

where v is the cutting velocity in millimeters/second, and & is
the diameter of the workpiece in millimeters, with angular
velocity, w, expressed in radians/second.
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Table 1  Experimental materials

Unified numbering Common name Modulus of Ultimate Hardness Poisson’s ratio Density
system identifier elasticity (GPa) strength (MPa) (Rockwell B) (kg/m3 )
UNS A96061 Aluminum 6061 68.9 310 60 0.33 2700
UNS T11342 M42 high speed tool steel 207 2560 100 (annealed) 0.285 8100
UNS S24000 Nitronic 33 stainless steel 193 793 100 (annealed) 0.305 7775
UNS R05255 Tantalum tungsten alloy (Ta2.5W) 195 345 70 0.35 16,660

2.6 Experimental environment

The machine tool used in this study was situated in a machine
shop, among and around other machine tools, with room fin-
ishes typical of an industrial work space, concrete floors, hard
walls, and ceiling open to building structure.

The measurement microphone was placed in close proxim-
ity to the tool/workpiece interface, but at a sufficient distance
to avoid contact with chips or cutting fluid [19]. The distance
between the microphone and the point of cutting tool initial
contact was measured to be approximately 381 mm (15 in.).

This distance was chosen to minimize attenuation of ultrason-
ic frequencies in the emitted signal while allowing room for
the machine operator to access the equipment without
disturbing the microphone placement.

In order to eliminate the contribution of ambient noise and
vibration in the shop space, and to account for noise intrinsic
to machine tool spindle rotation, background measurements
were made prior to collecting data for each experimental pa-
rameter set. The noise data represent the ambient noise, along
with noise attributable to machine tool spindle rotation with-
out having the cutting tool in contact with the workpiece.

Table 2 Experimental variation

of parameters Trial Material Cutting tool ~ Depth of cut ~ Tool feed rate Cutting Sample
number grade® (mm) (um/revolution)  velocity diameter
(mnvs) (mm)
1 AL 6061 K68 0.51 76.2 1057 128
2 AL 6061 K68 1.02 76.2 1052 127
3 AL 6061 K68 0.51 76.2 498 97
4 AL 6061 K68 0.51 76.2 1615 97
5 AL 6061 K68 0.51 1524 1006 122
6 AL 6061 K68 0.51 228.6 1001 121
7 M42 tool steel KC370 0.51 76.2 1077 130
8 M42 tool steel KC370 1.02 76.2 1067 129
9 M42 tool steel KC370 0.51 76.2 523 102
10 M42 tool steel KC370 0.51 76.2 1712 102
11 M42 tool steel KC370 0.51 1524 1041 126
12 M42 tool steel KC370 0.51 228.6 1036 125
13 N33 stainless K68 0.51 76.2 1062 207
14 N33 stainless K68 1.02 76.2 1057 206
15 N33 stainless K68 0.51 76.2 620 204
16 N33 stainless K68 0.51 76.2 1681 203
17 N33 stainless K68 0.51 1524 1041 203
18 N33 stainless K68 0.51 228.6 1036 202
19 Ta2.5W KC370 0.51 76.2 1341 162
20 Ta2.5W KC370 1.02 76.2 1336 161
21 Ta2.5W KC370 0.51 76.2 635 124
22 Ta2.5W KC370 0.51 76.2 2047 123
23 Ta2.5W KC370 0.51 1524 1275 154
24 Ta2.5W KC370 0.51 228.6 1275 154

Italicized and bolded data sets form groups for comparison (see Section 4)
 All cutting tools used were of VNMS 332 type
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These background noise measurements were examined and
averaged for use as a datum with the recorded experimental
measurements. The average background noise signature is
shown in Fig. 4. Note that the signal is voltage displayed as
a function of frequency on a logarithmic scale. This represents
the digitized output of the sensor in raw form.

Acoustical noise measurements are typically given in deci-
bels with a reference pressure that is nominally equivalent to
the threshold of normal human hearing (dB re 20 pPa) [24].
Since the frequency band of interest here spans from 10 to
100 kHz (the “normal” range of human hearing is 20—
20 kHz) [24]), this convention is of limited value, other than
to give an indication of the audible background noise level
that was present during experimental data collection. Use of
the decibel unit is tied to the sensitivity of the human ear and
to the acoustics of workplace noise. For reference, 107"V
converts to 121.8 dB re 20 uPa, with the sound pressure level
dropping 20 dB per decade as the voltage decreases (e.g.,
102V = 101.8 dB). Since the raw measurements are of inter-
est in this work, the data will be displayed in that form, rather
than using the conversion to the decibel scale. It should also be
noted that although data have been acquired for frequencies
below 125 Hz, these data are regarded as unreliable, per nor-
mal measurement practice. Room dimensions of less than 3 m
(usually the floor to ceiling measurement) do not support ac-
curate measurement of low-frequency sound [25].

2.7 Analysis of data

Data sets in the time domain were gathered using the experi-
mental apparatus referenced. These data were then trans-
formed into the frequency domain using commercially avail-
able software. The software utilized a 4096 sample Hann win-
dow function [26], with 50% overlap to generate the frequen-
cy response data shown. A typical data set is shown in Fig. 5.
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Fig. 4 Ambient noise in the experimental space
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Fig. 5 Acoustic data for turning aluminum 6061 at 1001 mm/s with
0.51 mm depth of cut and a feed rate of 152.4 pm per revolution

3 Experimental results and discussion
3.1 Background noise, audible region

A close examination of Fig. 4 shows that the background
noise in the shop is of significant amplitude in the audible
range. A significant peak is present at 550 Hz. The general
character of the noise demonstrates an amplitude roll off at
around 20 dB per decade but remains of significant amplitude
below 10 kHz. Note the high levels of noise present in the
frequency range bounding the input excitation from spindle
rotation (1-10 Hz).

3.2 Background noise, ultrasonic region

In Fig. 4, significant peaks are observed around 48.8, 66.2,
and 75.7 kHz. The general character of the noise in the ultra-
sonic region is a flat response, other than the peaks noted.

3.3 General observations

The sampling rate of the digitizing hardware set the Nyquist
frequency of the measurement at 100 kHz [27]. This frequen-
cy range was selected based on preliminary measurements of
background noise in the shop environment where testing was
to be accomplished and the assumption that the structures
studied in this work were of sufficient stiffness that measur-
able ultrasonic energy would be present, and that the turning
process for the materials of interest in this study would track
the behavior shown in reference [15].

Sound pressure levels attributable to machining operations
are shown to be detectable using the instrumentation chosen
for this study. Sound pressure levels that are differentiated
from the ambient noise in the machine shop environment were
observable in every measurement case. Figure 6 is a typical
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example of the comparison between the background noise
present and the measured noise attributable to turning
operations.

The excess sound attributable to machining operations oc-
curs mainly in the ultrasonic frequency range. Figure 4 illus-
trates the distribution of the emitted acoustic energy, with most
of the emissions coming in the ultrasonic (f> 2 x 10* Hz)
frequency range. It is shown in reference [15] and in
Section 4 that chip formation in the turning process, the work-
piece being turned, and the cutting tool holder are likely
sources of ultrasonic emissions.

Frequency content was distinct for each individual type of
material tested at high cutting tool feed rates. Nitronic 33
stainless steel radiated energy at levels above background be-
ginning at a much lower frequency (~3 kHz), as compared to
the other materials evaluated (~6 kHz) and as shown in Fig. 7.

Identification of signal characteristics is limited to occur-
rence, amplitude, and frequency of significant signal peaks
read from the Fourier transform (FFT) results shown. More
complex signal analyses, such as coherence estimation, cross
correlation function generation, cepstrum analysis, or wavelet
analysis, are dependent on the strategy for signal detection and
are left for future work.

3.4 Material specific observations
3.4.1 Aluminum alloy 6061

For aluminum alloy 6061, an increase in spindle speed result-
ed in increased radiation of energy in the region between 6.1
and 66 kHz, as shown in Fig. 8.

The noise generated was similar at the two lower values of
the cutting speed studied. When the cutting velocity was in-
creased to 1615 mm/s, the frequency range of increased radi-
ated sound expanded to between 8 and 100 kHz. Increasing
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Fig. 6 Comparison between a turning operation and background noise
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Fig.7 Detectable radiation onset frequency for Nitronic 33 stainless steel
at high cutting speed

the cutting tool feed rate produced similar results, with sound
power levels increasing with increasing feed rate, as shown in
Fig. 9.

Increasing spindle speed and feed rate produced no persis-
tent recurring peaks. Increasing depth of cut produced similar
behavior with respect to radiated frequency range. Figure 10
shows that several prominent peaks are present.

3.4.2 Nitronic 33 stainless steel

Increase in spindle speed for the Nitronic 33 stainless steel
material resulted in increased radiation of energy in the region
between 3.2 and 70 kHz, as shown in Fig. 11. Low spindle
speed (620 mm/s) produced a detectable increase in sound
pressure level above ambient conditions.

Higher spindle speeds produced higher sound pressure
levels, which were difficult to differentiate based on cutting
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Fig. 8 Acoustic emissions from aluminum 6061 with varying cutting
speeds
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Fig. 9 Acoustic emissions from aluminum 6061 with varying cutting
tool feed rates

velocity. Increasing feed rate did not produce noise signatures
that were distinguishable. The same behavior was demonstrat-
ed when depth of cut was varied.

3.4.3 M42 tool steel

The M42 tool steel was processed at increased spindle speed
when compared to Nitronic 33 stainless steel, which resulted
in increased radiation of energy in the region between 6.3 and
65 kHz, as shown in Fig. 12.

Noise signatures for different cutting speeds were indistin-
guishable when processing this material. Increasing cutting
tool feed rate did produce distinguishable noise signatures
between 28 and 65 kHz. Increasing depth of cut did not pro-
duce differentiable noise signatures.

1071 ; ; i ; ; ;

—=-0.51Tmm
—1.02mm
Background Noise

102 E

Amplitude (V)
=)

10-5 L L L L L L L L I
1 2 3 4 5 6 7 8 9 10

Frequency (Hz) «10%

Fig. 10 Acoustic emissions from aluminum 6061 with varying depth of
cut
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3.4.4 Tantalum tungsten (Ta2.5W) alloy

For the tantalum tungsten (Ta2.5W) alloy, increase in spindle
speed resulted in increased radiation of energy in the region
between 3.6 and 65 kHz, as shown in Fig. 13.

Variation of the other experimental process parameters pro-
duced no discernable changes in noise signature.

3.5 Operation-specific observations
3.5.1 Cutting speed

Low spindle speed cutting operations did not produce noise
signatures that were readily discernable with the experimental
material used in this study. Medium spindle speed yielded a
noise signature for Nitronic 33 stainless steel that was easily
differentiable from the noise produced by the other materials
under study, as shown in Fig. 14.

Operation at high spindle speeds produced a distinct signa-
ture for aluminum 6061 above 25 kHz, while the other two
materials remained undistinguishable, as shown in Fig. 15.

3.5.2 Cutting tool feed

At the lowest feed rate (76.2 um per revolution), Nitronic 33
produced a discernable noise signature over a large frequency
range. Aluminum 6061 produced a noise signature identifi-
able over a narrow band of frequencies, between 35 and
60 kHz, as seen in Fig. 16.

As feed rate increases, the noise signatures of the indi-
vidual materials become easily distinguishable, as shown in
Fig. 17.
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Fig. 11 Acoustic emissions from Nitronic 33 stainless steel with varying
cutting velocities
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Fig. 12 Acoustic emissions from 107 T T
M42 tool steel with varying
cutting velocities
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3.5.3 Depth of cut

Noise signatures for a cut depth of 0.51 mm were indistin-
guishable, with the exception of Nitronic 33 stainless steel, as
shown in Fig. 18.

Increasing the depth of cut to 1.02 mm yielded discernable
noise signatures for Nitronic 33 stainless steel and aluminum
6061. Measurements for M42 tool steel and tantalum tungsten
produced indistinguishable noise signatures, as seen in Fig. 19.
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Fig. 13 Acoustic emissions from Ta2.5W alloy with varying cutting
velocities
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4 Discussion and conclusions

4.1 Relationship between basic material properties
and acoustic emissions

Measurements conducted in this study show that the acoustic
energy emitted and detected is not a function of the basic
material properties shown in Table 1. While N33 and M42
steels have the same nominal annealed hardness values, their
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Fig. 14 Comparison of experimental material acoustic emissions at
medium cutting speed
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Fig. 15 Comparison of experimental material acoustic emissions at high
cutting speed

acoustic signatures vary greatly, and counterintuitively, in in-
verse proportion to their ultimate strengths. This is further
evidence to support inadequacy of the single shear plane mod-
el of chip formation discussed in [28], assuming that shear
strength is proportional to ultimate strength for the materials
tested.

4.2 Macroscopic acoustic emission mechanism analysis

Two possible mechanisms for acoustic emissions that can be
analytically evaluated are as follows:

1. Flexure of the workpiece
2. Flexure of the tool holder assembly

107" ! ; ; ; ;

Aluminum 6061

Amplitude (V)

10-5 L 1 L L L L L L L
1 2 3 4 5 6 7 8 9 10

Frequency (Hz) %x10%

Fig. 16 Comparison of experimental material acoustic emissions at low
cutting tool feed rate (76.2 um per revolution)
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Fig. 17 Comparison of experimental material acoustic emissions at high
cutting tool feed rate (228.6 pum per revolution)

Each of these structures is inherently stiff with respect to
displacement due to processing, which is a basic assumption
used to design machine tool processes. The workpieces in this
study were restricted to cantilevered lengths of 102 mm (4 in.)
maximum. The tool holder was secured in the tool post as-
sembly, with the cantilever portion of the assembly limited to
the triangular section shown in Fig. 20.

These structures both fall within the regime of structures
usually modeled using Timoshenko beam theory rather than
Euler-Bernoulli beam theory.

The boundary conditions for the two structures proposed as
radiating mechanisms can be modeled as fixed on one end and
free on the other end. The input excitation is attributable to the
circular frequency of the rotation of the workpiece added to
the high-frequency excitation attributable to the stick-slip of

1071 T T T T T r
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Amplitude (V)

10-5 1 1 L L L L L L I
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Frequency (Hz) «10%

Fig. 18 Comparison of experimental material acoustic emissions at
0.51 mm cutting depth
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the cutting tool and the plastic deformation of the chip as it is
separated from the workpiece [15].

Timoshenko beam theory preserves the shear displacement
and the rotary displacement omitted in Euler-Bernoulli beam
theory, producing a more accurate estimation of vibration be-
havior for structures that do not meet the criteria of a “long,
slender” structure assumed by that development [29].

Using the Timoshenko theory, the fundamental flexure fre-
quency of the workpiece would be found using Egs. (4), (5),
(6), and (7) [30]:

, (P + ) (P + D) @
T @) (1 1)

(o)

o (a2+132>(1 +2)

a* + a*y + 42D + byt + bY)

(a’~b*)sinasinhb—ab (

6
(b2+,yza2)(a2+,yzb2) ( )
cosacoshb—2ab = 0
aattarah 1b b
B o ¥ yea +0 v+
(aLb )smasinhbmb (7)

-2 2
Fre)e )

where s is the slenderness ratio, with ¢ and b being di-
mensionless wavenumber components. The wavenumber
components are related to the vibration frequency by Eq. (8)
[30]:

cosacoshb—2ab = 0

2_12
Lo [E@)

where E is the Young’s modulus, p is the mass density, and L
is the length of the cantilever beam. w is produced in radians/
second.

v is given in Eq. (9) as [30]

v = @ 9)

where v is Poisson’s ratio and £’ is a shear factor determined

by the cross section shape of the beam. For this work, we use

Eq. (10) for a circular cross section (the workpiece) [31]:

’ 6(1 + l/)

k=——+ 10
7+ 6v (10)

and Eq. (11) for a rectangular cross section (the tool holder

assembly) [31]:
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Fig. 19 Comparison of experimental material acoustic emissions at
1.02 mm cutting depth

’ 10(1 +l/)

K=
12+ 11y

(11)
Timoshenko beams vibrate in two frequency regimes, sep-
arated by a cutoff frequency defined by a critical value of the
first wavenumber component, a, shown in Eq. (12) [30]. At
this value, the wavenumber component b vanishes to zero.

1
ac=s p3 +1 (12)

When the value of a is below the critical value, Egs. (4) and
(6) are solved simultaneously to determine the values of a and
b. These wavenumber components are then used to determine
frequency of flexural vibration in the structure. When a is
larger than the value of a., then Eqgs. (5) and (7) are used to
find a and b. Then, a and b are used to find the frequency of
flexural vibration.

Table 3 shows the frequencies of vibration of the first four
modes of each of the structures of interest in this work, the
four material workpieces, and the tool holder assembly.

The tool holder assembly is handled here using the beam
relationship for a constant cross section. Since the cross

H1 H
F 52° B
{ (>
3° 3°l2
-5 L1
-9 H = H1

Fig. 20 Cantilever portion detail of the tool holder assembly [21]
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section is not of constant shape, an average for second mo-
ment of area and for the shear factor, £’, have been used in the
expression for determining vibration frequency, since the var-
iation in cross section takes place in the horizontal dimension,
which is linear in the expression for second moment of area
for a rectangular cross section. The expression for shear factor,
given in Eq. (11) for a rectangular cross section, is also linear
in this dimension.

Review of the data shown in Table 3 illustrates that the
geometry of the bodies identified as potential radiators of
sound do contribute to the acoustic energy in the frequency
range of interest for this work. Modes 2, 3, and 4 of the tool
holder, as well as the 4th mode for aluminum 6061, M42 tool
steel, and Nitronic 33 stainless steel workpiece, fall into the
ultrasonic range of frequencies. Note that the three workpieces
produce similar frequency content, indicating that this phe-
nomenon may not be a viable mechanism for differentiation
of material behavior. The high mass density of the tungsten
tantalum alloy causes that particular structure to radiate below
ultrasonic frequency, following the mass law relationship,

k
wey (13)
with k being the general stiffness of the structure and m being
the structure mass.

The individual predicted peaks associated with the tool
holder given in Table 3 can be seen conceptually in Figs. 6,
8, and 13, with peaks near the designated frequencies that do
not appear in the background noise signal. Even with these
mechanisms identified, the broadband nature of the acoustic
signal again points to the generation mechanisms discussed in
[14, 15]. The mechanisms quantified in Table 3 would need to
be augmented with a complete analysis of the machine tool for
characterization of frequency contribution by specific features
of the system, a partial example of which is shown in [32].

4.3 Microscopic acoustic emission mechanism discussion
The other obvious possibility is that the chip resulting from the
turning operation is contributing to the acoustic emission mea-

sured in this work. Chip width is a controlled parameter in

Table 3  Flexural vibration frequencies for structures of interest

Structure  Tool A16061  M42tool N33 Tantalum
holder steel stainless  tungsten

steel alloy

Mode Vibration frequency, kHz

1 10.4 43 43 4.7 32

2 28.6 12.1 12.1 12 8.1

3 46.6 20.1 20 183 12.8

4 64.2 26.8 26.9 26.8 18.4

@ Springer

turning operations, as is chip thickness. Since the deformation
and failure in the crystal lattice is happening in the direction of
the chip thickness, this dimension is a natural choice as a
radiation mechanism. The reader is directed to [14] for a dis-
cussion of mechanisms for generation of acoustic energy in
the ultrasonic range, albeit at cutting speeds greater than those
considered in this work. Special attention is required to the
discussion of the limits of the contact sensing equipment used
in this study, which was one consideration for selection of the
noncontacting sensor used by the authors.

4.4 Use of acoustic emissions as input for machine control
algorithms

The use of this method as a control input is dependent on the
behavior of the acoustic signatures as cutting speed varies and
as cutting tool feed varies. Normal processing would see depth
of cut set as a constant, with speed and feed varied to push the
process to the stability limit where chatter would result. The
formula for chip width used in the generation of stability lobe
diagrams is given as [33]:

-1
b =
2k Gr’

(14)

where b is the chip width, % is the stiffness of the cutting tool,
and Gy is given by [33]:

2

GR:Re(%) = I (15)

K[ + 267

where x is the displacement of the cutting tool, F is the cutting
force, k is the stiffness of the workpiece, ( is the damping ratio,
and r is the frequency ratio, given by [33]:

o fSpindle (16)

f Natural

This leads to the spindle speed as the parameter of choice
for variation, since classical stability theory holds that chip
width and forcing frequency determine stability, independent
of chip thickness.

Based on data gathered in this work, the control parameter
selection would have to be based on the type of material to be
processed, since neither cutting speed nor cutting tool feed
rate was universally shown to provide a differentiable model.
While this work did not study geometric effects attributable to
the workpiece, such as hollow tubing compared to solid bar
stock, vibration modes of the workpiece may interfere with, or
mask, behaviors shown here.

Control methodologies using inline sensors have been pub-
lished, see for example [34]. Reference [35] demonstrated that
amplitude-based monitoring of machine processes using a
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microphone is possible, even with the restriction of the sound
monitoring to frequencies below 25 kHz. The method is at
best indirect, however, and would need to be augmented for
use as a true control system input.

It is interesting to note that the work done in [36, 37] could
conceivably be adapted to the ultrasonic frequency range, giv-
en advances in analog to digital conversion sampling rate and
computer processor speeds since the original publication of
this work. These methods were accomplished using a micro-
phone as a sensor.

4.5 Conclusion and future work

This study has shown that monitoring of machine tool vibra-
tion is feasible using a noncontact transducer with the caveat
that the transducer and digitizing interface operate in the ul-
trasonic frequency band. Background noise in an industrial
space is shown to be dominant in the audible region, especial-
ly with the low-frequency excitation of the workpiece inherent
in single-point turning. This level of background noise masks
the primary input/output behavior that would normally be lev-
eraged in controlling the process [38]. Additional signal pro-
cessing would be required to identify materials, since simple
FFT/spectrum analysis was unable, in some instances, of
distinguishing between materials or between process parame-
ter states. Coherence estimation, cross correlation function
generation, cepstrum analysis, and wavelet analysis are all
candidate strategies for material or process-specific signal de-
tection and differentiation. This area is left for future study.
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